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Nuclear  magnet ic  and e l e c t r o n  s p i n  resonance  (NMR & ESR) s p e c t r o m e t r i e s  have 
proven t o  b e  ex t remely  powerful  s t r u c t u r e - d e t e r m i n i n g  t o o l s  i n  c o a l  r e s e a r c h  (1-4).  
The techniques  have been shown t o  be  e s p e c i a l l y  v a l u a b l e  i n  s t u d i e s  of c o a l  
l i q u e f a c t i o n ,  n o t  o n l y  as c o m p o s i t i o n a l  probes  (1-4), b u t  a l s o  as means of e l u c i -  
d a t i n g  r e a c t i o n  mechanisms (4-7) .  I n  t h i s  paper ,  t h e  fo l lowing  r e l a t i v e l y  r e c e n t  
a p p l i c a t i o n s  of magnet ic  resonance  i n  c o a l  l i q u e f a c t i o n  r e s e a r c h  a r e  d e s c r i b e d  
b r i e f l y :  

e I n v e s t i g a t i o n  of t h e  n a t u r e  of carbon d e p o s i t s  on 
used c o a l - l i q u e f a c t i o n  c a t a l y s t s  

0 Determina t ion  of  t h e  f a t e  of hydrogen dur ing  coal  
l i q u e f a c t i o n  

0 Observa t ion  of t r a n s i e n t  f r e e  r a d i c a l s  dur ing  coal 
p y r o l y s i s  

The f i r s t  two of t h e s e  make e x t e n s i v e  u s e  of c r o s s - p o l a r i z a t i o n  carbon-13 magnet ic  
r e s o n a n c e  combined w i t h  magic a n g l e  s p i n n i n g  (CP/MAS NMR), whereas t h e  t h i r d  is an 
e l e c t r o n  s p i n  resonance i n v e s t i g a t i o n .  

CHARACTERIZATION O F  CARBON DEPOSITS ON COAL-LIQUEFACTION CATALYSTS. Coal - l iquefac t ion  
c a t a l y s t s  a r e  known t o  be r e l a t i v e l y  s h o r t - l i v e d ,  e s p e c i a l l y  wi th  regard  t o  s u l f u r  
removal  (8). Carbon d e p o s i t i o n ,  s i n t e r i n g  by steam, and metals d e p o s i t i o n  are 
thought  t o  b e  t h e  p r i n c i p a l  c a u s e s  of d e a c t i v a t i o n  (8).  The CP/MAS NMR t echnique  
is  p o t e n t i a l l y  a means of  c h a r a c t e r i z i n g  t h e  carbon d e p o s i t s .  

I n  a r e c e n t  c o o p e r a t i v e  c a t a l y s t  d e a c t i v a t i o n  s t u d y  conducted a t  t h e  Amoco Research 
C e n t e r  and t h e  P i t t s b u r g h  Energy Technology Center  (PETC), s e l e c t e d  c o a l  l i q u e -  
f a c t i o n  c a t a l y s t s  (Table  1) were t e s t e d  i n  a cont inuous  r e a c t o r  f o r  v a r i o u s  p e r i o d s  
of  t i m e .  The feed  ra te  of 
t h e  s l u r r y ,  which c o n s i s t e d  of 25% I l l i n o i s  No. 6 c o a l  i n  Koppers Creosote  O i l  o r  
SRC-11 Heavy D i s t i l l a t e ,  was nominal ly  400g/hr ,  and t h e  r e s i d e n c e  t ime w a s  approxi -  
mate ly  48 minutes .  

R e p r e s e n t a t i v e  CP/MAS NMR s p e c t r a  of  c a t a l y s t  p e l l e t s  removed from t h e  r e a c t o r  
a f t e r  25 and 480 hours  of o p e r a t i o n  are shown i n  F i g u r e  1. 
t h e  two resonance s i g n a l s  i n  each spec t rum (exc luding  t h e  a romat ic  s idebands)  is 
a s s i g n a b l e  t o  a romat ic  carbons ;  t h e  r a t i o  of  t h e  area of t h i s  s i g n a l  t o  t h e  t o t a l  
s p e c t r a l  area is a n  i n d i c a t i o n ,  i f  n o t  a n  a b s o l u t e  measure, of t h e  carbon a r o m a t i c i t y  
of  t h e  carbon d e p o s i t s  on t h e  p a r t i a l l y  d e a c t i v a t e d  c a t a l y s t  samples. 

I n  a d d i t i o n  t o  t h e  CP/MAS measurements, NMR s p e c t r a  w i t h o u t  magic a n g l e  s p i n n i n s ,  
X-ray d i f f r a c t i o n  p a t t e r n s ,  and e l e m e n t a l  a n a l y s e s  were obta ined  f o r  t h e  samples .  
With i n c r e a s i n g  t i m e  i n  t h e  r e a c t o r ,  t h e  fo l lowing  occurred :  

The r e a c t o r  was o p e r a t e d  a t  427OC and a t  2000 p s i  H 2 .  

The more i n t e n s e  of 

The c a t a l y s t  samples  s u f f e r e d  a lo s s  of a c t i v i t y  ( a s  
measured by c o n v e r s i o n  t o  pentane-so luble  material). 
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o The weight  p e r c e n t  carbon d e p o s i t e d  on t h e  c a t a l y s t s  
i n c r e a s e d .  

t) The carbon d e p o s i t s  i n c r e a s e d  i n  a r o m a t i c i t y  and 
became more h i g h l y  ordered .  

FATE OF HYDROGEN DURING COAL LIQUEFACTION. 
o p e r a t i o n  of any d i r e c t  c o a l  l i q u e f a c t i o n  p r o c e s s  i s  t h e  p r i c e  pa id  f o r  hydrogen 
comsumed dur ing  t h e  p r o c e s s .  To b e t t e r  unders tand  t h e  f a t e  of t h i s  hydrogen, PETC 
i s  developing a method t o  de te rmine  t h e  amount of hydrogen consumed v i a  t h e  

A major  c o n s i d e r a t i o n  i n  t h e  a c t u a l  

1 fo l lowing  ( 7 ) :  

e Hydroqenat ion 

e Hydrogenolysis  t o  produce l i g h t  hydrocarbon g a s e s  

e Hydrogenolysis  of C-C bonds r e s u l t i n q  i n  breakdown 
of t h e  c o a l  m a t r i x  

o Heteroatom e l i m i n a t i o n  

The method r e q u i r e s  t h e  u s e  of  e l e m e n t a l  a n a l y s i s ,  NMR d a t a ,  and a n  a c c u r a t e  
carbon mass ba lance  ( i n c l u d i n g  g a s e s ) ,  t o g e t h e r  wi th  s e v e r a l  assumptions concern ing  
t h e  s to ich iometry  of t h e  f o u r  c l a s s e s  of r e a c t i o n s  g iven  above. The model l e a d s  
t o  t h e  r e l a t i o n s h i p  

A H  = Afa + 2AC-C + ANOS 
I 

i n  which t h e  numerical  d a t a  are s c a l e d  t o  100 carbon atoms of t o t a l  feed .  I n  t h e  
e q u a t i o n ,  AH i s  t h e  t o t a l  number of hydrogens i n c o r p o r a t e d  i n t o  carbonaceous 
p r o d u c t s ,  A €  i s  t h e  number of carbons  hydrogenated,  ANOS i s  t h e  number of he te ro-  
atoms remove$, and AC-C i s  t h e  number of C-C bonds broken v i a  hydrogenolys is .  
Three of t h e  f o u r  terms i n  t h e  e q u a t i o n  can be r e a d i l y  deduced from exper imenta l  
d a t a ;  AC-C, however, i s  determined by d i f f e r e n c e .  Knowledge of  t h e  g a s  make and 

m a t r i x  bond c o n t r i b u t i o n .  The r e s u l t s  of apply ing  t h e  method t o  a n  exper imenta l  
r u n  i n  t h e  PETC 400 l b / d a y  c o a l  l i q u e f a c t i o n  PDU are g iven  i n  Table  2. 
approximately h a l f  t h e  hydrogen consumed d u r i n g  t h e  r u n  i s  involved  i n  C-C bond 
breaking  mechanisms. 

OBSERVATION OF TRANSIENT RADICALS DURING COAL PYROLYSIS. Although much ev idence  
e x i s t s  t h a t  s u g g e s t s  f r e e  r a d i c a l  mechanisms a r e  o p e r a t i v e  i n  c o a l  l i q u e f a c t i o n  
p r o c e s s e s  (9-11), f r e e  r a d i c a l  i n t e r m e d i a t e s  have never  been d i r e c t l y  observed 
d u r i n g  such  p r o c e s s e s .  Recent h igh-pressure ,  high-temperature  ESR s t u d i e s  under  
s imula ted  c o a l  l i q u e f a c t i o n  c o n d i t i o n s  have provided c o n s i d e r a b l e  i n s i g h t  i n t o  
exper imenta l  f a c t o r s  a f f e c t i n g  l i q u e f a c t i o n  behavior  (5) ;  n e v e r t h e l e s s ,  t r a n s i e n t  
r a d i c a l s  were n o t  d e t e c t e d .  T h i s  l e a d s  one t o  s p e c u l a t e  t h a t  any r a d i c a l s  formed 
d u r i n g  t h e  i n i t i a l  thermolys is  react r e a d i l y  w i t h  hydrogen donors. 
work, we have observed t h e  behavior  of t h e  f r e e  r a d i c a l s  i n  c o a l  dur ing  r a p i d  
p y r o l y s i s  d i r e c t l y  i n  t h e  c a v i t y  of a n  ESR spec t rometer .  Two v e r s i o n s  of  t h e  
i n  s i t u  ESR p y r o l y s i s  exper iments  were conducted.  I n  t h e  f i r s t  v e r s i o n ,  t h e  
s e a l e d  ESR sample tube  was comple te ly  w i t h i n  t h e  h igh  tempera ture  r e g i o n  of t h e  
c a v i t y ;  i n  t h e  second v e r s i o n ,  s e v e r a l  c e n t i m e t e r s  of t h e  sample tube  extended 
o u t s i d e  t h e  c a v i t y  i n t o  t h e  ambient a i r .  

I n  t h a t  v e r s i o n  of  t h e  experiment  i n  which t h e  sample w a s  completely immersed i n  
t h e  h e a t e d  zone of  t h e  c a v i t y ,  I r e l a n d  Mine c o a l  h e a t - t r e a t e d  a t  535OC showed a 
r a p i d  i n c r e a s e  i n  f r e e  r a d i c a l  c o n t e n t ;  w i t h i n  f i v e  minutes  a f t e r  t h e  p y r o l y s i s  

I composi t ion a l lows  s e p a r a t i o n  of t h e  AC-C term i n t o  a g a s  make c o n t r i b u t i o n  and a 

Note t h a t  

I n  t h e  p r e s e n t  
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had begun, t h e  number of f r e e  r a d i c a l s  had i n c r e a s e d  by a f a c t o r  of approximately 
t h r e e .  The p y r o l y s i s  exper iments  were t h e n  r e p e a t e d  i n  t h e  presence  of 9,lO- 
dihydroanthracene  -- a known hydrogen donor  -- and i n  t h e  presence  of phenanthrene -- 
a nondonor. The f r e e  r a d i c a l  c o n c e n t r a t i o n  p e r  gram of c o a l  was found t o  be  
independent  of  t h e  p r e s e n c e  of  phenanthrene ;  however fewer r a d i c a l s  p e r  gram of 
c o a l  were formed d u r i n g  p y r o l y s i s  i n  9 .10-dihydroanthracene.  These r e s u l t s  a r e  
c o n s i s t e n t  wi th  c u r r e n t  t h e o r i e s  of  c o a l  l i q u e f a c t i o n .  The p y r o l y s i s  of c o a l ,  
either a lone  o r  i n  t h e  p r e s e n c e  o f  a nondonor s o l v e n t ,  r e s u l t s  i n  t h e  format ion  of 
f r e e  r a d i c a l s ,  which t e n d  t o  recombine i n t o  r e l a t i v e l y  high-molecular-weight 
p r o d u c t s .  P y r o l y s i s  i n  t h e  p r e s e n c e  of a donor s o l v e n t ,  however, r e s u l t s  i n  a 
more e f f i c i e n t  capping  o f  t h e s e  r a d i c a l s  by t h e  d o n a t a b l e  hydrogen o r  by small 
r a d i c a l  f ragments  from t h e  s o l v e n t .  

The f a c t  t h a t  no t r a n s i e n t  r a d i c a l s  were observed sugges ted  t h a t  t h e  l i f e t i m e s  of 
t h e  r a d i c a l s  were s imply t o o  s h o r t  t o  permi t  t h e  accumulat ion 'of  a p o p u l a t i o n  
l a r g e  enough t o  be  d e t e c t e d  i n  a n  ESR experiment .  A p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  
behavior  i s  t h a t  pr imary  t a r s  formed d u r i n g  t h e  p y r o l y s i s  of c o a l  a c t e d  as a donor 
s o l v e n t  s i m i l a r l y  t o ,  b u t  n o t  as e f f i c i e n t l y  as, t h e  9, lO-dihydroanthracene.  A 
p o s s i b l e  way t o  e x p l o r e  t h i s  h y p o t h e s i s  would be t o  a l l o w  t h e  tars t o  be removed 
from t h e  r e a c t i o n  zone of t h e  c o a l .  

T h i s  w a s  accomplished by us ing  t h e  second v e r s i o n  of t h e  ESR p y r o l y s i s  experiment  
i n  which p a r t  of t h e  sample tube  ex tended  i n t o  a "cold" zone, i . e . ,  ambient a i r ,  
o u t s i d e  t h e  hea ted  p o r t i o n  of  t h e  c a v i t y .  The r a p i d  h e a t i n g  of t h e  sample produced 
a t r a n s i e n t  p o p u l a t i o n  o f  u n s t a b l e  f r e e  r a d i c a l s ,  which reached a maximum a f t e r  
approximately two minutes  of p y r o l y s i s  a t  535OC ( F i g u r e  2 ) .  I n  a d d i t i o n  t o  t h e  
t r a n s i e n t  r a d i c a l s ,  a p o p u l a t i o n  of  f r e e  r a d i c a l s  i n  excess  of t h e  p o p u l a t i o n  
p r e s e n t  i n  t h e  o r i g i n a l  c o a l  was produced.  
produced s i m i l a r  b e h a v i o r ,  a l t h o u g h  t h e  p o p u l a t i o n  maxima were n o t  n e a r l y  s o  
pronounced as t h e  maximum produced a t  535OC and occurred  a f t e r  a l o n g e r  per iod  of 
r e a c t i o n  t i m e .  
f ree r a d i c a l s  wi th  only  s l i g h t  e v i d e n c e  of a t r a n s i e n t  popula t ion .  E x t r a p o l a t i o n  
of t h e  time-dependent p o p u l a t i o n s  a t  t h e  t h r e e  tempera tures  t o  z e r o  p y r o l y s i s  time 
r e s u l t e d  i n  a p o p u l a t i o n  somewhat g r e a t e r  than  t h a t  observed f o r  t h e  c o a l  i t s e l f .  
The apparent  g v a l u e ,  a f t e r  an i n i t i a l  s m a l l  downward s h i f t ,  w a s  c o n s t a n t  d u r i n g  
p y r o l y s i s  a t  a l l  t empera tures  and sugges ted  carbon-centered r a d i c a l s .  The s p e c t r a l  
l i n e w i d t h s ,  measured a s  f u l l  w i d t h  a t  h a l f  i n t e n s i t y  of  t h e  a b s o r p t i o n  peaks,  
reached  a maximum v a l u e  a t  about  t h e  same t i m e  t h e  p o p u l a t i o n  reached a maximum. 

The presence  of  a maximum i n  t h e  s p i n  p o p u l a t i o n  VS. t i m e  curve  i m p l i e s  t h a t  t h e r e  
is more t h a n  one s t e p  i n  t h e  mechanism t h a t  produces t h e  s t a b l e  f r e e  r a d i c a l  
s p e c i e s .  I t  a l s o  shows t h a t  r e a c t i v e  f r e e  r a d i c a l s  a r e  formed dur ing  p y r o l y s i s  a t  
t empera tures  only  s l i g h t l y  h i g h e r  t h a n  t h o s e  commonly used i n  c o a l  l i q u e f a c t i o n  
p r o c e s s e s .  The presence  of a resonance  l i n e w i d t h  i n  e x c e s s  of t h a t  observed f o r  
e i t h e r  t h e  c o a l  or t h e  c o a l  a f t e r  extended p e r i o d s  of h e a t  t r e a t m e n t  i m p l i e s  
e i t h e r  t h a t  a chemica l ly  he te rogeneous  p o p u l a t i o n  of r a d i c a l s  is p r e s e n t  d u r i n g  
p y r o l y s i s  o r  t h a t  t h e  r a d i c a l  c e n t e r s  on t h e  t r a n s i e n t  s p e c i e s  are r i c h e r  i n  
hydrogen than  the c e n t e r s  on t h e  s t a b l e  r a d i c a l s .  
i n d i c a t e s  that the l a t t e r  c h o i c e  i s  t h e  c o r r e c t  one,  as i t  seems u n l i k e l y  t h a t  a 
new heterogeneous p o p u l a t i o n  of t r a n s i e n t  r a d i c a l s  would have a n  average  g v a l u e  
w i t h i n  one ppm of  t h e  a v e r a g e  observed  f o r  t h e  h e a t - t r e a t e d  c o a l .  The i n i t i a l  
s m a l l  s h i f t  toward a lower g v a l u e  h a s  been observed a t  much lower tempera tures  
and may be  a s c r i b e d  t o  l o s s  of oxygen as  CO, COz,  and H20 ( 6 ) .  

P y r o l y s i s  a t  51OoC and a t  495OC 

P y r o l y s i s  a t  495OC produced a s l i g h t  e x c e s s  p o p u l a t i o n  of s t a b l e  

The r a t h e r  c o n s t a n t  g v a l u e  
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Table 1. Catalyst Specifications 

i 

Chemka! Composition Amocat 1A 1442A 

MOO,, wt% on dry basis 

COO, w%% on dry basis 

16.0 

3.0 

Surface Proper ties 

BET surface area, m2/g 

(determined by N2 sorption) 

Total pore volume, cm3/9 
(determined by N2 sorption and 
Hg porosimetry) 

% Pore volume in macropores 1 8 k 5  
(determined by N2 sorption and 
Hg porosimetry ) 

170 minimum 
0 

Average micropore diameter, A 120*10  

0.75k 0.05 

332 

56 

0.74 

28 

Table 2. The fate of hydrogen consumed in Run FB-62 

Reaction 

Hydrogenation 

C-C Linkage Breaking 
To generate light gas 

To break down matrix 

Heteroatom Elimination 

Total 

Hydrogens %Hydrogen 
/ 180 C Consumed 

3 30% 

2 

3 

2 

10 

20% 

30% 

20% 

100% 


