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INTRODUCTION 

A fundamental unders tanding  of t h e  k i n e t i c s  of c o a l  g a s i f i c a t i o n  r e q u i r e s  t h e  
knowledge of t h e  r o l e  of ( a )  carbon a c t i v e  si tes,  (b)  i n h e r e n t l y  p r e s e n t  c a t a l y s t s  
and ( c )  d i f f u s i v i t y  of t h e  r e a c t a n t  g a s e s  w i t h i n  t h e  p o r e s  of t h e  ( u s u a l l y )  r a p i d l y  
d e v o l a t i l i z e d  char  (1). The p r e s s i n g  need f o r  d e s i g n  d a t a  f o r  t h e  new g e n e r a t i o n s  
of c o a l  g a s i f i c a t i o n  p r o c e s s e s  probably j u s t i f i e s  t h e  g r e a t  number of e s s e n t i a l l y  
e m p i r i c a l  k i n e t i c  s t u d i e s  t h a t  p r o v i d e  u s e f u l  c o r r e l a t i o n s ,  b u t  i n  which t h e  above 
f a c t o r s  a r e  lumped i n t o  o v e r a l l  e m p i r i c a l  parameters  (e .g . ,  r e a c t i v i t i e s )  which 
cannot  be  r e l a t e d  t o  measurable  p h y s i c a l  p r o p e r t i e s  of t h e  c h a r s .  The p r e d i c t i v e  
c a p a b i l i t i e s  of such c o r r e l a t i o n s  and t h e  p o s s i b i l i t y  of t h e i r  e x t r a p o l a t i o n  a r e  
u n c e r t a i n ,  a t  b e s t .  A p a r a l l e l  e f f o r t  i s  needed i n  o r d e r  t o  o b t a i n  more fundamental  
k i n e t i c  parameters .  

Many c o a l  r e s e a r c h e r s  have n o t  f u l l y  r e a l i z e d  t h e  r e l e v a n c e ,  t o  t h e  k i n e t i c s  

A r e c e n t  comprehensive 
of c o a l  g a s i f i c a t i o n ,  of s t u d i e s  performed on r e l a t i v e l y  p u r e  and h i g h l y  c r y s t a l l i n e  
materials such a s  g r a p h i t i z e d  carbon b l a c k s  and g r a p h i t e .  
review by Essenhigh ( 2 )  emphasizes  t h e  v a l u e  of t h e s e  s t u d i e s  i n  h e l p i n g  t o  under- 
s t a n d  c o a l  r e a c t i o n s .  The purpose of t h i s  paper  i s  t o  p r o v i d e  exper imenta l  ev idence  
f o r  t h e  u s e f u l n e s s  (and n e c e s s i t y  of a p p l i c a t i o n ! )  of t h e  concept  of a c t i v e  s i tes  
i n  unders tanding  t h e  g a s i f i c a t i o n  behavior  of  l i g n i t e  c h a r s .  

EXPERIMENTAL 

A North Dakota l i g n i t e  (3) w a s  p r e t r e a t e d  wi th  H C 1  and HF i n  o r d e r  t o  remove 
e s s e n t i a l l y  a l l  t h e  i n o r g a n i c  c o n s t i t u e n t s  (4) .  Chars  were prepared  by both  slow 
and r a p i d  p y r o l y s i s  i n  N2 (99.99% p u r i t y ) .  Slow p y r o l y s i s  (10 K/min) was performed 
i n  a convent iona l  h o r i z o n t a l - t u b e  f u r n a c e  a t  t empera tures  between 975 and 1475 K 
and r e s i d e n c e  (soak)  times up t o  1 h a t  f i n a l  temperature .  
( -  lo4  K / s )  was e f f e c t e d  i n  an en t ra ined- f low r e a c t o r  ( 5 , 6 )  a t  1275 K .  
dence t i m e  was v a r i e d  between 0 . 3  s and 5 min. The r e a c t i v i t y  of t h e  v a r i o u s  c h a r s  
and carbons  of i n c r e a s i n g  c r y s t a l l i n i t y ,  from Saran c h a r  t o  SP-1 g r a p h i t e ,  w a s  de- 
termined by i s o t h e r m a l  thermogravimet r ic  a n a l y s i s  (TGA) i n  0 .1  IQa a i r .  Weight 
changes were recorded  cont inuous ly  as a f u n c t i o n  of t ime.  The maximum s l o p e  of 
t h e  burn-off v s .  t i m e  p l o t  w a s  used as a measure of g a s i f i c a t i o n  r e a c t i v i t y .  
I n  a series of p r e l i m i n a r y  r u n s ,  d i s c u s s e d  i n  d e t a i l  e l sewhere  ( 6 ) ,  a p p r o p r i a t e  
r e a c t i o n  c o n d i t i o n s  w e r e  s e l e c t e d  t o  e l i m i n a t e  i n t e r p a r t i c l e  and i n t r a p a r t i c l e  h e a t  
and mass t r a n s f e r  l i m i t a t i o n s .  The r e p o r t e d  r a t e s  are ,  t h e r e f o r e ,  thought  t o  b e  
i n t r i n s i c ,  chemica l ly  c o n t r o l l e d  v a l u e s .  

Rapid p y r o l y s i s  
( The resi- 

Elemental  a n a l y s e s  were performed on t h e  c h a r s  i n  o r d e r  t o  de te rmine  t h e i r  
C / H  r a t i o s  and t h u s  t h e  e x t e n t  of t h e i r  d e v o l a t i l i z a t i o n .  
C O 2  a t  298 K was measured and micropore volumes were determined u s i n g  t h e  Dubinin- 
Radushkevich equat ion  ( 7 ) .  
a r e a )  was measured by oxygen chemisorp t ion  on t h e  c h a r s  a t  375 K and 0 . 1  ma a i r  
(6 ,8) .  

P h y s i c a l  a d s o r p t i o n  of 

The c o n c e n t r a t i o n  of carbon a c t i v e  si tes ( a c t i v e  s u r f a c e  

RESULTS 

Table  1 g i v e s  t h e  C/H r a t i o ,  micropore volume and oxygen chemisorp t ion  c a p a c i t y  
of  t h e  deminera l ized  (Dem) l i g n i t e  and s e l e c t e d  Dem-chars. Unless  o t h e r w i s e  noted  
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Table 1 

SELECTED PROPERTIES OF DEMINERALIZED LIGNITE AND CHARS 
PRODUCED UNDER DIFFERENT PYROLYSIS CONDITIONS 

C /H 

1 . 2  
3.8 R - 0 . 3  s 

R - 1 . 2  s 
R - 1.8 s 7 . 2  
R - 5 min 3 
S - O h d  5.8 
S - 30 min 
S - l h  1 
S - 1 h (975 K )  _ _  
S - 1 h (1475 K) _ _  

Sample (a tomic ,  d a f )  

b Dem-Coal 

_ _  

_ _  

Micropore Volume 
(cm3(STP) /g)  

a _ _  
93c 
98 

107 
104 

98 
_ _  
_ _  
-_ 
-- 

Oxygen Chemisorption 
Capac i ty  (wt% oxygen) 

-- 
7.2 
5.4 
4 . 3  
2 . 3  _ _  

_ _  
1.6  
3.4 
0 .72  

~~ 

aNot determined 

bR = rap id  p y r o l y s i s  

' A t  298 K (near  c r i t i c a l  t e m p e r a t u r e  f o r  CO2) t h e  d e n s i t y  of l i q u i d  CO2 i s  about  

d~ = slow p y r o l y s i s  

i n  parentheses ,  a l l  c h a r  samples  were prepared  a t  1275 K .  F igure  1 shows t h e  e f f e c t  
of p y r o l y s i s  r e s i d e n c e  t i m e  a t  1275 K on t h e  subsequent  r e a c t i v i t y  of t h e  c h a r .  
S i g n i f i c a n t  c h a r  d e a c t i v a t i o n  i s  observed w i t h  i n c r e a s i n g  p y r o l y s i s  s e v e r i t y .  A 
s i m i l a r  e f f e c t  i s  observed by i n c r e a s i n g  t h e  temperature  of p y r o l y s i s .  F igure  2 
shows t h e  Arrhenius  p l o t s  of r e a c t i v i t y  f o r  c h a r s  and carbons  of i n c r e a s i n g  p u r i t y  
and c r y s t a l l i n i t y .  The Saran c h a r  was prepared  by slow p y r o l y s i s  of Saran a t  
1 2 2 5  K f o r  3 h .  

1.0 g/cm3. Thus t h e  l i q u i d  volume i s  about  0 .2  cm3/g. 

DISCUSSION 

The deminera l ized  l i g n i t e  can  b e  cons idered  as t h e  most convenient  "model com- 
pound" f o r  s t u d y i n g  t h e  u n c a t a l y z e d  c o a l  char  g a s i f i c a t i o n  r e a c t i o n s  a t  a fundamental 
l e v e l .  I t  c o n t a i n s  about  2000 ppm of  i m p u r i t i e s ,  compared t o  about  8% i n  t h e  o r i -  
g i n a l  l i g n i t e .  This i s  s t i l l  a r e l a t i v e l y  h i g h  l e v e l  of p o t e n t i a l  c a t a l y s t s  when 
compared t o  carbons  of h i g h e r  p u r i t y  a l s o  used i n  t h i s  s tudy:  s p e c t r o s c o p i c a l l y  
pure  n a t u r a l  g r a p h i t e  (SP-1, Union Carb ide  Corp . ) ,  w i t h  < 6 ppm; g r a p h i t i z e d  carbon 
b l a c k  (V3G, Cabot Corp.) ,  w i t h  < 120 ppm; Saran c h a r  (Dow Chem. Co.) w i t h  < 100 ppm. 
However, most of t h e  remaining i n o r g a n i c s  are p r e s e n t  i n  t h e  form of r e l a t i v e l y  
p o o r l y  d ispersed  d i s c r e t e  m i n e r a l s  (such as c l a y s  and p y r i t e )  which a r e  n o t  thought 
t o  be  very e f f i c i e n t  i n  c a t a l y z i n g  c h a r  g a s i f i c a t i o n  i n  a i r  ( 9 ) .  

Even though t h e  weight  l o s s  d u r i n g  r a p i d  p y r o l y s i s  a t  1275 K i s  e s s e n t i a l l y  
complete  a f t e r  about  1 s (6), i t  i s  seen i n  Table  1 t h a t  t h e  e v o l u t i o n  of hydrogen 
i s  a r e l a t i v e l y  slow p r o c e s s .  There e x i s t s  a q u a l i t a t i v e  c o r r e l a t i o n  between t h e  
d e c r e a s e  i n  c h a r  r e a c t i v i t y  and t h e  i n c r e a s e  i n  C / H  r a t i o  of t h e  c h a r s .  It is a l s o  
seen  i n  Table 1 t h a t  t h e  micropore  volume of t h e  Dem-chars i s  r e l a t i v e l y  h i g h ,  of 
t h e  same order  of magni tude as f o r  t y p i c a l  carbonaceous a d s o r b e n t s  ( -  0 . 3  - 
0 . 4  cm3/g). 
oxygen chemisorpt ion c a p a c i t y ,  c a l c u l a t e d  from t h e  amount of CO and C 0 2  evolved 
upon t h e  decomposition of t h e  carbon-oxygen complexes, i s  seen t o  d e c r e a s e  by a 
f a c t o r  of about  t e n  wi th  i n c r e a s i n g  s e v e r i t y  of p y r o l y s i s .  

Accordingly,  t h e  t o t a l  s u r f a c e  a r e a  i s  a l s o  expected t o  be  h igh .  The 
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Table 2 summarizes and i n t e g r a t e s  the  r e a c t i v i t y  and s u r f a c e  c h a r a c t e r i z a t i o n  
r e s u l t s .  T o t a l  s u r f a c e  a r e a  (TSA) was c a l c u l a t e d  u s i n g  t h e  Polanyi-Dubinin approach 
(IO), by assuming t h a t  micropore volume is  approximately e q u a l  t o  t h e  monolayer 
c a p a c i t y .  I t  i s  concluded t h a t  i f  t h i s  i s  a measure of t h e  t r u e  t o t a l  s u r f a c e  a r e a ,  
then TSA i s  n o t  a r e l e v a n t  r e a c t i v i t y  parameter .  A d i f f e r e n c e  i n  observed r a t e s  
(per  u n i t  mass) of about  f i v e  o r d e r s  of magnitude (column 4 )  i s  reduced only  by 
about  two o r d e r s  of magnitude when TSA i s  taken  i n t o  account  (column 5 ) .  

Oxygen chemisorp t ion  c a p a c i t y  w a s  t ransformed i n t o  a c t i v e  s u r f a c e  a r e a  (ASA) 
by assuming t h a t  each  chemisorbed oxygen atom occupies  about  0.08 nm2 (11). The 
v a l u e s  a r e  given i n  column 3 of Table  2. 
i n  column 6.  It is seen t h a t  a d i f f e r e n c e  i n  observed r e a c t i v i t i e s  of Dem-chars 
of a f a c t o r  of twelve i s  reduced t o  w i t h i n  a f a c t o r  of t h r e e  when expressed  on t h i s  
b a s i s .  The v a l u e  of ASA f o r  t h e  Saran c h a r  was obta ined  under c o n d i t i o n s  s i m i l a r  
t o  t h o s e  used i n  t h i s  s tudy .  
575 K and 65 Pa 02, a l s o  i n  t h e  absence of g a s i f i c a t i o n .  
v a l u e  of oxygen c o n t e n t  t h u s  obta ined  i s  a l s o  a measure of ASA. For  SP-1 g r a p h i t e  
t h e  geometr ic  edge a r e a  was taken as  ASA. I t  i s  seen  t h a t  d i f f e r e n c e s  i n  observed 
r e a c t i v i t i e s  of about  f i v e  o r d e r s  of magnitude between t h e  most r e a c t i v e  Dem-char 
and t h e  least r e a c t i v e  SP-1 g r a p h i t e  a r e  reduced t o  w i t h i n  one o r d e r  of magnitude 
when t h e i r  ASAs a r e  taken i n t o  account .  The r e l a t i v e l y  smal l  d i f f e r e n c e s  i n  t h e  
rate c o n s t a n t s  i n  column 6 are a t t r i b u t e d  t o  t h e  e f f e c t s  of c a t a l y s i s .  It is seen 
t h a t  lower v a l u e s  a r e  c o n s i s t e n t l y  obta ined  f o r  c h a r s  (carbons)  of h i g h e r  p u r i t y .  
Also ,  i n  l i g n i t e  c h a r s  which have been s u b j e c t e d  t o  more s e v e r e  p y r o l y s i s  condi-  
t i o n s  t h e  d i s p e r s i o n  of t h e  i n h e r e n t  c a t a l y s t  (CaO) was shown t o  be  lower ( 6 ) .  
C a t a l y s i s  i s  expected t o  p l a y  a g r e a t e r  r o l e  i n  c h a r s  which have undergone m i l d e r  
h e a t  t rea tment .  This  is, indeed,  sugges ted  by t h e  r e l a t i v e l y  h i g h  r a t e  c o n s t a n t s  
of t h e  shor t - res idence- t ime and low-temperature c h a r s .  

Rate c o n s t a n t s  p e r  u n i t  ASA are g iven  

I n  t h e  c a s e  of V3G, chemisorp t ion  w a s  e f f e c t e d  a t  
I t  i s  assumed t h a t  t h e  

CONCLUSIONS 

The oxygen chemisorp t ion  c a p a c i t y  of deminera l ized  l i g n i t e  c h a r s  a t  375 K and , 0 .1  MPa a i r  g i v e s  a n  i n d i c a t i o n ,  a t  l e a s t  from a r e l a t i v e  s t a n d p o i n t ,  of t h e  con- 
c e n t r a t i o n  of carbon a c t i v e  si tes i n  them. I t  c e r t a i n l y  p r o v i d e s  a n  index of t h e i r  
g a s i f i c a t i o n  r e a c t i v i t y .  

3 c o a l  char  d e a c t i v a t i o n  w i t h  i n c r e a s i n g  s e v e r i t y  of p y r o l y s i s  c o n d i t i o n s  was t h u s  
c o r r e l a t e d  w i t h  a decrease  i n  a measurable  fundamental p r o p e r t y  of t h e  c h a r s :  c a r -  . bon a c t i v e  s u r f a c e  a r e a .  The importance of t h e  concept  of carbon a c t i v e  si tes i n  
g a s i f i c a t i o n  r e a c t i o n s  was a l s o  i l l u s t r a t e d  f o r  carbons  of i n c r e a s i n g  c r y s t a l l i n i t y  
from a Saran char  t o  SP-1 g r a p h i t e .  T o t a l  s u r f a c e  a r e a ,  as e s t i m a t e d  by t h e  
Polanyi-Dubinin approach,  was shown n o t  t o  be  a r e l e v a n t  r e a c t i v i t y  parameter .  

The commonly observed and h e r e t o f o r e  e m p i r i c a l l y  t r e a t e d  
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11 
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TRANSIENT KINETIC STUDIES OF CHAR REACTIONS 
IN A GRADIENTLESS REACTOR SYSTEM - -  C 0 2  GASIFICATION 
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Brown Unive r s i ty  

Providence ,  Rhode I s l and  02912 

1. INTRODUCTION 

Although a voluminous l i t e r a t u r e  e x i s t s  concerning t h e  s tudy  o f  coa l  char-gas 
r e a c t i o n  sys tems,  t h e  unde r s t and ing  of t h e  a c t u a l  mechanisms and t h e  r o l e s  of hea t  
and mass t r a n s p o r t  i n  t h e  o v e r a l l  conve r s ion  p rocess ,  a r e  s t i l l  f a r  from complete. 
One d i f f i c u l t y  i n  de te rmining  i n t r i n s i c  r e a c t i o n  mechanisms i n  many previous  
s t u d i e s  can  be a t  l e a s t  p a r t i a l l y  a t t r i b u t e d  t o  t h e  u s e  o f  " s t eady- s t a t e "  condi- 
t i o n s .  
p l a u s i b l e  models which a l l  y i e l d  roughly  t h e  same o v e r a l l  g a s i f i c a t i o n  r a t e .  Dis- 
c r imina t ion  among c a n d i d a t e  models i s  d i f f i c u l t  under  t h e s e  cond i t ions ,  and the re  
i s  no guarantee  t h a t  t h e  model f i n a l l y  s e l e c t e d  a c t u a l l y  r e f l e c t s  t h e  t r u e  mech- 
anism over  a wide range  of o p e r a t i n g  cond i t ions .  
ments r evea l  r e l a t i v e l y  l i t t l e  concern ing  t h e  d e t a i l e d  sequence of elementary s t e p s  
t h a t  c o n s t i t u t e s  t h e  i n t r i n s i c  r e a c t i o n  mechanism. 

In  a d d i t i o n  t o  d i f f i c u l t i e s  i n  model d i s c r i m i n a t i o n ,  t h e  types  of l abora to ry  
r e a c t o r s  which have been used  i n  c o a l  g a s i f i c a t i o n  k i n e t i c  s t u d i e s  may have a l s o  
con t r ibu ted  t o  d a t a  i n t e r p r e t a t i o n  problems t h a t  a r e  we l l  known f o r  heterogeneous 
c a t a l y t i c  systems [ e . g . ,  see ( 1 - 3 ) J .  

i n  o rde r  t o  deve lop  a fundamental  d e s c r i p t i o n  of t h e  r e a c t i o n  mechanisms of t h e  
heterogeneous c o a l  char -gas  r e a c t i o n s  us ing  an exper imenta l  system and techniques  
which a l low t h e  elementary s t e p s  t o  be b e t t e r  i d e n t i f i e d .  More s p e c i f i c a l l y ,  t h e  
approach invo lves  t h e  a p p l i c a t i o n  of a "g rad ien t l e s s "  r e a c t o r  system coupled with 
a supersonic ,  modulated molecular  beam mass spec t rometer ,  and t r a n s i e n t  response 
techniques  t o  cha r  g a s i f i c a t i o n  k i n e t i c  s t u d i e s .  The t r a n s i e n t  behavior  of a reac-  
t i o n  system a s  it proceeds  from one  s t e a d y - s t a t e  t o  ano the r  upon p e r t u r b a t i o n  of 
system s t a t e  v a r i a b l e s  e x h i b i t s  c h a r a c t e r i s t i c s  r e f l e c t i v e  o f  t h e  n a t u r e  o f  the de- 
t a i l e d  k i n e t i c  mechanism. Fur thermore ,  i n  a d d i t i o n  t o  t r a n s i e n t  d a t a ,  t h e  usua l  
s t e a d y - s t a t e  r e s u l t s  a r e  a v a i l a b l e  as well .  
employed as an a i d  i n  model d i s c r i m i n a t i o n ,  mechanism de te rmina t ion ,  and, u l t ima te -  
l y ,  parameter e s t i m a t i o n .  

(1) it s i m p l i f i e s  t h e  mathemat ica l  a n a l y s i s  of  t h e  t r a n s i e n t  d a t a  due  t o  t h e  r e s u l t -  
a n t  lumped parameter d e s c r i p t i o n  o f  t h e  t r a n s i e n t  response ;  and (?) i t  s i g n i f i c a n t l y  
reduces  t h e  in f luence  of i n t e r p h a s e  mass and hea t  t r a n s p o r t  g r a d i e n t s .  
p a l  advantages of t h i s  type  of r e a c t o r  ove r  o t h e r  common r e a c t o r  t ypes  have been 
well documented i n  t h e  l i t e r a t u r e  [ e . g . ,  see (3-11)J .  

F i n a l l y ,  i n  o rde r  t o  o b t a i n  t h e  t r a n s i e n t  d a t a ,  t h e  r e a c t o r  must be  coupled t o  
a r e spons ive  a n a l y t i c a l  t echn ique  which a l lows  cont inuous  measurement o f  t h e  t r ans -  
i e n t  product concen t r a t ions .  
wi th  the t r a n s i e n t  response  method. On- l ine  mass spec t romet ry  has  been employed by 
s e v e r a l  r e s e a r c h e r s  i n  s t u d i e s  o f  t h e  d e v o l a t i l i z a t i o n  of  coa l  under vacuum condi- 
t i o n s  (12-14). Rapid sampling w h i l e  o p e r a t i n g  a t  t h e  h igh  p r e s s u r e s  r e l e v a n t  t o  t h e  
p r e s e n t  s tudy  can  be  accomplished by a l lowing  t h e  product  gases  a f t e r  p re s su re  le t -  
down t o  expand through a son ic  o r i f i c e  a s  a supe r son ic ,  a d i a b a t i c  f r e e  j e t  i n t o  a 
d i f f e ren t i a l ly -pumped  vacuum system. 
" f reezes"  t h e  r e l a t i v e  composi t ions  of t h e  product gases  when the  samplcd gas  a t -  
t a i n s  molecular f low.  
formed. 

The r e s u l t s  o f  such  exper iments  can  be  expla ined  equa l ly  well by a few 

Also, "s teady-s ta te"  r a t e  measure- 

The primary o b j e c t i v e  o f  t h e  c u r r e n t  work is t o  overcome most of  t h e s e  problems 

Thus t h e  t r a n s i e n t  response  method i s  

The u s e  of an i n t e r n a l  r e c y c l e ,  "g rad ien t l e s s "  r e a c t o r  s e r v e s  a dua l  purpose: 

The p r inc i -  

Mass spec t romet ry  is one such  technique  compatible 

The r ap id  expansion i n t o  t h e  vacuum 

By skimming t h e  c o r e  of the j e t ,  a molecular beam can be 
ThC r e s u l t a n t  beam i s  f u r t h e r  modulated t o  d i s c r i m i n a t e  between t h e  in -  
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Stantaneous behavior  of t h e  beam s p e c i e s  and t h e  same s p e c i e s  i n  t h e  background 
of t h e  mass spectrometer  vacuum envelope (15,16) .  

The adap ta t ion  of t h e s e  techniques t o  t h e  c u r r e n t  purpose is s e t  for th-below.  
The char-carbon d i o x i d e  r e a c t i o n  system i s  used t o  i l l u s t r a t e  t h e  e f f i cacy  of t h e  
approach. 
i n  a s i m i l a r  manner. 

Other char-gas  r e a c t i o n  systems and r e l a t e d  s t u d i e s  a r e  being pursued 

2 .  EXPERIMENTAL 

2 . 1 .  System Desc r ip t ion  
A schematic of t h e  experimental  appa ra tus  developed f o r  t h e  c u r r e n t  t r a n s i e n t  

k i n e t i c  s t u d i e s  i s  p resen ied  i n  F igu re -1 .  

automatic  switching gas  a d d i t i o n  v a l v e  network f o r  gene ra t ing  c o n c e n t r a t i o n  pe r -  
t u r b a t i o n s  under cond i t ions  of cons t an t  f l owra te ,  t empera tu re ,  and p r e s s u r e ;  and 
( c )  a supersonic ,  modulated, molecular  beam mass spec t romete r  f o r  measuring t h e  
t r a n s i e n t  behavior of  t h e  concen t r a t ions  of  t h e  product  g a s e s .  

A t y p i c a l  experimental  run  might proceed i n  t h e  fo l lowing  manner. 
s t a t e  i s  f i r s t  e s t a b l i s h e d  wi th  i n e r t  gas  ( e . g . ,  argon) f lowing through t h e  reac-  
t o r  (maintained a t  t h e  d e s i r e d  temperature  and p r e s s u r e ) ,  and w i t h  r e a c t a n t  gas  
( e . g . ,  carbon dioxide)  f lowing through t h e  purge l i n e .  A t  t ime ze ro ,  t h e  i n e r t  
gas i s  ins t an taneous ly  r ep laced  by t h e  r e a c t a n t  gas  now f lowing through t h e  reac-  
t o r ,  and t h e  r e a c t i o n  i s  the reby  i n i t i a t e d .  
a s  t o  i n s u r e  t h e  same volumetr ic  f lowra te  through t h e  r e a c t o r ,  i n  s p i t e  of t h e  
change i n  gas  spec ie s .  Th i s  r e s u l t s  i n  a wel l -def ined s t e p  f u n c t i o n  i n c r e a s e  of 
t h e  r e a c t a n t  t o  t h e  r e a c t o r .  The t r a n s i e n t  response of t h e  r e a c t i o n  system to 
t h i s  p e r t u r b a t i o n  is then monitored with t h e  beam sampling system a t  t h e  r e a c t o r  
e x i t .  

The experimental  system has been designed t o  o p e r a t e  a t  c o n d i t i o n s  r e l e v a n t  t o  
commercial coa l  g a s i f i c a t i o n  cond i t ions  ( e . g . ,  up t o  500 p s i  a t  140D°F, and even 
higher  p re s su res  a t  lower t empera tu res ,  a s  determined p r i m a r i l y  by t h e  manufactur- 
e r ' s  s p e c i f i c a t i o n s  f o r  t h e  r e a c t o r ) .  Also,  t h e  r e a c t o r  space  t ime ( t h e  r a t i o  of 
t h e  r e a c t o r  gas phase volume t o  t h e  vo lumet r i c  f lowra te )  can be v a r i e d  over  t h e  
range 0.01 - 1 . 0  min. 

gene ra l  overview of  t h e  appa ra tus  and its mode of  o p e r a t i o n .  
cuss ion  of t h e  important  and i n t e r e s t i n g  d e t a i l s  of  t h e  development of  t h e  appa- 
r a t u s ,  and t h e  adap ta t ion  of  t r a n s i e n t  k i n e t i c  techniques t o  cha r  g a s i f i c a t i o n ,  

E s s e n t i a l l y ,  it c o n s i s t s  o f :  (a) a 
I cont inuous gas  flow, f i x e d  s o l i d s ,  "g rad ien t l e s s "  (Berty- type)  r e a c t o r ;  (b) an 

Steady- 

The swi t ch ing  i s  done i n  such a manner 

The preceeding,  n e c e s s a r i l y  b r i e f  d e s c r i p t i o n  i s  intended t o  convey on ly  a 
For a thorough d i s -  

7 s e e  r e f e r e n c e  (171. .~ 
2 . 2 .  System Performance 

Reactor mixing performance curves were obtained by imposing s t e p  changes i n  
t h e  r e a c t o r  feed from argon t o  carbon d i o x i d e  a t  c o n s t a n t  vo lumet r i c  f l o w r a t e ,  
p r e s s u r e ,  and temperature ,  and r eco rd ing  t h e  r e s u l t a n t  t r a n s i e n t  response.  Due t o  
cons ide rab le  adso rp t ion  of t e s t  gases  by t h e  cha r ,  nonporous 3 mm g l a s s  beads were 
used i n  the  basket  f o r  t h e s e  s t u d i e s .  The r e s u l t a n t  d a t a  were a l l  c l e a r l y  expo- 
n e n t i a l ,  i n  accordance with well-mixed r e a c t o r  behav io r ,  and t h e  corresponding t ime 
c o n s t a n t s  were c l o s e  t o  expected v a l u e s .  The t o t a l  gas mixing volume deduced from 
t h e s e  experiments was found t o  be 241.4 cm3, which i s  q u i t e  r easonab le  i n  view Of 

t h e  f a c t  t h a t  t he  t o t a l  i n t e r n a l  r e a c t o r  volume i s  275 cm3, of  which approximately 
30 cm3 is presumed t o  be dead volume loca ted  beneath t h e  i m p e l l e r .  

I n  o rde r  t o  a s s e s s  t h e  r e l a t i v e  i n f l u e n c e  of  i n t e r p h a s e  h e a t  and mass t r a n s f e r  
on i n t r i n s i c  chemical k i n e t i c  r a t e s ,  t h e  r e a c t o r  i n t e r n a l  r e c y c l e  r a t i o ,  R ,  and 
s u p e r f i c i a l  v e l o c i t y ,  vo, through t h e  cha r  bed were determined by measuring t h e  
p r e s s u r e  drop a c r o s s  t h e  cha r  bed i n  t h e  same manner a s  desc r ibed  by Berty (18);  
i . e . ,  R = A vo/q,  where A is t h e  c r o s s - s e c t i o n a l  a r e a  of  t h e  baske t  (20.27 cm2) 
and q i s  t h e  volumetr ic  f l o w r a t e  a t  r e a c t o r  cond i t ions .  For t y p i c a l  experimenta! 
cond i t ions  with space t ime T = 15 s,  f r e e  gas  volume Vg = 220 cm3 (Vg 7 241.4 cm3 
- N/pS ,  where W i s  t h e  weight of d r y  cha r  i n  t h e  baske t ,  p s  i s  t h e  s o l i d  d e n s i t y  
and 241.4 cm3 i s  t h e  t o t a l  f r e c  g a s  volume i n  the  r e a c t o r  from t h e  g l a s s  beads 
expe r imen t s ) ,  and impe l l e r  speed of 2800 RPM, t h e  s u p e r f i c i a l  gas  v e l o c i t y  d e t e r -  

? 
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mined from our  c a l i b r a t i o n  i s  vo = 13.72 cm/s (0 .45  f t / s ) .  With a f lowra te  of  
q = 14.67 cm3/s t h e  r e c i r c u l a t i o n  r a t i o  i s  R = 19, which i s  s u f f i c i e n t  t o  guaran- 
t e e  good mixing and g r a d i e n t l e s s  o p e r a t i o n .  

The i n f l u e n c e  of i n t e r p h a s e  mass t r a n s f e r  l i m i t a t i o n  on measured k i n e t i c s  fo r  
a p a r t i c u l a r  s e t  of  experimental  c o n d i t i o n s  can be a s ses sed  from t h e  Damkohler num- 
b e r ,  Da = klCs (l-B)/k,a,/RT), which i s  t h e  r a t i o  of t h e  r e a c t i o n  r a t e ,  ( a s  repre-  
sented by t h e  t i n e t i c  rate c o n s t a n t  f o r  t h e  oxygen-exchange r e a c t i o n ;  s e e  below), and 
t h e  e f f e c t i v e  i n t e r p h a s e  mass t r a n s f e r  c o e f f i c i e n t  f o r  C 0 2  which can be estimated 
from t h e  j - f a c t o r  f o r  i n t e r p h a s e  mass t r a n s f e r ,  j ( e . g . ,  s e e  (19 ) ,p .395) .  For the 
experimental  c o n d i t i o n s  used i n  t h e  c u r r e n t  work,[) i t  was found t h a t  1 x 10-6<Da< 9 x 

p o r t .  The r e l a t i v e  importance of i n t r a p h a s e  d i f f u s i o n  i s  considered i n  t h e  Discussion. 
The i n t e r p h a s e  h e a t  t r a n s f e r  l i m i t a t i o n  can  a l s o  be eva lua ted  from t h e  Damkohler 

number by making u s e  of  t h e  Chil ton-Colburn analogy between mass and h e a t  t r a n s f e r  i n  
packed beds ( e . g . ,  s e e  (19 ) ,  p .  396) .  For t y p i c a l  r e a c t i o n  c o n d i t i o n s ,  assuming a 
h e a t  of r e a c t i o n  of  i 41 .23  kca l /g  mol f o r  t h e  o v e r a l l  C02 - c h a r  g a s i f i c a t i o n  reac-  
t i o n ,  t h e  est imated t empera tu re  d i f f e r e n c e  between t h e  s u r f a c e  of t h e  cha r ,  Ts,  and 
t h e  bulk f l u i d ,  Tb, i s  5 x < (Tb-Ts)/Tb < 4 x 
t i n g  temperature  l i k e  972 K ,  (Tb - TS) can be a s  l a r g e  a s  4OC. Actual  temperature 
d i f f e r e n c e s  between t h e  s o l i d  and g a s  i n  t h e  c h a r  bed a r e  expected t o  be l e s s  than 
t h i s  due t o  r a d i a t i o n .  The re fo re ,  i t  c a n  be conse rva t ive ly  s t a t e d  t h a t  t h e  i n t e r -  
phase h e a t  t r a n s f e r  l i m i t a t i o n  i s  no t  s i g n i f i c a n t  i n  t h e  c u r r e n t  s t u d i e s .  

Based upon t h e  p receed ing  performance d a t a  and numerical  e s t i a m t e s ,  t h e  par- 
t i c l e  s i z e  of t he  a c t i v a t e d  coconut  (Fischer)  c h a r  s e l e c t e d  f o r  t h e  experiments re- 
po r t ed  on h e r e  was > 14 mesh. With an average p a r t i c l e  d i ame te r  of about 1 .6  mm, 
t h e  r e s u l t a n t  s u p e r f i c i a l  v e l o c i t y  through t h e  cha r  bed a t  maximum impe l l e r  RPM 
should e f f e c t i v e l y  e l i m i n a t e  i n t e r p h a s e  h e a t  and mass t r a n s f e r  g r a d i e n t s ,  and pro- 
v i d e  a r e l a t i v e l y  high i n t e r n a l  r e c y c l e  r a t i o  f o r  space t imes i n  t h e  range of 12 t o  
20s,  t h a t  were found t o  be optimum f o r  t h e  c u r r e n t  experiments .  

3 .  KINETIC MODELING 

S i n c e  Da<<l, t h e  r e a c t i o n  i s  d e f i n i t e l y  n o t  l i m i t e d  by i n t e r p h a s e  mass t r ans -  

Thus, f o r  a high opera- 

The gene ra l  t r ea tmen t  o f  t r a n s i e n t  k i n e t i c  models i s  o u t l i n e d  by Bennett (20) 
I n  e s sence ,  t h e  t r a n s i e n t  mass balances f o r  t h e  spec ie s  

I n t e g r a t i o n  of t h i s  system of equa- 

and C u t l i p  e t  a l .  (21) .  
i n  t he  r e a c t i o n  system y i e l d  a set of d i f f e r e n t i a l  equat ions which d e f i n e s  the  
model f o r  t h e  p a r t i c u l a r  mechanism assumed. 
t i o n s  r e s u l t s  i n  t h e  t r a n s i e n t  cu rves  of t h e  va r ious  s p e c i e s ,  which can then be 
used f o r  parameter s e n s i t i v i t y  s t u d i e s ,  and a l s o  f o r  parameter e s t i m a t i o n  by com- 
p a r i s o n  with corresponding experimental  d a t a .  

In o rde r  t o  i l l u s t r a t e  t h i s  approach,  cons ide r  t h e  s imple two-step mechanism: 

R1) 

c [ O l  A co + C f  R2) 

kl co2 + Cf _tL co + C[O] 
k 

which i s  imbedded i n  a l l  known CO? g a s i f i c a t i o n  k i n e t i c  mechanisms, and was found 
t o  adequately r e p r e s e n t  t h e  d a t a  i n  the  c u r r e n t  work. 

I f  Cso, CO, x ,  E, and P i  r e p r e s e n t ,  r e s p e c t i v e l y ,  t h e  a c t i v e  s i t e  concentra-  
t i o n i n  g mol/g mol C ,  t h e  i n i t i a l  t o t a l  g mol of  carbon,  t h e  f r a c t i o n a l  conversion, 
t h e  f r a c t i o n a l  s u r f a c e  coverage o f  t h e  complex, and t h e  p a r t i a l  p r e s s u r e  of  spe-  
c i e s  i i n  t h e  gas phase,  t h e  fo l lowing  r a t e  expres s ions  r e s u l t  f o r  t h e  preceeding 
mechanism: 

rl = C s o C o ~ l - x ~ [ k ~ ~ l - e ~ P C O  I 1) 

r2 = CsoCo(l-x) [k281 2) 
2 

Assuming a g r a d i e n t l e s s  r e a c t c  ) r ,  a mass balance on each s p e c i e s  y i e l d s :  

pCoq-6) - pco2 rlRT 
co2: d%O2 f - -  

7 
g 

-df= v 
3) 
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dx - 2 C:  
cO 

d t  

'Ar = 'COZf - 'C02 - 'CO 
I n e r t  gas (Ar):  

r - R T T  

7) 

where 6 = L (due t o  t h e  i n c r e a s e  i n  gas  volume upon r e a c t i o n )  V P  
C02f 

Pt = t o t a l  system p res su re ,  atm 

"'2f r e a c t o r  i f  f eed  i s  pu re  C02),  atm 

T 

V = r e a c t o r  gas  phase volume, cm 

q = volumetr ic  f l o w r a t e  a t  r e a c t o r  cond i t ions ,  cm3/min 

T = r e a c t i o n  temperature ,  K 

R = un ive r sa l  gas  c o n s t a n t ,  atm.cm /K.g mol 

= p a r t i a l  p r e s s u r e  of C 0 2  i n  t h e  f eed  ( a l s o  t o t a l  p r e s s u r e  of 

Vg/q;  r e a c t o r  space t ime  evaluated a t  r e a c t o r  c o n d i t i o n s ,  min = 
3 

g 

3 

1 -1 The u n i t s  f o r  t he  r a t e  parameters  a r e  kl = [min-'atm- ] and k2 = [min 1 .  
The i n i t i a l  cond i t ions  fo r  a pu re  CO2 f eed  a t  t ime t = 0 a r e :  

Pco2 = Pco = e = x = 0 

'Ar = 't 8) 
1 

Equations 1 through 8 c o n s t i t u t e  t h e  model f o r  t h e  r e a c t i o n  system with dependent 
v a r i a b l e s  Pco , Cco. PAr, 9,  and x ,  and parameters  C so, k l ,  and k 2 .  

s i t e  concen t r a t ion ,  Cso ,  has a pronounced e f f e c t  on t h e  p roduc t ion  of  CO,  b u t  t h e  
shape of  t h e  t r a n s i e n t  cu rve  remains r e l a t i v e l y  unchanged. 
p o s i t i o n  i n  time of t h e  "overshoot" o f  t h e  CO responses  f o r  both mechanisms a r e  
q u i t e  s e n s i t i v e  t o  t h e  k i n e t i c  r a t e  parameters  k l  and k2. 
k 2  a r e  q u a l i t a t i v e l y  i l l u s t r a t e d  i n  F igu re  2 .  
due t o  l a r g e  va lues  of  kl .  wh i l e  t h e  " l eve l ing -o f f "  i s  a s s o c i a t e d  with l a r g e  k 2  
va lues .  

44  and 28) a r e  c o r r e c t e d  t o  y i e l d  t h e  n e t  CO product ion cu rve  due t o  r e a c t i o n  
(from t h e  fragmentat ion c o e f f i c i e n t  measured f o r  C02),  and 
p a r t i a l  p r e s s u r e  d a t a  (from t h e  r e l a t i v e  s e n s i t i v i t y  measured f o r  CO and C02) , , t h e  
nex t  s t e p  i s  t o  determine a b e s t  parameter  s e t  f o r  t h e  proposed mechanism. 
is done by minimizing t h e  l e a s t  squa res  o b j e c t i v e  f u n c t i o n ,  

2 
From simulated CO t r a n s i e n t  response r e s u l t s ,  i t  was found t h a t  t h e  a c t i v e  

However, t h e  shape and 

The e f f e c t s  of k l  and 
I t  i s  noted t h a t  t h e  "overshoot" i s  

Once the raw d a t a  ( i . e . ,  t r a n s i e n t  cu rves  o f  t h e  modulated s i g n a l s  f o r  m/e = 

t hen  converted t o  CO 

Th l s  

2 9. rl 

k = l  i = l  
Q = E [ ( Y i k  - Yik)/Yikj 9 )  

(where t h e  s u b s c r i p t  i k  r c p r e s c n t s  t h e  i t h  v a r i a b l e  a t  t ime k ,  wi th:  
i = i ,  . . . , n ;  t h e  number o f  v a r i a b l e s  used i n  t h e  

op t imiza t ion  p rocess ,  
k = i, . . . ,  ; t h e  t ime i n t e r v a l s  
yik = experimental  p o i n t  ( p a r t i a l  p r e s s u r e  d a t a ) ,  

Yik = pred ic t ed  v a l u e  from t h e  model, 

9 



- 5- 
us ing  a Marquardt-type t echn ique  (22 ) ,  coupled with a Green 's  f u n c t i o n  method (23) 
t o  determine t h e  necessa ry  f i r s t  o r d e r  s e n s i t i v i t y  c o e f f i c i e n t  ma t r ix ,  S = ay/ag. 
I n  e s sence ,  t h e  parameter  e s t i m a t i o n  procedure c o n s i s t s  of s o l v i n g  t h e  % % % 

equat ions r e s u l t i n g  from minimizing t h e  o b j e c t i v e  f u n c t i o n ,  Equation 9 ,  based on 
l o c a l  l i n e a r i z a t i o n  of t h e  model about t h e  i n i t i a l  guess  parameter  s e t ,  B . This  
s o l u t i o n  y i e l d s  t h e  v e c t o r  of  parameter  changes,  Ab.,  which i n  t u r n  give5Othe next 
b e s t  e s t i m a t e  of t h e  parameter s e t  t o  minimize 0. 
the  o b j e c t i v e  f u n c t i o n  meets an accep tab le  p r e s e t  t o l e r a n c e .  
only one v a r i a b l e ,  P , was used i n  t h e  o p t i m i z a t i o n  of  t h e  o b j e c t i v e  func t ion  f o r  
parameter estimationCProm t h e  experimental  t r a n s i e n t  d a t a .  
t h i s  v a r i a b l e  i s  t h e  most s e n s i t i v e  t o  t h e  p a r t i c u l a r  model used,  while  Pco2 and 
PA, a r e  l e s s  so. 

4 .  RESULTS 

t i c l e  s i z e s  of a c t i v a t e d  coconut  (Fischer)  cha r  a r e  presented i n  F igu res  3 and 4. 
I n  t h e s e  f i g u r e s ,  t h e  c h a r a c t e r i s t i c  "overshoot" of  t h e  oxygen-exchange r e a c t i o n ,  
R 1 ,  a s  we l l  a s  t h e  " l eve l ing -o f f "  of  t h e  t r a n s i e n t  cu rves  due t o  t h e  carbon gas i -  
f i c a t i o n  r e a c t i o n ,  R 2 ,  a r e  c l e a r l y  ev iden t .  As p r e d i c t e d  by t r a n s i e n t  response 
s imula t ions ,  sma l l e r  space  t imes r e s u l t  i n  a sha rpe r  "overshoot" and a lower 
q u a s i - s t e a d y - s t a t e  l e v e l  of  CO a t  longer  t imes .  Higher temperatures  f a v o r  g r e a t e r  
CO product ion but  t h e  "overshoot" becomes p r o g r e s s i v e l y  l e s s  sha rp .  

The i n h i b i t i o n  e f f e c t  o f  p r e s s u r e  on g a s i f i c a t i o n  i s  n o t  c l e a r l y  ev iden t  i n  
these  f i g u r e s ,  bu t  becomes more so upon a n a l y s i s  of  t h e  q u a s i - s t e a d y - s t a t e  gas i -  
f i c a t i o n  r a t e  a t t a i n e d  a f t e r  " l eve l ing -o f f "  o f  t h e  t r a n s i e n t  cu rves .  
From t h e  s to i ch iomet ry  of t h e  o v e r a l l  r e a c t i o n :  

+ h i s  procedure i s  repeated u n t i l  
I n  t h e  c u r r e n t  work 

Th i s  was done because 

The CO t r a n s i e n t  r e sponses  f o r  t h e  experimental  runs conducted with two par-  

A c + co2 -c- 2 co R3) 
For cont inuous pu re  C 0 2  g a s  f eed ,  t h e  " s t e a d y - s t a t e "  g a s i f i c a t i o n  r a t e  i s  given by 

-1 dc - 1 d[COl = pcoss pcossq 
wss = - - d t  - 2 r  d t  2Co(l-X)RT 2CoRT 

- 

f o r  n e g l i g i b l y  small  carbon conve r s ion  ( i . e . ,  x 2 0 ) .  
Equation 10 can be r ea r r anged  t o  

t w  'ss t q J I 

The (Pco2/Pco)ss i n  t h i s  e x p r e s s i o n  can be eva lua ted  from t h e  q u a s i - s t e a d y - s t a t e  
va lues  A p l o t  of  t h e  r ight-hand 
s ide o f  Equation 11 ve r sus  PCO 
The observed l i n e a r  dependence2ss 
u r e  suggests  a " s t eady- s t a t e "  r a t e  expres s ion  of  t h e  form: 

obtained a t  t h e  end of  t h e  t r a n s i e n t  pe r iod .  
a t  c o n s t a n t  temperature  i s  p resen ted  i n  Figure 5. 

of t h e  g a s i f i c a t i o n  r a t e  on C02  p a r t i a l  p re s s -  

o r  
J l P C 0 2  

wss = 1 + ( j l / j 2 ) P c o 2  
13) 

Equation 13 is t h e  same s t e a d y - s t a t e  r a t e  form observed by Ergun (24 ) ,  w i th  
j ,  = klC 
t h e  g a s i & c a t i o n  r a t e .  

(251, seven parameters ;  t h e  Shaw model ( 2 6 ) .  f i v e  parameters ;  t h e  Mentser and 
Ergun mechanism ( 2 7 ) ,  f i v e  pa rame te r s ;  t h e  Ergun mechanism (24) ,  fou r  parameters ;  
and t h e  two-step mechanism found a p p r o p r i a t e  i n  the  c u r r e n t  work ( t h r e e  parameters) .  
Due t o  t h e  low l e v e l s  of  CO p r e s e n t  i n  t h e  r e a c t o r  under  t h e  c u r r e n t  experimental  

and j 2  = k2Cso, and c l e a r l y  shows t h e  i n h i b i t i n g  e f f e c t  of p r e s s u r e  on 

Seve ra l  models were f i t  t o  t h e  t r a n s i e n t  d a t a :  t h e  Blackwood and Ingeme model 
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c o n d i t i o n s ,  on ly  t h e  l a t t e r  model f i t s  t h e  d a t a  a c c u r a t e l y  s i n c e  t h e  o t h e r s  a l l  
have CO r e a c t i o n  pa ths  which a r e  super f luous  f o r  our  d a t a .  

Arrhenius  temperature dependence. 
of temperature y ie lded  t h e  fo l lowing  expres s ions :  

The r e s u l t a n t  parameter va lues  f o r  t he  two-step mechanism exh ib i t ed  d i s t i n c t  
Numerical f i t s  o f  a l l  t h e  d a t a  a s  a func t ion  

-55,500 exp I KT 1 min-latm-1 11 kl = 6.13  x 10 

9 -44 ,800  - 1  and k 2  = 9.98 x 10  exp 

Also,  f o r  t h e  f i r s t  time i n  t h e  same experiment,  t h e  concen t r a t ion  of a c t i v e  c a r -  
bon s i tes  expressed a s  g mol/g mol C ,  was determined fo r  t h e  coconut char  t o  be :  

cso = 1 . 7 0  x lo-'  exp - 16) I 27,:00 I 
This  i n d i c a t e s  t h a t  t h e  a c t i v e  s i t e  concen t r a t ion  has  a nega t ive  " a c t i v a t i o n  
energy". I n  o t h e r  words, a t  h igher  tempera tures ,  i n i t i a l l y  a c t i v e  s i t e s  become 
deac t iva t ed ;  v i z . ,  

'f 'i . R 4 )  
a c t i v e  i n a c t i v e  

This  d e a c t i v a t i o n  phenomenon agrees  wi th  some o f  t h e  f i n d i n g s  of Duval (28) and 
Blackwood e t  a l .  ( 2 9 ) ,  which a r e  d i scussed  f u r t h e r  below. 

I t  i s  of i n t e r e s t  t o  compare t h e  va lues  of the a c t i v a t i o n  ene rg ie s  ob ta ined  i n  
t h e  p r e s e n t  s tudy  f o r  t h e  two s t e p s ,  R 1  and R2, with  cor responding  va lues  r epor t ed  
i n  t h e  l i t e r a t u r e .  
I t  i s  ev iden t  t h a t  t h e  apparent  a c t i v a t i o n  energy f o r  t h e  two common k i n e t i c  
s t e p s  v a r i e s  cons ide rab ly  from one s tudy  t o  another ;  wi th  E i  ranging  from -27 t o  
+76 kca l /g  mol and E 2 '  from -17 t o  + 9 3  kca l /g  mol. This  v a r i a t i o n  can be  a t  l e a s t  
p a r t i a l l y  a t t r i b u t e d  t o  d i f f e r e n c e s  i n  exper imenta l  d a t a  a n a l y s i s  techniques ,  a s  
w e l l  as t h e  p a r t i c u l a r  r e a c t i o n  mechanism assumed. I t  should a l s o  be noted t h a t  i n  
a l l  t h e s e  s t u d i e s ,  t h e  r a t e  parameters  a r e  r epor t ed  as t h e  product  of t h e  a c t i v e  
s i t e  concen t r a t ion  , Cso,  and t h e  i n t r i n s i c  r a t e  c o n s t a n t ,  k.  Hence, t h e  appa ren t  
a c t i v a t i o n  ene rg ie s  a l s o  r e f l e c t  any v a r i a t i o n  of Cso w i th  tempera ture .  
words, t h e  d i f f e r e n c e  i n  t h e  types  o f  cha r  and exper imenta l  c o n d i t i o n s  can  account  
f o r  t h e  wide range o f  a c t i v a t i o n  ene rg ie s  ev ident  i n  Tab le  I .  
Johnson ( 3 0 ) ,  Cso is expected t o  dec rease  wi th  i n c r e a s i n g  coa l  r ank .  
gene ra l  t r end  i s  s u b s t a n t i a t e d  i n  t h e  case  of k2Cs0 by t h e  l a r g e  a c t i v a t i o n  ener -  
g i e s  observed f o r  t h e  high p u r i t y  carbon (e .g. ,  Ceylon g r a p h i t e ,  Spheron 6 carbon, 
a c t i v a t e d  carbon, and g r a p h i t e )  used by Ergun (24) and Mentser and Ergun ( 2 7 ) ,  
v i s -a -v i s  t h e  much smaller tempera ture  c o e f f i c i e n t s  found f o r  coconut c h a r  by 
Gadsby e t  a l .  (31) ,  Long and Sykes ( 3 2 ) ,  and also i n  t h e  c u r r e n t  work. 

y t i c  impur i t i e s  i n  t h e  c h a r .  
t h e  work of Long and Sykes ( 3 2 )  with  coconut cha r  where E2 
kca l /g  mol upon removal of minera l  i m p u r i t i e s  with hydroch lo r i c  and hydro f luo r i c  
a c i d s .  

ene rg ie s  obta ined  i n  t h e i r  work wi th  d i f f e r e n t  forms o f  h igh  p u r i t y  carbon were 
due t o  a cons t an t  number of a c t i v e  s i t e s ,  , independent of tempera ture ,  and 
thus  r e f l e c t e d  t h e  t r u e  a c t i v a t i o n  energie:s80r t h e  r e a c t i o n  s t e p s .  This  hypothe- 
sis i s  not a t  a l l  unreasonable  s i n c e  Cso should no t  dec rease  i n d e f i n i t e l y  wi th  
c o a l  rank, bu t  r a t h e r  t h e  a c t i v e  s i t e  concen t r a t ion  should  a t t a i n  some cons t an t  
asymptot ic  va lue  f o r  t h e  h igh  p u r i t y  carbons .  
by Mentser and Ergun a r e  t h e  " t rue"  tempera ture  c o e f f i c i e n t s  f o r  R1 and R2 (wi th  
E l  = 53.0 kca l /g  mol and E2 = 58.0 kca l /g  mol),  then  t h e i r  r e s u l t s  a g r e e  reasonably  
we l l  with t h e  i n t r i n s i c  a c t i v a t i o n  ene rg ie s  found i n  t h e  c u r r e n t  work (E1 = 55.5 
kca l /g  mol and E 2  = 4 4 . 8  kca l /g  mol).  

Tab le  I summarizes t h e  r e s u l t s  o f  p rev ious  i n v e s t i g a t o r s .  

I n  o t h e r  

As i nd ica t ed  by 
In  f a c t ,  t h i s  

D i f f e rences  i n  a c t i v a t i o n  ene rg ie s  can  a l s o  b e  a t t r i b u t e d  t o  presumably c a t a l -  
This  e f f e c t  i s  e s p e c i a l l y  p r y o u n c e d  ( f o r  kZCso) i n  

changed from 3 8  t o  66 

On t h e  o t h e r  hand, Mentser and Ergun ( 2 7 )  argued t h a t  t h e  cons t an t  a c t i v a t i o n  

I f  t h e  a c t i v a t i o n  ene rg ie s  r epor t ed  
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Other  d i f f e r e n c e s  i n  E l '  and E 2 '  a r e  probably numerical  i n  o r i g i n .  For  in-  

s t ance ,  Golovina (33) f i t t e d  s e v e r a l  s i m p l i f i e d  forms of  t h e  - g a s i f i c a t i o n  
r a t e  expres s ion  t o  d a t a  ( i . e . ,  due t o  p o s s i b l e  changes i n  mechanism a t  var ious 
c o n d i t i o n s ) ,  and r epor t ed  d i f f e r e n t  E '  va lues  f o r  t h r e e  d i f f e r e n t  regimes o f  
p re s su re  and t empera tu re .  However, t h e  nega t ive  a c t i v a t i o n  e n e r g i e s  obtained a r e  
i n d i c a t i v e  of improper a n a l y s i s  of k i n e t i c  d a t a .  
same r a t e  form can g i v e  r i s e  t o  d i f f e r e n t  apparent  a c t i v a t i o n  ene rg ie s  i n  d i f f e r -  
ent temperature  regimes b u t  o v e r  t h e  same p r e s s u r e  range ( s e e  Table  I , a s  
r epor t ed  by Golovina,  a l s o  a rgues  a g a i n s t  t h e  i n h e r e n t  v a l i d i t y  of  t he  proposed 
r a t e  expres s ion  and t h e  r e a c t i o n  r a t e  - c o n t r o l l i n g  zone claimed by t h e  i n v e s t i -  
g a t o r .  

now addres sed .  F i r s t ,  t h e r e  was no d i s c e r n i b l e  d i f f e r e n c e  i n  t h e  g a s i f i c a t i o n  
r a t e  behavior  of  t h e  1 . 6  mm and 2.68 mm coconut cha r  p a r t i c l e s .  Also,  t h e  r e s u l t -  
a n t  model parameters  f o r  t h e  two-s t ep  mechanism e x h i b i t  e s s e n t i a l l y  t h e  same temp- 
e r a t u r e  dependence f o r  bo th  p a r t i c l e  s i z e s .  
polymodal pore size d i s t r i b u t i o n  wi th  most of t h e  i n t e r n a l  s u r f a c e  a r e a  a v a i l a b l e  
i n  pores of molecular dimensions (super  micropores) (34 ) .  Thus,  even though the  
i n s e n s i t i v i t y  t o  p a r t i c l e  s i z e  i n d i c a t e s  no bulk d i f f u s i o n a l  l i m i t a t i o n  ( i . e . ,  i n  
t h e  macropores),  i f  d i f f u s i o n  i n  t h e  micropores  were t h e  l i m i t i n g  r e s i s t a n c e  t o  
cha r  g a s i f i c a t i o n ,  p a r t i c l e  s i z e  would not  n e c e s s a r i l y  have any e f f e c t ;  i . e . ,  
t h e  c h a r a c t e r i s t i c  s i z e  of  t h e  microporous m a t e r i a l  i n  both p a r t i c l e  s i z e s  i s  
s i m i l a r .  In  a d d i t i o n ,  micropore d i f f u s i o n  i s  known to  be a c t i v a t e d  (35 ) .  Thus i f  
i t s  r a t e  is comparable t o  t h e  k i n e t i c  r a t e ,  o r  r a t e - c o n t r o l l i n g ,  i t s  a c t i v a t i o n  
energy would be included i n  t h e  o v e r a l l  apparent  a c t i v a t i o n  energy.  

WYODAK 35 x 60 c h a r  a t  800°C is g iven  by Debelak and Mal i to  (36) a s  D / r 2  = 1.68 
min-l f o r  f r e s h  c h a r  ( i . e . ,  x = 0 ) .  The coconut cha r  g a s i f i c a t i o n  r a t e  a t  800°C 
and 1 atm i n  pu re  CO 32: !3 given by Equation 1 3  wi th  t h e  r a t e  parameters  reported 
h e r e ,  i s  1 . 1 6  x 10- min . Thus, i f  t h e  microporous s t r u c t u r e  o f  t h e  WYODAK and 
coconut c h a r s  a r e  a t  a l l  s i m i l a r ,  t h e  observed g a s i f i c a t i o n  r a t e  is t o o  small  by 
t h r e e  orders-of-magnitude t o  be micropore d i f f u s i o n - c o n t r o l l e d .  
h i g h e s t  p o s s i b l e  c o n s t a n t  asymptot ic  g a s i f i c a t i o n  r a t e  ( i . e . ,  a t  high p res su re )  of 
4 . 0 2  x 10-3min-1 a t  800°C, t h e  r e a c t i o n  i s  s t i l l  d e f i n i t e l y  r e a c t i o n  r a t e - c o n t r o l l -  
ed . 
t h e  parameters  k l  and k 2  found i n  t h e  p r e s e n t  s tudy a r e  i n t r i n s i c  and i n  agree-  
ment with t h e  gene ra l  t r end  r e p o r t e d  i n  t h e  l i t e r a t u r e .  

The nega t ive  " a c t i v a t i o n  energy" e x h i b i t e d  by t h e  a c t i v e  s i t e  concen t r a t ion  
i s  c o n s i s t e n t  with the  r e s u l t s  of  Duval (28) ,  who p resen ted  s t r o n g  evidence t h a t  
a c t i v e  si tes on a g r a p h i t i c  l a t t i c e  d i sappea r  spontaneously wi th  r e a c t i o n  temper- 
a t u r e  by a p rocess  termed thermal "healing" o r  "anneal ing".  Thus,  i n  e f f e c t ,  
a c t i v e  si tes a r e  sub jec t ed  t o  two modes of  d e p l e t i o n :  r e a c t i o n  w i t h  a gas  phase 
molecule and thermal n e u t r a l i z a t i o n .  Boulangier  (37) a l s o  noted t h e  same e f f e c t  
i n  carbon - C02 and carbon-steam systems.  A s i m i l a r  t r end  was r e p o r t e d  by Black- 
wood e t  a l .  (29) and Johnson (30) i n  s t u d i e s  o f  t h e  e f f e c t s  of coa l - cha r  prepara-  
t i o n  temperatures .  Blackwood et  a l .  (29) c o r r e l a t e d  t h e i r  r e s u l t s  f o r  hydrogen 
g a s i f i c a t i o n  r a t e  c o n s t a n t s  i n  terms of  k = k* exp (E /RT ) exp(-E /RT ) ,  where 
Tg and T a r e  t h e  g a s i f i c a t i o n  and cha r  p r e p a r a t i o n  t empera tu res ,  gespec t ive ly .  
For brown c o a l  c h a r s  g a s i f i e d  i n  hydrogen a t  25 atm with Tp = Tg, t h e s e  workers 
found E 
Tp = T;in t h e s e  cha r  r e a c t i v i t y  s t u d i e s  and c o n d i t i o n s  i n  t h e  c u r r e n t  work where- 
by t h e  coconut c h a r  was he ld  a t  t h e  r e a c t i o n  temperature  i n  an argon atmosphere fo r  
r e l a t i v e l y  long pe r iods  of t ime p r i o r  t o  imposing t h e  c o n c e n t r a t i o n  s t e p  change 
t o  r e a c t a n t  CO Thus,  t h e  temperature  dependence of C s o  found by Blackwood e t  a l .  
(29) agrees  wefi  with t h a t  found by Duval (28)  and i n  t h e  p r e s e n t  s tudy.  Black- 
wood e t  a l .  (29) proposed t h a t  t he  dec reas ing  r e a c t i v i t y  with i n c r e a s i n g  temper- 
a t u r e  i s  due t o  rearrangement of t h e  carbon s t r u c t u r e  i n t o  a more s t a b l e  r i n g  

I n  a d d i t i o n ,  t h e  f a c t  t h a t  t h e  

The e f f e c t  of i n t r a p h a s e  mass t r a n s p o r t  r e s i s t a n c e  on t h e  r a t e  c o n s t a n t s  i s  

However, cha r s  g e n e r a l l y  e x h i b i t  a 

The d i f f u s i o n  parameter  ( d i f f u s i o n  t ime cons t an t )  of C 0 2  i n  t h e  micropores of 

Even a t  t h e  

Based on t h e s e  obse rva t ions ,  it is concluded t h a t  t h e  a c t i v a t i o n  ene rg ie s  f o r  

P P  6 .  
P 

= 20 kca l /g  mol. I t  i s  noted t h a t  t h e r e  i s  a d i r e c t  a alogy between 

12  
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l a t t i c e ,  thereby reducing  t h e  a v a i l a b i l i t y  of f ree  TI e l e c t r o n s  f o r  t h e  format ion  
of complexes a t  edges,  and s t a b i l i z i n g  p rev ious ly  u n s t a b i l i z e d  bonds. 

6 .  CONCLUDING REMARKS 

The e f f i cacy  o f  apply ing  t h e  exper imenta l  appa ra tus  and t r a n s i e n t  response  
techniques  t o  heterogeneous char -gas  r e a c t i o n s  has  been s u c c e s s f u l l y  demonstrated 
f o r  co2 g a s i f i c a t i o n .  T h i s  approach promises t o  be a va luab le  too l  f o r  de te rmin-  
ing mechanisms and r a t e  parameters  f o r  d i r e c t  u s e  i n  modeling, des ign ,  and ana ly -  
s is  of new or  e x i s t i n g  g a s i f i c a t i o n  and r e l a t e d  systems. 
being taken i n  s tudying  g a s i f i c a t i o n  r e a c t i o n s  wi th  o t h e r  gases  and mix tu res .  

A s i m i l a r  approach i s  
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REACTION OF HIGH VELOCITY ATOMIC OXYGEN WITH GRAPHITE 

G .  S. Arnold, R. K. Herm, and D. R. Peplinski 

Chemistry and Physics Laboratory, 
The Aerospace Corporation 

El Segundo CA, 90245 

Atmospheric bombardment of a spacecraft in low Earth orbit (LEO) presents a 
regime of gas-surface chemistry which has been the subject of very little laboratory 
investigation. The predominant atmospheric species in LEO (200-800 km) is ground 
state, neu ral atomic oxygen fl). Although the ambient temperature is not extremely 
high (- 10 K), the 8 km sec- orbital velocity of the spacecraft causes oxygen atoms 
to strike the satellite's sJrfaces with an average collision energy of 5 x lo2 kJ 
mole-' (- 5 eV). At the altitude at which the space shuttle operates (- 240 km) the 
flux of atomic oxygen striki., surfaces normal to the craft's velocity vector is of 
the order of 8 x The phenomenology of oxygen atom-surface 
interactions at such a collision energy is completely unstudied in the laboratory. 
The lack of experimentation in this area owes not to any assumption that such 
chemistry is fundamentally minteresting, but rather reflects the difficulties 
inherent in reproducing in the laboratory the 8 km sec-' impact velocity. 

J 

5 

1014 cm-' sec-'.(l) 

The details of oxygen >torn surface interactions at orbital velocity are of 
particular interest for the prediction of the integrated effects of long-term 
exposure of materials to the LEO atmosphere. The unique opportunity which the 
shuttle orbiter provides to recover a variety of materials from LEO has highlighted 
the need for such an understanding. Organic polymers, including polyimides, 
polyesters, and polyurethanes, have been observed to erode at significant rates 
(2). A silver surface 2100A thick was completely oxidized (3). Osmium and graphite 
surfaces exposed to the atmosphere were completely removed (3,4). 

\ The reaction of atomic oxygen with graphite: 

: AHo = - 360 W mole-' 

is well known and so initially one does not find the removal of graphite surfaces by 
atmospheric oxygen to be particularly surprising (5). The rate at which graphite was 
removed was, however, quite unexpected. On the third shuttle flight (STS-3). a 
graphite surface estimated to be in. thick was completely removed. The total 

' time of direct exposure of the surface to the atmosphere was approximately 9 hours. 
\ If reaction 1 were responsible for the removal of the graphite, then it must have 

been occurring with a probability in excess of 0.8 per oxygen atom collision. 

Reference 5 reports that the variation with surface temperature of the 
probability of reaction 1, E ~ ,  for the case of oxygen atoms impacting at thermal 

-1160/T 
' velocities is given by: 

1 (2) cl = 0.63 e 

The temperature of the graphite exposed on STS-3 is expected not to exceed 420K, a 
temperature at which the Arrhenius expression given above predicts a value of E of 
0.04. Even though the estimate of reaction probability on orbit is based on data 
which are somewhat less precise than might be desirable, the difference between 
prediction and observation is substantial. 

Such a discrepancy in predicted and observed reaction probabilities indicates 
the possibility that the high translational energy of oxygen atoms striking graphite 
surfaces on orbit results in the enhancement of the probability that an oxygen atom 
removes a carbon atom on impact (as compared to the thermal oxidation of graphite by 
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0 atoms). It is instructive to note that if one includes the translational energy of 
the atomic oxygen i n  one's accounting, channels for the removal of carbon atoms in 
addition to zeaction 1 are at least thermodynamically allowed. Two of these 
reactions are: 

and 

* 
2Cc + o + co + c AH = - 125 kJ mole-' 

f4 g g  

3cc + o* + C0 + C AH = - 8.9 kJ mole-'. 
g g 2g 

(3) 

(4) 

Thus the oxidation of graphite was selected as the initial subject for 
investigation in a new facility constructed specifically for the study of high energy 
oxygen atom surface chemistry. In addition to providing further insight into a gas- 
surface interaction of great fundamental and practical interest, such experimentation 
serves as the prototype for the investigation of the oxidation of spacecraft 
materials by high energy atomic oxygen. 

Figure 1 shows a schematic representation of the beam apparatus designed for the 
investigation of high energy oxygen atom surface chemistry. The vacuum system is 
comprised of four chambers. The first three are stainless steel boxes, 18 in. cubed, 
sealed with Buna-N "0-Rings". The first is pumped by an unbaffled 16 in. oil 
diffusion pump (Varian VHS-400). Each of the second and third chambers is pumped by 
a 10 in. oil diffusion pump (Consolidated Vacuum COK~.), topped with a liquid 
nitrogen cooled trap (Mt. Vernon Kesearch Corp.), and an electro-pneumatically 
operated, viton-sealed gate valve (Vacuum Kesearch Manufacturing Corp.). The fourth 
chamber uses crushed metal seals and is pumped by a high-speed turbomolecular pump 
(Balzers TPU 510). 

The oxygen atom beam source (described below) is housed in chamber 1. The 
source is recessed into chamber 1 in order to minimize the distance from source to 
target thereby delivering the maximum available beam flux to the target. A Bean ,,' 
Dynamics Inc. model 2 nickel skimmer, 0.90 mm orifice diameter, connects chambers 1 
and 2. Chambers 2 and 3 act as buffers to aid in the reduction of pressure between 
the source and the target. A beam chopper and beam flag which aid in the 
characterization of the beam are mounted in chamber 2. The second chamber also 
provides space for installation of a low resolution slotted disk velocity filter, , 
which may be used when it is desirable to prevent light from the beam source from 
falling upon the target. 

I 

The solid target is contained in the fourth chamber, which is recessed into the 
third chamber to minimize source to target distance. A quadrupole mass spectrometer 
(Extranuclenar Laboratories) is provided for characterization of the atomic beam and 
also for identification of the volatile products of bombardment of the target. 

The production of a beam of neutral atomic oxygen of sufficient velocity and 
intensity for this program requires advances in the state-of-the-art of beam source 
technology. Indeed, one major reason for the scarcity of experimental data on atomic 
oxygen-surface interactions at high energies (- 5 eV) is the difficulty in building a 
reliable, fast, high-intensity 0 atom beam source. Figure 2 shows the source 
constructed here to achieve such a beam. The source is a modified, commercially 
available plasma torch. The modifications include attachments for a water-cooled 
nozzle, through which the atomic beam expands into the vacuum system, and exhaust 
channels to dispose of excess torch gas. The torch operates i n  the non-transferred 
mode, i.e., the electric arc is confined within the torch. A plasma is formed in 

* O* indicates translational excitation of 480 ld mole-'. 
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hel ium by a dc a rc .  A smal l  amount of O2 (- 2% of t h e  t o t a l  gas  f low) is i n j e c t e d  
downstream of t h e  a r c  i n t o  t h e  gas  f low,  where i t  i s  thermal ly  d i s s o c i a t e d  i n t o  

I oxygen atoms by t h e  hot  helium. The high tempera ture  and t h e  i s e n t r o p i c  expans ion  
provide f o r  the oxygen atom v e l o c i t y ,  which r e s u l t s  i n  a s u p e r s o n i c  beam. A similar 
source  has  been r e p o r t e d  by Air Force Geophysics L a b o r a t o r i e s  (6). 

The a r c  source  has  been t e s t e d  with pure H e ,  He/02 m i x t u r e s ,  He/Ar/02 m i x t u r e s ,  
and A r / O q  mixtures  a s  a f u n c t i o n  of t o r c h  power. T e s t s  wi th  O2 i n d i c a t e  t h a t  
o x i d a t i o n  of e l e c t r o d e s  does not  take place even a t  high t o r c h  c u r r e n t  l e v e l s .  H e ,  
A r ,  02, and 0 atom beams have been d e t e c t e d  us ing  t h e  mass spec t rometer .  Conversion 

, of molecular  oxygen i n t o  atoms is determined from r e l a t i v e  mass peak s i g n a l s  
(measured by t h e  quadrupole  mass s p e c t r o m e t e r ) ,  Io/Io2, by t h e  formula of Miller and 
Pa tch  ( 7 ) .  

(6) 

where NO/NO is the  i n f e r r e d  n6mber d e n s i t y  r a t i o  of 0 to  02, P is t h e  p r o b a b i l i t y  of  
d i s s o c i a t i v a  i o n i z a t i o n ,  o / (J i s  t h e  r a t i o  of e l e c t r o n  impact i o n i z a t i o n  c r o s s  
s e c t i o n s ,  Io/Io i s  t h e  rat?% opmass spec t rometer  s i g n a l s  of 0 and O2 wi th  t h e  t o r c h  
on, and n is th2 I / I  r a t i o  with the  torch  o f f .  The per  c e n t  d i s s o c i a t i o n  is given  
by: O 02 

%D = 100 y / ( y  + 2). 
A s  one can see from f i g u r e  3, t h e  per cent  d i s s o c i a t i o n  of O2 i n t o  0 ranges  

from - 30 t o  48% f o r  a 2.55% O2 i n  Ar mixture. t o  - 15 t o  - 19% f o r  var ious  O2 i n  
H e / A r  mixtures .  These per  c e n t  d i s s o c i a t i o n  t r a n s l a t e  i n t o  source  tempera tures  of 
3000-3200°K f o r  O2 in A r ,  and 2700-2850°K f o r  O2 i n  H e / A r  mixtures .  Although not 
shown, tes ts  made us ing  pure He a l s o  show a lower d i s s o c i a t i o n .  The g r e a t e r  e f f i c a c y  
of argon i n  d i s s o c i a t i n g  O2 probably owes t o  i n c r e a s  d energy d e p o s i t i o n  i n  A r ,  which 
flows more slowly through the  t o r c h  (0.63 STP L see-' A r ,  2.1 STP t sec-I  H e ) .  

R e s u l t s  will be r e p o r t e d  of measurements of t h e  rate of v o l a t i l i z a t i o n  of . g r a p h i t e  by high v e l o c i t y  a tomic oxygen i n  order  t o  de te rmine  i f  t h e  apparent  
enhancement of t h i s  rate on o r b i t  is r e a l .  Mass s p e c t r a l  measurement of t h e  products  

, of high v e l o c i t y  0 atom bombardment of carbon w i l l  be d e s c r i b e d  a s  w e l l .  

1 
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1. INTRODUCTIOA 

The  r e a c t i o n  o f  c a r b o n  m e t h a n a t i o n  on  g r a p h i t e  s u r f a c e s  c o n t a i n i n g  

plat inum p a r t i c l e s  was s t u d i e d  c s i n g  e l e c t r o n  microscopy,  g a s  chromatography 

and thermogravimetry. I n  t h e  e l e c t r o n  m i c r o s c o p e ,  t h e  weak beam t h i c k n e s s  

f r i n g e s  ( ' )  and t o p o g r a p h i c  r e f r a c t i o n  images(2)  were used. I n  a d d i t i o n  the 

STEM m i c r o d i f f r a c t i o n  t e c h n i q u e  t o  o b t a i n  c r y s t a l l o g r a p h i c  informat ion  from 

i n d i v i d u a l  p a r t i c l e s  (') w a s  employed. 

2. ACTIVITY RESULTS 

F i g u r e  1 shows t h e  r e s u l t s  for t h e  a c t i v i t y  f o r  methane  p r o d u c t i o n  a s  

f c n c t i o n  o f  t h e  t e m p e r a t u r e .  Below 7 O O 0 C  t h e  methane c o n c e n t r a t i o n  i s  

u n d e t e c t a b l e .  I t  s t a r t s  t o  i n c r e a s e  a t  t h i s  t e m p e r a t D r e  and a maximwn is  

o b t a i n e d  a t  8OO0C. A t  85OoC t h e  r e a c t i o n  a p p r o a c h e s  t h e  t h e r m o d y n a m i c  

e q u i l i b r i u m  and t h e  c o n c e n t r a t i o n  i s  reduced. However a t  900°C i t  i n c r e a s e s  

aga in .  The TEM showed t h a t  a t  t h i s  t e m p e r a t u r e  c h a n n e l i n g  on t h e  g r a p h i t e  

s u r f a c e  starts t o  be produced.(3) Below t h i s  temperature  t h e  p a r t i c l e s  produced 

only  p i t s  i n  t h e  s u r f a c e . .  F i g u r e  2 shows a topographic  image of  t h e  channels .  

I r r e g G l a r  l a r g e  p a r t i c l e s  a r e  e x t r e m e l y  a c t i v e  i n  t h i s  r e a c t i o n  s i n c e  t h e y  

p r o d u c e  l a r g e  channels  and t h e r e f o r e  remove more carbon from t h e  s u r f a c e .  The 

weak beam image p i c t u r e  shows t h a t  the p a r t i c l e s  a r e  very  rol;gh i n  shape. They 
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are f la t  p l a t e l e t s  w i th  a t h i ckness  o f  about  100 9 .  A t y p i c a l  example i s  shown 

i n  F igure  3. It  was found  t h a t  w e l l  f a c e t e d  p a r t i c l e s  d i d  n o t  produce any  

channeling and t h e r e f o r e  they  were i n a c t i v e  f o r  t h e  r e a c t i o n .  P a r t i c l e s  i n  t h e  

s i z e  r a n g e  below 100 1 p r o d u c e d  r e g u l a r  c h a n n e l s  m o v i n g  a l o n g  

d i r e c t i o n s  o f  t h e  g r a p h i t e  i n  most c a s e s ,  i n  agreement wi th  t h e  f i n d i n g s  o f  

Baker e t . a l ( 3 )  and Tomi ta  and  T a ~ n a i ' ~ ) .  However l a r g e  i r r e g u l a r  p a r t i c l e s  

produced i r r e g l ; l a r  c h a n n e l s  n o t  o r i e n t e d  a l o n g  s p e c i f i c  d i r e c t i o n s .  The 

c h a n n e l i n g  a lways  s t a r t e d  a l o n g  edges o r  s t e p s  on t h e  g r a p h i t e  su r face .  The 

a c t i v a t i o n  energy and  r e a c t i o n  r a t e  was d e t e r m i n e d  by chromatography i n  t h e  

700-800°C range and by thermogravimetry i n  800-900° i n t e r v a l .  The r e a s o n  f o r  

t h i s  was t h a t  a t  h i g h  t e m p e r a t u r e s ,  t h e  me thane  was decomposed i n  t h e  

pos t - reac t ion  zone, p r o d u c i n g  a n  e r r o r  i n  t h e  c h r o m a t o g r a p h i c  measurements. 

The va lues  found were 43.5+4 KCal/mol and 0.0415 gr (CH4)  / h r  g r ( P T )  f o r  t h e  

a c t i v a t i o n  energy and r e a c t i o n  v e l o c i t y  r e s p e c t i v e l y  i n  t h e  700-8OO0C i n t e r v a l  

and 44.0+4 KCal/mol and 0.026 gr(CH ) / h r  g r ( P T )  for t h e  800-9OO0C i n t e r v a l .  

These r e s h l t s  shgges t  t h a t  the r e a c t i o n  mechanism i s  t h e  same f o r  t h e  whole  

r a n g e  o f  t e m p e r a t u r e s .  Mic rod i f f r ac t ion  exper iments  i n d i c a t e d  t h a t  p a r t i c l e s  

had an FCC s t r u c t u r e  cor responding  t o  a cubo-octahedron. However i n  many c a s e s  

a complex p a t t e r n  was obta ined  no t  cor responding  t o  an FCC s t r u c t u r e .  Th i s  was 

< I  1 5 0 >  
1 

I 

4 
\ 

I 

\ 

I probably a ca rb ide  o r  a n  o x i d e .  I t  was n o t  p o s s i b l e  t o  i d e n t i f y  t h i s  phase 

univoca ly  and more exper iments  a r e  be ing  c a r r i e d  out .  The r e a c t i o n  a p p e a r s  t o  

be  produced  on t h e  i n t e r f a c e  P t -g raph i t e  and i s  always r e l a t e d  t o  p i t t i n g  o r  

channeling. The r a t e  de te rmining  s t e p  seems t o  be t h e  b reak  o f  t h e  C-C bond on 

t h e  g r a p h i t e  s u r f a c e .  The  m a i n  r a t e  o f  t h e  c a t a l y s t  i s  t o  r e d u c e  t h e  

a c t i v a t i o n  e n e r g y  f o r  t h e  b r e a k i n g  of  t h e  C - C  bond.  The a b i l i t y  o f  t h e  

p a r t i c l e s  t o  remove carbon seems t o  be r e l a t e d  t o  i t s  s u r f a c e  roughness. 

\ 
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Figure 1 .  Concent ra t ion  of methane a s  a f l inct ion of  t h e  tempera tc re .  
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Figure 3. Weak beam image of a l a r g e  p c t i c l e  showing rough su r faces .  
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DIRECT INVESTIGATION OF REACTING COALS BY 
DIFFUSE REFLECTANCE INFRARED SPECTROMETRY 

Peter R.  Griffiths, Shih-Hsien Wang, Issam M. Hamadeh, 
Paul W. Yang and David E. Henry 

Department of Chemistry, University of California, 
Riverside, California 92521 

Introduction 

A few years ago we showed that it was possible to measure the diffuse reflect- 
ance (DR) infrared spectrum of solids at high signal-to-noise ratio (SNR) with no 
Sample preparation required other than pulverization (1). The key factors in our 
design were the use of a Fourier transform infrared (FT-IR) spectrometer incorpor- 
ating a mercury cadmiumtelluride (MCT) detector, and the design of a highly ef- 
ficient optical configuration for collecting diffusely reflected radiation and pass- 
ing it to the detector. At that time, we suggested that the study of coal might be 
among the more important applications of DR spectrometry, although we initially be- 
lieved that in order for good spectra to be obtained it was necessary to grind the 
samples with about ten times their weight of an alkali halide diluent (2). 
sequently, we demonstrated that equally good spectra could be obtained when no 
diluent was added, and several applications of DR infrared spectrometry to coal 
chemistry were described in a recent publication from this laboratory ( 3 ) .  Today 
it is possible to obtain commercial accessories for DR spectrometry for most com- 
monly used FT-IR spectrometers from at least four different sources. 

Sub- 

In view of the structural information potentially obtainable from the infrared 
spectra of neat powdered coals, we have studied the feasibility of monitoring the 
chemical changes which occur while reactions are taking place. This work neces- 
sitated two instrumental developments before truly useful data could be obtained. 
These were the construction of a cell and optical configuration suitable for the 
study of gas-solid reactions at high temperature and the further refinement of the 
assignment of infrared spectra of coals, especially after resolution enhancement. 

The first DR infrared spectra measured during a reaction were described by 
Niwa et. &. (4,s). 
had a very low SNR. Subsequently (61, we described a small cell for controlling 
the atmosphere around a heated powder which could be installed in the optics re- 
ported in our first paper on DR spectrometry (1). Although the spectra measured 
with this cell had a far higher SNR than those of Niwa et. al., the cell still had 
several disadvantages, in that it had to be very small, itstemperature could not 
be raised above about 2OO0C, and temperatures had to be estimated rather than 
measured directly. 
in addition, a substantial fraction of the radiation reaching the detector had 
never interacted with the sample, leading to a high level (-20%) of stray light. 

Their spectra were measured on a grating spectrometer and 

The optical efficiency was reduced by the window geometry and, 

Subsequently, a superior cell was introduced by Harrick Scientific Corporation 
(Ossining, N.Y.) with improved upper temperature limits, optical efficiency and 
stray light spectifications. However, this cell still had one significant draw- 
back for the study of reacting coals, in that it had only one inlet/outlet gas line, 
so that if tars were formed they would condense on the windows, completely obscuring 
the infrared beam from the detector. 

To circumvent this problem and to permit improved operating specifications, a 
completely redesigned cell was constructed. Separate inlet and outlet gas lines 
were installed; the use of a wide-bore outlet tube permitted a vacuum of loL4 torr 
to be obtained. The base of the sample cup is frittedso that inert or reactive 
gases can be drawn through the sample, preventing tar deposits on the window. The 
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input beam and diffusely reflected output beam are passed through a single 50cm 
diameter KC1 window. The sample is heated by a nichrome wire coiled around the 
cup. The temperature of the sample can be measured by a thermocouple inserted into 
the powdered coal, and temperatures up to 600°C (1100OF) have been reached, which 
should allow the study of most important reactions of coals. To avoid overheating, 
the body of the cell is water-cooled. 

To accomodate this cell, we designed a fundamentally different optical con- 
figuration for DR infrared spectrometry, which permits a large cell to be installed 
with little or no loss in optical efficiency. If a non-absorbing sample (such as 
powdered KC1) is placed in the cell, the SNR of the interferogram measured with an 
FT-IR spectrometer operating at full throughput (0.06 cm2 steradian) with a medium- 
range MCT detector (Xmax=15pm) can be so large in the region of the centerburst 
that the dynamic range of the analog-to-digital converter may be exceeded unless a 
screen is placed in the beam. This cell and optics are described in details in the 
Ph.D. dissertation of Hamadeh (7), and are shown schematically in Figure 1. 

Resolution Enhancement 

Absorption bands in the infrared spectra of coals may be rather broad, so that 
detailed chemical information may be masked by the overlap of neighboring bands. Con- 
version of the spectrum to the second, or even the fourth, derivative has permitted 
the separation of small shoulders in the spectra of coals (3,6,8) but the inter- 
pretation of second- and fourth-derivative spectra is made difficult by the pos- 
sibility that secondary lobes from intense sharp peaks may be mistaken for a real 
spectral feature in complex spectra. A n  alternative, and we believe preferable, 
technique for resolution enhancement where the effect of secondary lobes should be 
minimized is Fourier self-deconvolution (FSD). Here the absorption spectrum is con- 
verted to its Fourier transform, multiplied by an exponential function, and trun- 
cated if necessary to remove the high frequency noise components. The inverse trans- 
form then yields a spectrum in which the width of all spectral features has been re- 
duced ( 9  ) .  Care must be taken, however, to avoid the use of an exponent in the 
multiplier which is too large since side-lobes will be generated which are analogous 
to those of second-derivative spectra. 

To illustrate the potential of Fourier self-deconvolution in coal spectrometry, 
the progressive resolution enhancement of the spectrum of an oxidized low volatility 
bituminous coal in the region of the carbonyl stretching bands is shown in Figure 2 .  
In the upper spectrum it can be seen that side-lobes have been generated and the 
noise level of the spectrum is increased to the point that it is difficult to dis- 
tinguish a real feature from a noise spike. We have recently developed a technique 
to determine the optimum level of resolution enhancement consistent with an accept- 
able noise level and side-lobes (lo), and we believe that the degree of resolution 
enhancement of all spectra shown or used in subsequent sections of this paper is 
quite conservative, and could probably have been improved upon if there optimization 
procedures had been applied rigorously. 

Spectral Assignments 

This increased resolution leads to some benefits and some problems. The benefits 
are obvious when the newly resolved bands can be unequivocally assigned to definite 
vibrational modes. For example, the spectra of most coals contain two bands between 
3000 and 2800 cm-'; these may be assigned to the symmetric and asymmetric stretching 
modes of aliphatic C-H groups. Each band often shows evidence of being composed of 
two unresolved or partially resolved components which can be completely resolved by 
FSD; these components can be assigned to vibrations of methylene and methyl groups. 
By studying the ratio of the intensities of these bands, the relative rates of re- 
action of CH2 and CH3 groups can be monitored, for example during air oxidation (* 
infra). - 
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The disadvantage of the enhanced information content is encountered when the 
newly resolved spectra cannot be interpreted with certainty. 
nine bands may be resolved in the carbonyl stretching region alone. 

pecially the bands between 1735 and 1675 cm-1, are much less easy to assign with any 
degree of certainty. 

In Figure 2, as many as 

\ %. the two anhydride bands at 1845 and 1775 cm-1, are easily assigned. Others, es- 
Some Of these, 

We are hoping to increase the certainty of these band assignments by correlating 
the infrared spectra with both solution-phase 1H and solid-phase 1% NMR spectra. 
Thecorrelatingof solution-phase 1H spectra of that fraction of each coal soluble in 
pyridine-dg with the diffuse reflectance spectrum of the solute remaining after com- 
plete evaporation of the solvent is certainly useful, but one can never be sure that 
the structure of the coal remains unchanged after solvent elimination. 
CP-MAS 1% NMR spectra measured on a 60 MHz spectrometer was too low to permit useful 
conclusions to be made, and we are hoping that spectra to be measured on a 90 MHz 
Spectrometer with a wide magnet gap prove more helpful. 

' 

The SNR of 

, Low Temperature Oxidation 

The Potential of DR spectrometry for monitoring coal reactions will be illustrat- 
ed by the low temperature (15OOC) air oxidation of a low volatile bituminous coal. 
This reaction is very slow - much slower than the types of reactions which we ulti- 
mately hope to study (which can have half-lives of only a few seconds) - but the data 
still give a good indication of the type of results which can be obtained. Decon- 

I volved spectra measured at different times after oxidation was initiated are shown in 
Figure 3 .  The increase in absorption around 1700 and 1250 cm-l is evident, showing 
that oxygen reacts to form both double and single carbon-oxygen bands, with C=O for- 
mation being the more rapid reaction. The existence of anhydride groups is not ob- 
vious in the early spectra, but the 1845 a - 1  band builds up rapidly after a few 
days, indicating that oxidation to carboxylic acids is an initial step, followed by 
condensation of neighboring -C02H groups when their concentration is sufficiently 
high. 

The increase in aromaticity can be infexred from a plot of the ratio of the in- 

i, 

~ 

\ 
/ hydroaromatic methylene groups: 

tensity of the aromatic C-H stretching band at 3070 cm-' to that of the symmetric 
methyl stretching band (2872 cm-1) against time of oxidation, see Figure 4. The 
mechanism of this reaction can be inferred from a plot of the ratio of the intensit- 
ies of the asymmetr'icmethylene and methyl stretching mode against time of oxidation, 
see Figure 5. 
sible mechanism by which aromaticity is increased is by oxidative dehydrogenation of 

The faster rate of disappearance of CHI groups indicates that one pos- 
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In Reaction A, an aromatic ring with two neighboring C-H groups would be formed 
whereas in Reaction B the newly formed aromatic ring would have four neighboring C-H 
groups. 
studying the spectral region between 950 and 650 cm-l. 
mately equal intensity may be observed in this region, at approximately 880, 815 and 
760 cm-1. 
may be assigned as follows, after Bellamy (11): 

It is possible to determine which reaction has the higher probability by 
Three strong bands of approxi- 

These bands are due to the aromatic out-of-plane C-H deformations, and 

880 cm-l band: Isolated C-H groups, i.e. 1,2,3,4,5-pentasubstituted ring; 1,2,3,5 
and 1,2,4,5-tetrasubstituted ring; 1,2,4, trisubstituted ring (in conjunction 
with 815 cm-1 band). 

815 cm-l band: Two neighboring C-H groups, e. 1,2,3,4-tetrasubstituted ring; 1,2,4- 
trisubstituted ring (in conjunction with 880 cm-1 band) ; para-dissubstituted 
ring. 

760 cm-' band: Four neighboring C-H groups, i. e. ortho-substituted ring. 

An increase in the intensity of the 815 cm-l band relative to that of the 760 
cm-1 band on dehydrogenation would indicate that Reaction A is favored over Reaction 
9, and vice versa. In Figure 6, it is shown that the rate of increase of the 760 cm-1 
band i s z a t e r h a n  that of the 815 cm-1 band, indicating that Reaction B is favored. 
It is noteworthy that this type of conclusion also gives an indication of the struc- 
ture of low volatility bituminous coals, since the dimethylene structural unit in the 
reactant for Reaction A has been generally believed to be more prevalent in coals of 
this rank than the tetramethylene hydroaromatic unit in the reactant for Reaction B. 

Conclusions 

We believe that these data indicate the feasibility of monitoring structural 
changes occurring during reactions such as oxidation, pyrolysis and hydrogenation, 
with or without catalysts present, in situ by diffuse reflectance infrared spectro- 
metry. Our current cell allows reactions to be studied at temperatures as high as 
600OC. Reaction products may be continuously swept out of the cell, permitting char- 
acterization by a wide range of other instrumental techniques. Reactions occurring 
at high pressure are less easy to monitor at this time, but it should not be too dif- 
ficult to redesign the cell so that pressures to 1000 psig are permissible. 
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Figure 1: 
The level o f  the collimated beam from the interferometer is raised by the two 
plane mirrors (A)  and focused onto the sample by the off-axis paraboloidal mir- 
ror (B). The diffusely reflected beam is collected and collimated by the para- 
boloidal mirror (C) and refocused by the other segment of the same paraboloidal 
blank (D) onto a downward-looking MCT detector at E. The components of the cell 
are as follows: (1) Heater leads, (2) Line to vacuum pumps, ( 3 )  Screw for sam- 
ple removal, ( 4 )  Gas inlet line, ( 5 )  (6) Water inlet and outlet lines, (7) Mano- 
meter connection, ( 8 )  Sample. 

Schematic of cell designed for the study of gas-solid reactions. 

31 



dYi ; & ;  
00 i QQ i OQ 1 QO i Q8 1 QQ 1408 i,08 i i i 00 i  15 

Figure 2: 
a low volatility bituniinous coal. 
Spectra used in this paper were computed with the parameter used for spectrum D. 

Effect of progressive resolution enhancement of the DR spectrum Of 
The original spectrum is the lowest trace ( A ) .  
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Figure 3: Resolution-enhanced spectra of a low volatility coal subjected to 
150'C air oxidation for ( A ) .  0 ;  ( B ) ,  2; ( C ) .  4 ;  (D), 6 ;  (E); 8 ;  (F). 10; ( G I ,  
12 days. 
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Figures 4, 5 and 6: Plots of ratio of 
band intensities in the DR spectra of a , 

low volatility coal (PSOC 620, Bedford 
Co. ,  PA) against time of oxidation at 15OoC.,, 
Figure 4:  Aromatic C-H stretch (3070 

cm-1) vs symmetric methyl 
stretciT(2872 cm-1) ; 

(2920 cm-1) E asymmetric methyl 
stretch (2962 cm-1) ; 
760 cm-1 aromatic C-H out-Of- 
plane deformation E 815 cm-1 
band. 

Figure 5 :  Asymmetric methylene stretch 
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THE IDENTIFICATION AND CHEMISTRY OF SPECIES RESULTING FROM 
THE R A P I D  PYROLYSIS OF SMALL COAL PARTICLES I N  VACUUM 

AND I N  THE PRESENCE OF REACTIVE GASES 

R . H .  Hauge, L .  F r e d i n ,  J .  Chu and J . L .  Margrave 

Department o f  Chemistry,  Rice U n i v e r s i t y ,  Houston,  Texas 7 7 2 5 1  

INTRODUCTION 

The v a r i o u s  e x p e r i m e n t s  i n  t h i s  s t u d y  are  d e s i g n e d  t o  produce  
d a t a  from r e a c t o r s  which emphasize t h e  e a r l y  s t a g e s  o f  c o a l  g a s i f i c a -  
t i o n  and  i t s  r e a c t i o n s  w i t h  a u x i l i a r y  g a s e s  by b r i n g i n g  t h e  c o a l  
q u i c k l y  up t o  r e a c t i o n  t e m p e r a t u r e  under  c o n d i t i o n s  where h i g h l y  
r e a c t i v e  g a s  phase i n t e r m e d i a t e s  c a n  e x i t  r a p i d l y  from t h e  r e a c t i o n  
zone.  They a r e  t h e n  d e p o s i t e d  on a 1 5 K  r e f l e c t i v e  s u r f a c e  w i t h  a 
l a r g e  e x c e s s  o f  i n e r t  g a s  where f u r t h e r  r e a c t i o n  i s  r a p i d l y  quenched.  
The p r o d u c t s  when i s o l a t e d  i n  a n o n - i n t e r a c t i v e  s o l i d  such  as n i t r o g e n ,  
a r g o n ,  o r  even d r y  a i r  e x h i b i t  w e l l - d e f i n e d  s p e c t r a  which a l l o w  t h e  
p r e c i s e  measurement of i s o t o p i c  s h i f t s  and peak p o s i t i o n s .  F r e e  
r a d i c a l s  and o t h e r  r e a c t i v e  s p e c i e s  c a n  be d e t e c t e d  by c h a r a c t e r i s t i c  
i n f r a r e d  s p e c t r a .  The p r e s e n c e  of i n t e r m e d i a t e s  i s  a l s o  moni tored  
w i t h  a f a s t  t i m e  r e s p o n s e  q u a d r u p o l e  mass s p e c t r o m e t e r .  The combina- 
t i o n  o f  mass s p e c t r o m e t r y  and m a t r i x  i s o l a t i o n  i n f r a r e d  s p e c t r o s c o p y  
s e r v e s  as a n  e f f e c t i v e  probe  f o r  t h e  e x i s t e n c e  o f  t r a n s i e n t  gaseous  
r e a c t i o n  i n t e r m e d i a t e s .  

The t y p e s  of  d a t a  o b t a i n e d  from t h e  s t u d i e s  i n c l u d e :  

(1) S t r u c t u r a l  d a t a  f o r  new s p e c i e s  and s u g g e s t e d  r e a c t i o n  path-  

( 2 )  I n f o r m a t i o n  on t h e  dependence o f  v a r i o u s  g a s  p r o d u c t s  formed 

ways from i s o t o p i c a l l y - s u b s t i t u t e d  r e a c t a n t s .  

on ra tes  o f  h e a t i n g ,  r e a c t a n t  g a s e s ,  and c o a l  p a r t i c l e  s i z e .  

The q u e s t i o n  as t o  whether  t h e  r e a c t i o n s  o f  p a r t i c u l a r  pr imary  
b u i l d i n g  b l o c k s  o f  c o a l  l e a d  t o  s p e c i f i c  p r o d u c t s  i s  s t u d i e d  by adding  
t h e  m o l e c u l a r  s p e c i e s ,  i . e . ,  v a r i o u s  p o l y c y c l i c  a r o m a t i c s  (PCA's) t o  
t h e  c o a l  o r  as a r e a c t a n t  g a s  and n o t i n g  t h e  e f f e c t  on product  d i s t r i -  
b u t i o n .  

EXPERIMENTAL 

A new m a t r i x  i s o l a t i o n  sys tem h a s  been d e s i g n e d  t o  a l l o w  b o t h  
mass s p e c t r o m e t r i c  and m a t r i x  i s o l a t i o n  i n f r a r e d  s t u d i e s  of h i g h l y  
r e a c t i v e  t r a n s i e n t  s p e c i e s .  Close  c o u p l i n g  w i t h  d i f f e r e n t i a l l y  pumped 
s y s t e m s  p e r m i t s  t h e  d e t e c t i o n  o f  s p e c i e s  e v o l v i n g  from samples  exposed 
t o  p r e s s u r e  p u l s e s  o f  v a r i o u s  g a s e s  up t o  one a tmosphere .  The system 
i s  i n t e g r a t e d  i n t o  a h i g h  r e s o l u t i o n  F o u r i e r  t r a n s f o r m  s p e c t r o m e t e r  
which c o v e r s  t h e  s p e c t r a l  r a n g e  from t h e  far  i . r .  t o  t h e  n e a r  i . r .  
( 1 0 0  microns t o  1 m i c r o n ) .  
s u r f a c e s .  T h i s  l a r g e  number o f  s u r f a c e s  i s  v e r y  v a l u a b l e  i n  a t t e m p t s  
t o  d e t e c t  small changes  which o c c u r  due t o  changed r e a c t o r  c o n d i t i o n s .  
The i n c r e a s e d  accuracy  o f  i n f r a r e d  d i f f e r e n c e  s p e c t r o s c o p y  c a n  be 
used t o  g r e a t  advantage  w i t h  a l a r g e  number of  samples  which r e s u l t  
from small changes i n  r e a c t o r  c o n d i t i o n s .  The combina t ion  of  mass 
s p e c t r o m e t r i c  and m a t r i x  i s o l a t i o n  s p e c t r a  g r e a t l y  i n c r e a s e  t h e  
l i k e l i h o o d  of p o s i t i v e  s p e c i e s  i d e n t i f i c a t i o n .  Three  q u a r t z  c r y s t a l  

The d e s i g n  h a s  s e v e n t y  a v a i l a b l e  d e p o s i t i o n  
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i n f r a r e d .  R e s u l t s  f rom t h i s  s t u d y  are p r e s e n t e d  i n  F i g u r e  5 .  

A t  1 4 6 C ,  c o a l  d e v o l a t i l i z a t i o n  c a n  be  c h a r a c t e r i z e d  by e v o l u t i o n  
of CO2,  C H 4 ,  H20, and C O .  A t  a n  i n c r e a s e d  t e m p e r a t u r e  o f  326C, l i g h t  
hydrocarbon g a s e s  s u c h  as C2H4 and C 2 H 6  are  o b s e r v e d  a l o n g  w i t h  C H 4 ,  
C02, CO and H20. Most of t h e s e  l i g h t  hydrocarbons  are d e v o l a t i l i z e d  
between 326 and 605c. A s i m i l a r  b e h a v i o r  h a s  been noted  by Solomon 
and co-workers .  / 1 , 2 /  
which h a s  not  y e t  been i d e n t i f i e d .  

A t  l038C, a new peak  at  1525 cm-l a p p e a r s  

An i n t e r e s t i n g  o b s e r v a t i o n  i s  t h a t  C02 seems t o  r e a c h  maximum 
y i e l d  a t  low t e m p e r a t u r e s  and  remains  r e l a t i v e l y  c o n s t a n t  a t  h i g h e r  
t e m p e r a t u r e s .  However, CO a p p e a r s  t o  i n c r e a s e  w i t h  h i g h e r  tempera tures  
and  does not  r e a c h  a maximum at  t h e  h i g h e s t  t e m p e r a t u r e  s t u d i e d .  

Rapid P y r o l y s i s  of I l l i n o i s  #6 

I 

S t u d i e s  o f  r a p i d  p y r o l y s i s  o f  c o a l  g r a n u l e s ,  u s i n g  t h e  pulsed  
f l o w  r e a c t o r  and t h e  c o a l  g r a n u l e  i n l e t  v a l v e  d e s c r i b e d  i n  F i g u r e  3 
i n d i c a t e  r e s u l t s  similar t o  t h o s e  f o r  s low p y r o l y s i s .  However, r a p i d  
p y r o l y s i s  o f  I l l i n o i s  #6 powder g i v e s  a much more complex I R  spectrum 
w i t h  t w o  new p e a k s  a p p e a r i n g  a t  1180 and 1328 cm-l. 

i n t e n s i t i e s  a r e  a lways t h e  same, i n d i c a t i n g  t h a t  t h e y  are  due t o  a 
s i n g l e  s p e c i e s .  

powders i s  i l l u s t r a t e d  i n  F i g u r e  6 .  

These two peaks 
are  predominant  and a lways  o c c u r  s i m u l t a n e o u s l y .  T h e i r  r e l a t i v e  I 

A comparison o f  r a p i d  p y r o l y s i s  of I l l i n o i s  #6 g r a n u l e s  v e r s u s  

Two o t h e r  c o a l s  b e s i d e  I l l i n o i s  #6 were s t u d i e d ,  Western Kentucky 
and Upper F r e e p o r t  as shown i n  F i g u r e  7 .  Western Kentucky i s  a high 
m o i s t u r e  and h i g h  oxygen c o n t e n t  c o a l  w h i l e  Upper F r e e p o r t  i s  a low 
m o i s t u r e  and low oxygen c o n t e n t  c o a l .  Both t y p e s  o f  c o a l  g i v e s  
r e s u l t s  s imilar  t o  I l l i n o i s  # 6  when t h e i r  powders a r e  r a p i d l y  pyro- 
l y z e d .  
methane a b s o r p t i o n  f o r  b o t h  c o a l s  s t u d i e d .  T h i s  i n d i c a t e s  t h a t  t h e  

d u r i n g  r a p i d  p y r o l y s i s .  

Rapid P y r o l y s i s  o f  Oxid ized  I l l i n o i s  #6 

I l l i n o i s  #6 powder was o x i d i z e d  by h e a t i n g  i n  a n  oven a t  1 g O C .  
Samples t a k e n  a f t e r  one h o u r  and a f t e r  1 8  h o u r s  of h e a t i n g  were 
r a p i d l y  p y r o l y z e d  t h r o u g h  t h e  p u l s e d  f l o w  r e a c t o r .  F i g u r e  8 shows 
t h e  predominant  gaseous  p r o d u c t s  t o  be C02, CO and H20, a s  expec ted  
for o x i d i z e d  c o a l .  S l i g h t  t r a c e s  of  C H 4  and t h e  s p e c i e s  r e s p o n s i b l e  
f o r  1180 and 1328 cm-1 a r e  a l so  o b s e r v e d .  T h i s  i n d i c a t e s  t h a t  t h e  
p r e s e n c e  of the u n i d e n t i f i e d  i n t e r m e d i a t e  s p e c i e s  i s  n o t  dependent  
upon t h e  e x t e n t  o f  o x i d a t i o n  o f  t h e  c o a l  samples .  It i s ,  however, 
reduced  i n  y i e l d  which i n d i c a t e s  t h e  s p e c i e s  i s  n o t  due t o  o x i d a t i o n  
of  t h e  c o a l  sample.  

Rapid P y r o l y s i s  o f  I l l i n o i s  #6 with  D2016 and D2018 

g r a n u l e s  was s t u d i e d  by t h e  a d d i t i o n  of D2016 and D2018. Gaseous 
d e u t e r a t e d  water was pre-mixed w i t h  a r g o n  and p u l s e d  t h r o u g h  t h e  
r e a c t o r  immedia te ly  a f t e r  c o a l  g r a n u l e s  were dropped i n t o  t h e  h o t  
r e a c t o r  zone .  R e s u l t s ,  shown i n  F i g u r e  9,  s u g g e s t  t h a t  oxygen from 

Absorpt ions  a t  1180 and  1328 cm-1 a r e  predominant  o v e r  t h e  

s p e c i e s  r e s p o n s i b l e  f o r  1180 and 1328 cm-1 i s  common t o  a l l  c o a l s  1' 
1, 

, 

The e f f e c t  o f  gaseous  water on r a p i d  p y r o l y s i s  of I l l i n o i s  #6 
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mass moni tors  a r e  mounted on t h e  c o l d  t r a p p i n g  b l o c k .  They s e r v e  as 
very  s e n s i t i v e  q u a n t i t a t i v e  m o n i t o r s  o f  t h e  beam d e n s i t y  s t r i k i n g  t h e  
t r a p p i n g  s u r f a c e .  A d e t a i l e d  schemat ic  o f  t h e  MI-MS a p p a r a t u s  i s  
shown i n  F i g u r e s  1 and 2.  

f o r  Coal  g r a n u l e s  and c o a l  powders. The r e a c t o r  c o n t a i n s  t h r e e  
s e c t i o n s .  The f i r s t  s e c t i o n ,  A ,  c o n t a i n s  t h e  c o a l  g r a n u l e  i n l e t  
v a l v e .  The second s e c t i o n ,  B ,  c o n t a i n s  t h e  hot  r e a c t o r  zone,  
r e s i s t i v e l y  h e a t e d  t h r o u g h  a nichrome wire wrapped around t h e  o u t s i d e  
of  t h e  q u a r t z  t u b e .  It i s  s e p a r a t e d  from t h e  c o l d  (15K) copper  m a t r i x  
i s o l a t i o n  s u r f a c e  by a small amount og q u a r t z  wool i n s e r t e d  i n  t h e  
t u b e .  Coal g r a n u l e s  are i n t r o d u c e d  i n t o  t h e  hot  r e a c t o r  zone by 
s imply dropping  them i n  t h r o u g h  v a l v e  A .  
P u l s e d  open which c a u s e s  a n  i n e r t  g a s ,  a r g o n ,  t o  c a r r y  t h e  g a s e o u s  
p r o d u c t s  th rough t h e  q u a r t z  wool and o n t o  t h e  1 5 K  copper  s u r f a c e  o f  
t h e  m a t r i x  i s o l a t i o n  a p p a r a t u s .  Approximately 1 5  g r a i n s  o f  c o a l  were 
used f o r  e a c h  t r a p p i n g .  

i n t o  t h e  hot  r e a c t o r  zone.  It c o n t a i n s  a f l u t t e d  g l a s s  column, 
s e p a r a t e d  from t h e  hot  r e a c t o r  zone by two two-way v a l v e s .  The i n e r t  
c a r r i e r  gas, a rgon ,  i s  l e t  i n  f rom t h e  bot tom, p a s s i n g  t h e  f r i t ,  
c r e a t i n g  a s i m u l a t e d  f l u i d i z e d  bed o f  c o a l  powder. Coal powder a l o n g  
w i t h  t h e  i n e r t  g a s  i s  p u l s e d  i n t o  t h e  h o t  r e a c t o r  zone by s e q u e n t i a l l y  
p u l s i n g  open e a c h  o f  t h e  two-way v a l v e s .  Gaseous p r o d u c t s  are 
c a r r i e d  by t h e  e x c e s s  i n e r t  g a s  o n t o  t h e  15K m a t r i x  i s o l a t i o n  s u r f a c e  
t o  be s t u d i e d  by i n f r a r e d  s p e c t r o s c o p y .  U s u a l l y  50-100 p a u s e s  o f  
c o a l  powder were used f o r  each  t r a p p i n g .  

F i g u r e  3 p r e s e n t s  a s c h e m a t i c  d iagram o f  a p u l s e d  f l o w  r e a c t o r  

A two-way v a l v e  i s  t h e n  

The t h i r d  s e c t i o n ,  C ,  i s  used f o r  i n t r o d u c t i o n  o f  c o a l  powders 

PULSED FLOW VERTICAL HEATER REACTOR 

. A schemat ic  drawing  o f  t h e  v e r t i c a l  h e a t e r  r e a c t o r  i s  shown i n  
F i g u r e  4 .  This  r e a c t o r  i s  v e r y  s imi l a r  t o  t h e  p u l s e d  flow r e a c t o r  
d e s c r i b e d  i n  F i g u r e  3, e x c e p t  t h a t  t h e  d e s i g n  a l l o w s  t h e  gaseous  
p r o d u c t s  t o  be t r a p p e d  d i r e c t l y  o n t o  t h e  m a t r i x  s u r f a c e  w i t h o u t  
f o r m a t i o n  of t a r s  a l o n g  t h e  s i d e s  o f  t h e  t u b e  a s  i n  t h e  c a s e  f o r  t h e  
p r e v i o u s  r e a c t o r .  The h o t  r e a c t o r  zone i s  p l a c e d  i n  t h e  m a t r i x  
i s o l a t i o n  chamber. It c o n s i s t s  o f  a q u a r t z  t u b e  w i t h  a small opening  
n e a r  t h e  bottom of t h e  t u b e  which i s  i n s e r t e d  i n t o  a v e r t i c a l  t a n t a l u m  
h e a t e r .  The t a n t a l u m  h e a t e r  a l s o  h a s  a smal l  opening  on t h e  s i d e  
f a c i n g  t h e  m a t r i x  i s o l a t i o n  s u r f a c e .  A smal l  p i e c e  o f  q u a r t z  wool 
i s  p l a c e d  i n t o  t h e  q u a r t z  t u b e  so t h a t  it j u s t  c o v e r s  t h e  opening .  
T h i s  p r e v e n t s  p a r t i c l e s  from b e i n g  blown o n t o  t h e  m a t r i x  s u r f a c e  and 
keeps  them i n  t h e  h o t  r e a c t o r  zone.  

Coal powder i s  p u l s e d  i n t o  t h e  h e a t e r  i n  t h e  same way as 
d e s c r i b e d  f o r  t h e  p r e v i o u s  p u l s e d  f low r e a c t o r .  I n  g e n e r a l ,  p y r o l y s i s  
i s  c a r r i e d  out  o v e r  a t e m p e r a t u r e  r a n g e  o f  1 2 0  t o  1000 C y  i n  vacuo.  
Argon h a s  been used  as  t h e  i n e r t  c a r r i e r  and m a t r i x  g a s .  

RESULTS 
-Pyrolysis o f  I l l i n o i s  #6 Powder 

Coal p a r t i c l e s  (250  mesh) a r e  p l a c e d  i n  t h e  v e r t i c a l  q u a r t z  t u b e  
d e s c r i b e d  i n  F i g u r e  4 and s lowly  h e a t e d  from 1 4 6 C  t o  1038C. Gaseous 
p r o d u c t s  o b t a i n e d  a t  d i f f e r e n t  i n t e r v a l s  o f  t e m p e r a t u r e  are  t r a p p e d  
w i t h  a rgon ,  i n t r o d u c e d  from a s e p a r a t e  i n l e t  t u b e ,  o n t o  t h e  l5K 
copper  m a t r i x  i s o l a t i o n  s u r f a c e  and s u b s e q u e n t l y  examined t h r o u g h  
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t h e  water  ends up as CO and CO2, as s e e n  by t h e  p r e s e n c e  of c018 and 
C016018 i n  t h e  r e a c t i o n  w i t h  D2018. However, no d e u t e r a t e d  methane 
i s  e v i d e n t  i n  e i t h e r  r e a c t i o n s .  

DISCUSSION 

To d a t e  ou r  work h a s  shown t h a t  t h e  p r o d u c t  gaseous  s p e c i e s  from 
p y r o l y s i s  a r e  v e r y  dependent  on c o a l  p a r t i c l e  s i z e .  A s  might  be 
e x p e c t e d ,  t h e  l a r g e r  p a r t i c l e s  t e n d  t o  produce t h e  smaller a l k a n e s  
and a l k e n e s  as a r e s u l t  o f  s e c o n d a r y  p y r o l y s i s .  Rapid p y r o l y s i s  of  
t h e  s m a l l e r  p a r t i c l e s  p r o d u c e s  new s p e c i e s  which a r e  thought  t o  be 
more r e p r e s e n t a t i v e  of  t h e  s p e c i e s  r e s u l t i n g  from i n i t i a l  bond break-  
i n g  s t e p s .  One s e c i e s  i n  p a r t i c u l a r  produces  s t r o n g  f e a t u r e s  a t  

i d e n t i f i c a t i o n  o f  t h i s  s p e c i e s  as y e t  b u t  i t  i s  hoped t h a t  s t u d i e s  
of  model compounds and a d d i t i o n a l  mass s p e c t r o m e t r i c  i n f o r m a t i o n  w i l l  
a l l o w  i d e n t i f i c a t i o n  o f  t h i s  s i g n i f i c a n t  r e a c t i o n  i n t e r m e d i a t e .  It i s  
a l s o  c l e a r  t h a t  improved c o n t r o l  o f  p a r t i c l e  s i z e  and t h e  amount o f  
c o a l  i n j e c t e d  p e r  p u l s e  w i l l  g r e a t l y  a i d  o u r  i n t e r p r e t a t i o n  of  product  
d i s t r i b u t i o n s .  O f  c o u r s e ,  t h i s  a l s o  a p p l i e s  t o  s t u d i e s  of  r e a c t i o n s  
w i t h  g a s e s  such  a s  water, hydrogen and carbon d i o x i d e .  P r e l i m i n a r y  
work w i t h  a small g a s  r e c i r c u l a t i n g  s y s t e m  i n  which s e l e c t e d  c o a l  
p a r t i c l e  s izes  are e n t r a i n e d  w i t h  r e a c t a n t  and i n e r t  g a s e s  i n d i c a t e s  
t h a t  a much improved p u l s e d  c o a l  i n j e c t i o n  sys tem i s  p o s s i b l e .  It  
i s  expec ted  t h a t  c o n s i d e r a b l e  a d d i t i o n a l  d a t a  o f  p r o d u c t  d i s t r i b u t i o n s  
c o r r e l a t e d  t o  p a r t i c l e  s i z e ,  t e m p e r a t u r e  and r e a c t a n t  g a s  w i l l  be 
a v a i l a b l e  i n  t h e  n e a r  f u t u r e .  
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CHEMISTRY AND STRUCTURE OF COALS: A I R  OXIDATION STUDIES 
RELATED TO F L U I D I Z E D  BED COblBUSTION 

E. L. F u l l e r ,  J r . ,  N. R.  Smyrl, R .  IC. Smithwick 111, and C. S. Daw* 

Oak Ridge Y - 1 2  Plant  
Union Carbide Corporation, 
Nuclear Division 
Oak Ridge, Tennessee 37830 

E f f i c i e n t  use of c o a l s  a s  feedstocks and thermal energy requires  
comprehensive understanding o f  t h e  physical  and chemical s t r u c t u r e  of 
the  s t a r t i n g  m a t e r i a l s  and the  changes wrought in  t h e  processing steps. 
Diffuse Reflectance Inf ra red  Fourier  Transform (DRIFT) spectroscopy is  
being developed’’ a s  a f a c i l e ,  nondis t ruc t ive ,  rap id ,  highly infonna- 
t i v e  means of  measuring and monitoring t h e  chemical s t r u c t u r e  of coals 

Figure 1 shows how well t h e  DRIFT technique can be used t o  rank 
coals  with respec t  t o  t h e  hydroxyl content  and hydrocarbon type and 
content f o r  unweathered powders of t h e  g r e a t e r  matur i ty  increasing 
from top t o  bottom. 
la ted  t o  carbonyl conten t ,  polynuclear a romat ic i ty  and mineral type 
and mineral content  f o r  t h e  var ious coal  powders and t h e  simulated 
end members of t h e  c o a l i f i c a t i o n  process ( c e l l u l o s i c  fiber: 
and graph i t e ) .  
oxidation a r e  r e a d i l y  discerned.  This p a r t i a l  oxidat ion involved loss  
of t h e  a l i p h a t i c  hydrogen (2800-3000 cm-’) and simultaneous carbonyl 
formation (1600-1900 cm-l) i r i th  l i t t l e  o r  no l o s s  of hydroxyl (3600-  
2000 cm-l), aromatic hydrogen (3200-3000 cm-l), polynuclear carbon 
(1650-1550 cm-’) , nor  polyaromatic hydrogen (900-500 cm-’). Studies 
of c a t a l y t i c  e f f e c t s  due t o  inorganic c o n s t i t u e n t s  a r e  f a c i l i t a t e d  by 
DRIFT a s  shown i n  Figure 4 where q u a n t i t a t i v e  measures a r e  obtained f o r  
the amount and n a t u r e  of  a r g i l l i c  components inherent  i n  and/or admixed 
with t h e  run of t h e  mine coals .  

Figure 2 shows t h e  wealth of information as  re-  

Figure 3 i s  an example where t h e  changes due t o  

The DRIFT technique uses t h e  coal a s  a s o l i d  p iece  and/or as powder 
with no mulling agents  (CCII,), support medium (KBr), o r  o ther  extraneous 
mater ia l s  t h a t  can cont r ibu te  erroneous s p e c t r a l  f e a t u r e s  and serve a s  
b a r r i e r s  f o r  i n  s i t u  r e a c t i o n  s tudies .  Figures 5 and 6 i l l u s t r a t e  the 
addi t iona l  information t h a t  one can obta in  by not ing s p e c t r a l  changes 
wought  on oxidat ion.  
only t h e  a l i p h a t i c  hydrocarbon i n i t i a l l y  and only a t  t h e  l a t t e r  s tages  
the  oxygen a t t a c k i n v o l v e s  unsaturated o l e f i n i c  and aromatic species 

The dehydrogenation process  involves oxidation of 
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(3035 cm-l). Also there is little o r  no loss  of phenolic, carboxyl 
alcoholic, etc. entities (3650-2400 cm-l) until the later stages of 
reaction. Figure 6 shows more details of the oxygen insertion pro- 
cess where the initial oxidation forms somewhat isolated carbonyls 
(1705 cm-l) with higher degrees of reaction progressively forming 
analogs of carboxylic acids (1745 cm-l), acid anhydrides (1775 cm-l) 
and organic carbonates (1845 cm-l) as a synergetic continum of oxygen 
enrichment prior to the final evolution as gaseous carbon dioxide. 
Steady state conditions seem to prevail where the process proceeds 
continuously at the steady state concentrations noted in the upper 
difference spectrum. 
tor the concentration of virtually all of the entities required to 
fully elucidate the oxidation mechanism proposed by batch techniques. '' 
Additional details of interpretation and experimental techniques are 
given elsewhere. 

DRIFT spectroscopy uniquely allows one to moni- 

Mercury porosimetry, vapor sorption, microscopy, and helium 
picnometry aid appreciably in our heat and mass transport modelling 
under conditions relevant to fluidized bed reactors of the Tennessee 
Valley Authority. The original rigid structure of the coal swells 
and expands as volatile bubbles grow and flow out of the tarlike mass 
where the -3+4 mesh particles are introduced into the hot (1500°F) 
reactor. The volatiles burn vigorously and the residual char slowly 
burns away to leave residual ash. 
nature of the porosity (internallexternal, open/closed, macro/micro, 
etc.) as determined by the various techniques and the relevance to 
existing and proposed processes. 

Data will be given to show the 
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DIFFUSE REFLECTANCE SPECTRA: 
0 - H  AND C-H STRETCH 

WAVE NUMBER Icm-ll 

Figure 1. 
DRIFT s p e c t r a  o f ;  A. c e l l u l o s i c  f i b e r s ,  
B. L igni te ,  C. Subbituminous Coal, 
D. C-bituminous coal ,  E. A-bituminous 
coa l ,  and F. Graphite. A l l  samples 
a r e  equi l ibra ted  with 30 ppm moisture 
i n  t h e  argon purge. 

Hydrogen s t r e t c h  region of 
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3 . W  3.MO 2 . W  2.0W 1.500 1.OM 500 
a- l a - l l  

Figure 4. Correction f o r  Minerals. A. DRIFT 
spectrum f o r  powdered coa l .  B. DRIFT spectrum 
of  20% kaolin dispersed i n  powdered KC1.  C. 
A-0.7404B f o r  each of t h e  ind iv idua l  3600 da ta  
p o i n t s .  

Figure 5 .  DRIFT Difference Spectra for  ca ' I 

19 hours continuous oxidat ion of  coal .  
d i f fe rence  spec t ra  show t h e  loss of hydrogen 
from C-H and, i n  l a t e r  s tages ,  OH uni t s  of 
coal .  

m e s e  

, 

I 

Figure 6 .  
Region. 
specie  changes markedly. 
carbonyls is noted and s h i f t  t o  higher  f requencies  
is  evident .  

DRIFT Difference Spectra  for Carbonyl 
The amount and na ture  of  t h e  oxygenated 

A general increase  i n  



I Sol id-Sol id  C o n t a c t i n g  i n  Cata lyzed  Gas-Char Reac t ions  
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North C a r o l i n a  S t a t e  U n i v e r s i t y ,  R a l e i g h ,  NC 27650 

I n  t roduc  t i o n  

Coal char  samples t h a t  are used f o r  gas-carbon r e a c t i o n  s t u d i e s  
can  p o s s e s s  a wide range  of  p o r o s i t i e s  depending upon p r e p a r a t i o n  tech-  
n iques .  I n  g e n e r a l ,  t h e  c h a r  may be  c l a s s i f i e d  as non-porous, s l i g h t l y  
porous,  or h i g h l y  porous .  The t o t a l  p a r t i c l e  r e a c t i o n  r a t e  i s  a summa- 
t i o n  of t h e  i n t r a - p a r t i c l e  r e a c t i o n  r a t e  and t h e  e x t e r n a l  s u r f a c e  reac-  
t i o n  r a t e  and i s  dependent  upon t h e  t y p e  o f  c h a r  under  i n v e s t i g a t i o n ,  
v i z .  

I 
1 

rmeas = (nAint + Aext)rtrue (1) 

where rmeas i s  t h e  measured t o t a l  p a r t i c l e  r e a c t i o n  ra te ,  rtrue i s  t h e  
t r u e  r e a c t i o n  r a t e ,  Aint and Aext a r e  t h e  i n t e r n a l  and e x t e r n a l  s u r f a c e  
a r e a s ,  r e s p e c t i v e l y ,  and q i s  t h e  e f f e c t i v e n e s s  f a c t o r ,  

F u r t h e r  e l a b o r a t i o n s  on t h e  t o t a l  p a r t i c l e  r e a c t i o n  r a t e  a r i s e  
i n  gas-carbon r e a c t i o n s  when r e a c t i o n  a t  s p e c i f i c  s i tes  w a r r a n t s  t h e  
i n c l u s i o n  of an i n t e r n a l  and e x t e r n a l  a c t i v e  s i t e  d e n s i t y ,  C t ,  and when 
rtrue a p p l i e s  t o  a complex r e a c t i o n  p a t h  such  as g a s i f i c a t i o n ,  v i z .  
char-C02 g a s i f i c a t i o n ,  

kl(CO2) 
= ( , , ~ i n t C ~ i n t  + AextC t e x t )  ( 2 )  

k l  k- 1 1 + -(C02) + --(CO) 
k3  k 3  

h e a s  

I t  i s  o f t e n  d i f f i c u l t  t o  de te rmine  when t h e  e f f e c t i v e n e s s  f a c t o r  i s  
approximate ly  u n i t y  f o r  complex r e a c t i o n  p a t h s ,  consequent ly  r a t e  ex- 

' p r e s s i o n s  s impler  than  e q u a t i o n  ( 2 )  a r e  o f t e n  used .  For  example, J a l a n  
and Raol assumed a f i r s t  o r d e r  r e a c t i o n  ra te  w i t h  r e s p e c t  t o  C 0 2  d u r i n g  
char-C02 g a s i f i c a t i o n .  Also n o t e  t h a t  i n  t h e  c a s e  of e q u a t i o n  ( 2 )  o n l y  
"apparent"  a c t i v a t i o n  e n e r g i e s  can  b e  o b t a i n e d  from Arrhenius  p l o t s  of 
rmeas v s .  1 / T  s i n c e  k l ,  k-1, and k3  811 depend on T ,  and even t h i s  ap- 
proach i s  i n v a l i d  i f  t h e  s u r f a c e  a r e a s  and s i t e  d e n s i t i e s  a r e  n o t  con- 
s t a n t  w i t h  r e s p e c t  t o  tempera ture  and t h e  t i m e  d u r a t i o n  of  t h e  e x p e r i -  
ment. 
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When a s o l i d  c a t a l y s t  i s  i n t r o d u c e d  o n t o  c h a r ,  t h e  c a t a l y s t  
c o n t a c t i n g  w i t h  c h a r  must be  c o n s i d e r e d  s i n c e  i t  may be ( a )  l i m i t e d  t o  a 
small p o r t i o n  of  t h e  e x t e r n a l  c h a r  s u r f a c e  a r e a ,  ( b )  c o n t a c t e d  w i t h  t h e  
e n t i r e  e x t e r n a l  c h a r  s u r f a c e  area, b u t  excluded from i n t e r n a l  p o r e s ,  o r  
( c )  c o n t a c t e d  w i t h  t h e  e n t i r e  e x t e r n a l  and i n t e r n a l  c h a r  s u r f a c e  a r e a s .  
The consequences of c a t a l y s t  c o n t a c t i n g  on measured r e a c t i o n  r a t e s  and 
measured a c t i v a t i o n  e n e r g i e s  need t o  b e  r e a l i z e d  when i n t e r p r e t i n g  ex- 
p e r i m e n t a l  d a t a  s i n c e  t h e s e  measurements o f t e n  a r e  t a k e n  as t h e  main 
b a s i s  f o r  s p e c u l a t i n g  on c a t a l y t i c  mechanisms. 2-4 

Ana 1 y s i s  

I t  h a s  been proposed t h a t  c e r t a i n  c a t a l y s t s  i n  gas-carbon 
r e a c t i o n s  a c t  o n l y  t o  i n c r e a s e  t h e  d e n s i t y  o f  a c t i v e  s i t e s  ( i . e .  Ct i n  
e q u a t i o n  (211.5 
m a r i z e s ,  f o r  s e v e r a l  i n i t i a l  r e a c t i o n  c o n d i t i o n s  and f o r  s e v e r a l  con- 
d i t i o n s  of  c a t a l y s t  c o n t a c t i n g ,  t h e  changes i n  measured r e a c t i o n  r a t e s  
and measured a c t i v a t i o n  e n e r g i e s  which o c c u r  when a s o l i d  c a t a l y s t  i s  
in t roduced  o n t o  c h a r .  As shown i n  Table  1, t h e  i n i t i a l  u n c a t a l y z e d  
r e a c t i o n  c o n d i t i o n s  may be  i n  t h e  regime of  k i n e t i c  c o n t r o l  ( n = l ) ,  
i n t r a - p a r t i c l e  d i f f u s i o n a l  c o n t r o l  ( ~ < l ) ,  o r  e x t e r n a l  d i f f u s i o n a l  con- 
t r o l  ( i . e .  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  i n  b u l k  and s u r f a c e  concen- 
t r a t i o n s  and f i l m  t h i c k n e s s ) .  When a s o l i d  c a t a l y s t  is i n t r o d u c e d ,  t h e  
c a t a l y z e d  r e a c t i o n  c o n d i t i o n s  depend on t h e  p o r o s i t y  of  t h e  c h a r  and the  
e x t e n t  of  c a t a l y s t  c o n t a c t i n g  ( i . e .  c a t a l y s t  p e n e t r a t e s  i n t e r n a l  p o r e s  
o r  c a t a l y s t  excluded from i n t e r n a l  p o r e s ) .  The i n t e r p l a y  between i n i t i a l  
unca ta lyzed  r e a c t i o n  c o n d i t i o n s  and e x t e n t  o f  c a t a l y s t  c o n t a c t i n g  d u r i n g  
c a t a l y t i c  g a s i f i c a t i o n  can  l e a d  t o  measured a c t i v a t i o n  e n e r g i e s  increas-  
i n g ,  d e c r e a s i n g ,  or remain ing  c o n s t a n t  w i t h  c a t a l y s t  a p p l i c a t i o n .  
i n t e r e s t i n g  c a s e  i s  where t h e  measured a c t i v a t i o n  energy  i n c r e a s e s  w i t h  
t h e  i n t r o d u c t i o n  of  a s o l i d  c a t a l y s t .  I n  such a c a s e  a s l i g h t l y  porous 
c h a r  has  a n  unca ta lyzed  t o t a l  p a r t i c l e  r e a c t i o n  rate i n i t i a l l y  made up 
o f  n e a r l y  e q u i v a l e n t  e x t e r n a l  and i n t e r n a l  ( d i f f u s i o n  c o n t r o l l e d )  re- 
a c t i o n  ra tes .  I n t r o d u c t i o n  o f  a c a t a l y s t ,  which i s  excluded from in- 
t e r n a l  p o r e s  b u t  which c o n t a c t s  t h e  e n t i r e  e x t e r n a l  s u r f a c e  a r e a ,  can  
l e a d  t o  t h e  e x t e r n a l  s u r f a c e  r e a c t i o n  ra te  overwhelming t h e  i n t r a -  
p a r t i c l e  r e a c t i o n  r a t e  and consequent ly  i n c r e a s i n g  t h e  measured a c t i v a -  
t i o n  energy .  

Assuming t h i s  t y p e  o f  c a t a l y s i s  p r e v a i l s ,  T a b l e  1 sum- 

An 

I n  reviews o f  c a t a l y z e d  gas-carbon r e a c t i o n s ,  i t  i s  o f t e n  
n o t e d  t h a t  t h e  measured a c t i v a t i o n  energy may d e c r e a s e  w i t h  i n t r o d u c t i o n  
o f  a c a t a l y s t  a s  t h e  system becomes d i f f u s i o n  c o n t r o l l e d . 6  
s i m i l a r  p h y s i c a l  r e a c t i o n  c o n s i d e r a t i o n s  a r e  u s u a l l y  n o t  g i v e n  t o  t h e  
case where t h e  measured a c t i v a t i o n  energy i n c r e a s e s  w i t h  i n t r o d u c t i o n  of 
a c a t a l y s t .  
crease, d e c r e a s e ,  and remain c o n s t a n t  f o r  c a t a l y z e d  gas-carbon r e a c t i o n s  
r e l a t i v e  t o  t h e  unca ta lyzed  r e a ~ t i o n s . ~ - 5 , ’  
t h a t  c a t a l y s t  c o n t a c t i n g  a l o n e  may e x p l a i n  t h e s e  d i f f e r e n c e s .  

However, 

Measured a c t i v a t i o n  e n e r g i e s  have been r e p o r t e d  t o  in-  

I t  i s  i n t e r e s t i n g  t o  n o t e  

R e s u l t s  Using Non-porous Char 

In a r e c e n t  s t u d y ,  Baker* p r e s e n t e d  r e s u l t s  on t h e  c a t a l y z e d  
char-CO2 s u r f a c e  exchange of  oxygen. Such a sys tem was o r i g i n a l l y  s t u d i e d  
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by Orning and S t e r l i n p . 9  The c h a r  t h a t  was used i n  t h i s  s t u d y  was non- 
porous thereby  e l i m i n a t i n g  t h e  need f o r  c o n s i d e r a t i o n s  o f  b o t h  i n t r a -  
p a r t i c l e  r e a c t i o n  r a t e s  and i n t e r n a l  c a t a l y s t  c o n t a c t i n g .  By employing 
a unique p u l s i n g  technique ,  t h e  ~ 0 2  molecules  could  be  fol lowed through 
a char-packed m i c r o d i f f e r e n t i a l  r e a c t o r  w i t h o u t  t h e  u s e  o f  r a d i o a c t i v e  
t r a c e r s  which were e x t e n s i v e l y  used i n  e a r l i e r  ~ t u d i e s . 9 - l ~  

p u l s e  r e s i d e n c e  t ime,  and r e a c t o r  tempera ture  and p r e s s u r e ,  p e r m i t t e d  
measurements of  t h e  char-CO2 oxygen exchange r e a c t i o n  f o r  u n c a t a l y z e d  

: c h a r ,  a s  w e l l  a s  c h a r  c a t a l y z e d  w i t h  a l k a l i  and a l k a l i n e  e a r t h  c a r b o n a t e s ,  
v i z .  

The e x p e r i -  
\?ental system i s  d e p i c t e d  i n  F i g u r e  1. P r o p e r  c h o i c e  of  p u l s e  s i z e ,  

\ w h e r e  Cf  is a f r e e  a c t i v e  exchange s i t e  which c a n  a c c e p t  oxygen from 
' ,gaseous  C02 and Co is a n  oxygen occupied a c t i v e  exchange s i t e .  The 

t o t a l  d e n s i t y  of  a c t i v e  exchange s i t e s  i s  g i v e n  by 

F i g u r e  2 p r e s e n t s  some o f  t h e  d a t a  from t h e  s t u d y .  
I d i s c u s s i o n  and a n a l y s i s  i s  provided  by Baker8 and by Baker and A t t a r . 1 3  
',By i n i t i a l l y  purging t h e  system w i t h  CO,  a l l  t h e  a c t i v e  s i t e s  were con- 

A d e t a i l e d  

v e r t e d  t o  f r e e  a c t i v e  s i t e s .  
s u r f a c e  o x i d e  formation i s  g i v e n  by 

Consequent ly ,  t h e  r e a c t i o n  r a t e  a t  low 

,\ 

rmeas = AextCteXt k l  (C02) 
7 

( 5 )  

which a l l o w s  d i r e c t  measurement of  k l ( T ) .  S i n c e  n e g l i g i b l e  g a s i f i c a t i o n  
!occurred ,  t h e  s u r f a c e  a r e a  and a c t i v e  s i t e  d e n s i t y ,  as  g i v e n  i n  e q u a t i o n  

remained c o n s t a n t  th roughout  t h e  exper iments .  

The d a t a  which a re  p l o t t e d  i n  F i g u r e  2 i n d i c a t e  t h e  p o s s i b i l -  
i ( 5 ) 9  

\ i t y  t h a t  t h e  a c t i v a t i o n  energy f o r  k l  a t  low s u r f a c e  oxide  format ion ,  
1214 kJ/mole,  i s  t h e  same € o r  c a t a l y z e d  and u n c a t a l y z e d  c h a r .  Mentser  

and Ergun determined a s imilar  v a l u e  of  222 kJ/mole f o r  u n c a t a l y z e d  
, carbon b l a c k . 1 4  A t  h i g h  s u r f a c e  o x i d e  format ion  t h e  back r e a c t i o n  
' cannot  b e  n e g l e c t e d ,  v i z .  
i 

k- 1 co + co - c02 + cf. 

' and t h i s  l e a d s  t o  c u r v a t u r e  i n  t h e  A r r h e n i u s  d a t a . a  The d i f f e r e n c e s  i n  
measured r e a c t i o n  ra tes  f o r ,  d i f f e r e n t  c a t a l y s t s  i s  a t t r i b u t e d  t o  d i f -  
f e r e n c e s  i n  t h e  d e n s i t y  of a c t i v e  s i t e s ,  C t e x t .  S u r f a c e  areas,  Aext ,  
were e s s e n t i a l l y  e q u i v a l e n t  f o r  a l l  samples .  

A t  p r e s e n t ,  t h e  d a t a  do n o t  a l l o w  d i s c r i m i n a t i o n  between t h e  
d e g r e e  o f  c a t a l y s t  c o n t a c t i n g  a t  t h e  c h a r  s u r f a c e  f o r  t h e  v a r i o u s  c a r -  
b o n a t e s  (ca lc ium,  sodium, and potass ium)  and t h e i r  i n t r i n s i c  c a p a b i l i t y  
to g e n e r a t e  a c t i v e  s i t e s  on t h e  c h a r  s u r f a c e .  
p o i n t  o u t  some s i m i l a r i t i e s  between c a t a l y z e d  and u n c a t a l y z e d  gas-char 
r e a c t i o n s  which a r e  n o t  accounted f o r  i n  many Of t h e  proposed c a t a l y t i c  
g a s i f i c a t i o n  mechanisms t h a t  a r e  based mainly on d i f f e r e n c e s  i n  measured 
"apparent"  a c t i v a t i o n  e n e r g i e s .  

a 

However, t h e  d a t a  do 

S t a t i s t i c a l l y  meaningful  d a t a  could  o n l y  be o b t a i n e d  a t  convers ions  
o f  >3% and t h e  back r e a c t i o n  became n o t i c e a b l e  a t  c o n v e r s i o n s  of  
IO%, t h u s  l i m i t i n g  t h e  convers ion  range  f o r  a c t i v a t i o n  energy  de- 
t e r m i n a t i o n s .  
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Conclusions 

S o l i d - s o l i d  c o n t a c t i n g  may a f f e c t  t h e  measured r e a c t i o n  r a t e  
and measured a c t i v a t i o n  energy  d u r i n g  c a t a l y z e d  gas-carbon r e a c t i o n s .  
The measured a c t i v a t i o n  energy may i n c r e a s e ,  d e c r e a s e ,  o r  remain con- 
s t a n t  w i t h  t h e  i n t r o d u c t i o n  of  a s o l i d  c a t a l y s t .  Data  f o r  a non-porous 
c h a r  i n d i c a t e d  an i d e n t i c a l  f i r s t  s t e p  i n  c a t a l y z e d  and unca ta lyzed  char  
g a s i f i c a t i o n .  
a p p a r e n t l y  a t  a c t i v e  s i t e  l o c a t i o n s .  The a c t i v a t i o n  energy f o r  t h i s  
r e a c t i o n ,  214 kJ/mole,  was s i m i l a r  f o r  c a t a l y z e d  and u n c a t a l y z e d  c h a r ,  
however, t h e  r e a c t i o n  r a t e s  d i f f e r e d  by o r d e r s  o f  magni tude.  
l y t i c  e f f e c t  f o r  t h e  a l k a l i  and a l k a l i n e  e a r t h  c a r b o n a t e s  w a s  a t t r i b u t e d  
t o  d i f f e r e n c e s  i n  t h e  d e n s i t y  o f  a c t i v e  s i t e s .  
c a t a l y z e d  ra tes  were due t o  d i f f e r e n t  d e g r e e s  o f  e x t e r n a l  c o n t a c t i n g  o r  
t o  t r u e  d i f f e r e n c e s  i n  c a t a l y t i c  p r o p e r t i e s  was n o t  r e s o l v e d  i n  t h i s  
s tudy  . 

That  i s ,  C02 exchanged oxygen w i t h  t h e  c h a r  s u r f a c e ,  

The ca ta -  

Whether t h e  d i f f e r e n t  

1 .  

2 .  

3 .  

4 .  

5 .  

6 .  

7 .  

8 .  
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A STUDY OF THE ROLE OF ALKALI METAL SALTS AS CHAR GASIFICATION 
CATALYSTS BY KNUDSEN CELL MASS SPECTROMETRY 

Bernard J. Wood, Robert  D. B r i t t a i n ,  and K.  H. Lau 

M a t e r i a l s  Rsearch Labora tory ,  SRI I n t e r n a t i o n a l  
333 Ravenswood Avenue, Menlo Park ,  CA 94025 

INTRODUCTION 

Although t h e r e  is much c u r r e n t  i n t e r e s t  (1, 2 ) i n  t h e  high-temperature r e a c t i o n  
Of o x i d i z i n g  g a s e s  wi th  carbons  admixed w i t h  a l k a l i  meta l  sa l t s ,  t h e r e  i s  no con- 
sensus  on t h e  chemical  mechanisms t h a t  comprise  t h e  p r o c e s s .  There is g e n e r a l  
agreement t h a t  t h e  carbon and t h e  s a l t  chemica l ly  i n t e r a c t  a t  modest tempera tures  t o  
form a c a t a l y t i c a l l y  a c t i v e  s ta te  O K  r e a c t i v e  i n t e r m e d i a t e  f o r  t h e  o x i d a t i o n  reac-  
t i o n .  The n a t u r e  o f  t h i s  s t a t e  o r  i n t e r m e d i a t e ,  however, is d i s p u t a b l e .  To s e a r c h  
f o r  t h e  i d e n t i t y  o f  t h i s  i n t e r m e d i a t e  and t o  e l u c i d a t e  i t s  r o l e  i n  c a t a l y z i n g  t h e  
g a s i f i c a t i o n  O K  o x i d a t i o n  o f  carbon,  we  have employed Knudsen c e l l  mass spec t romet ry  
t o  examine t h e  gaseous  s p e c i e s  i n  e q u i l i b r i u m  w i t h  c a r b o n - a l k a l i  metal sa l t  admix- 
t u r e s  a t  e l e v a t e d  tempera tures .  

EXPERIMENTAL 

Knudsen c e l l  mass spec t romet ry  is a technique  which r e v e a l s  t h e  gaseous  s p e c i e s  
i n  e q u i l i b r i u m  w i t h  a s o l i d  O K  l i q u i d  phase ,  a l o n e  o r  i n  t h e  presence  o f  added 
g a s e s .  h e  m a t e r i a l  o f  i n t e r e s t  i s  loaded i n t o  t h e  Knudsen c e l l ,  a small c y l i n -  
d r i c a l  c o n t a i n e r  made o f  r e f r a c t o r y  material, wi th  a n  o r i f i c e  t h a t  i s  a v e r y  small 
f r a c t i o n  o f  t h e  c e l l ' s  t o t a l  s u r f a c e  a r e a .  The c e l l  i s  s i t u a t e d  i n  a h igh  vacuum 
system so t h a t  t h e  o r i f i c e  is i n  l i n e - o f - s i g h t  w i t h  a mass s p e c t r o m e t e r  i o n  
s o u r c e .  An e l e c t r i c a l  r e s i s t a n c e  hea t ing  element  permi ts  t h e  c e l l  t o  be  heated t o  
high tempera tures .  Gaseous s p e c i e s  formed i n  t h e  ce l l ,  o r  in t roduced  through a n  
i n l e t  t u b e ,  c o l l i d e ,  on  t h e  a v e r a g e ,  thousands  of  t i m e s  w i t h  t h e  c o n t e n t s  of  t h e  
c e l l  b e f o r e  they  escape  through t h e  o r i f i c e .  Consequent ly ,  t h e s e  s p e c i e s  c a n  b e  
cons idered  t o  b e  i n  chemical  and thermal  e q u i l i b r i u m  wi th  t h e  s o l i d / l i q u i d  phases  i n  
t h e  c e l l  when they  emerge from t h e  o r i f i c e  and are d e t e c t e d  by t h e  mass spec- 
t r o m e t e r .  A s h u t t e r ,  which can  b e  moved over  t h e  o r i f i c e ,  p e r m i t s  t h e  c e l l  e f f u s a t e  
t o  be  d i s t i n g u i s h e d  from t h e  ambient g a s e s  i n  t h e  vacuum system. The g e n e r a l  exper-  
i m e n t a l  technique and o u r  a p p a r a t u s  have been d e s c r i b e d  i n  t h e  l i t e r a t u r e  (3 ,  4 ) .  
In  o u r  exper iments  we used 100 mg samples  o f  pure  a lka l i  metal s a l t s  O K  o f  sa l t s  
admixed wi th  I l l i n o i s  No. 6 c o a l  char  o r  Spheron-6 channel  b l a c k  i n  Knudsen e f f u s i o n  
c e l l s  f a b r i c a t e d  from plat inum and from g r a p h i t e .  We determined t h e  r e l a t i v e  
p a r t i a l  p r e s s u r e s  of vapor  components by measuring t h e i r  i o n  i n t e n s i t i e s  wi th  
i o n i z i n g  e n e r g i e s  3 t o  3.5 e V  g r e a t e r  t h a n  t h e i r  r e s p e c t i v e  appearance  p o t e n t i a l s ,  
t o  avoid c o n t r i b u t i o n s  t o  t h e  i o n  s i g n a l s  by a l t e r n a t i v e  f r a g m e n t a t i o n  p r o c e s s e s  i n  
t h e  mass spec t rometer .  The a b s o l u t e  vapor  p r e s s u r e  o f  each  s p e c i e s  was c a l c u l a t e d  
by t h e  e q u a t i o n ,  

P = k ( I + ) ( T ) / o  

where T is t h e  Temperature i n  Kelv ins ,  cs i s  t h e  r e l a t i v e  i o n i z a t i o n  c r o s s - s e c t i o n ,  
and k is an i n s t r u m e n t a l  c o n s t a n t ,  

The p a r t i c u l a r  systems Of i n t e r e s t  i n  t h i s  Study were K2CO3 mixed w i t h  Spheron- 
6 o r  c h a r ,  cs2c03 mixed wi th  Spheron-6, and KBK mixed wi th  Spheron-6. 
of added H20, COz, CO on vapor  species abundances above t h e  K2C03 a d m i x t u r e s  were 
i n v e s t i g a t e d  i n  s e p a r a t e  r u n s .  
t h e  pure  a lka l i  metal s a l t s  i n  plat inum c e l l s ,  were a l s o  de te rmined .  

The e f f e c t s  

The r e l a t i v e  abundances o f  t h e  vapor  s p e c i e s  above 
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RESULTS 

Equi l ibr ium Gaseous 'Species  

P u r e  S a l t s  

On t h e  b a s i s  o f  t h e  observed i o n s  and t h e i r  r e l a t i v e  i n t e n s i t i e s  (Table  l ) ,  we 
conclude t h a t  t h e  major  vapor  s p e c i e s  over  K2C03(s) a r e  K2C03(g), K(g), COp(g), and 
0 2 ( g ) .  
The v a p o r i z a t i o n  p r o c e s s e s  of  K 2 C o 3 ,  i n  t h e  observed tempera ture  range  c a n  b e  
w r i t t e n  a s  fo l lows:  

?he n e u t r a l  K20(g) a p p e a r s  o n l y  a t  h igh  t e m p e r a t u r e  i n  n e g l i g i b l e  amount. 

2 )  K2C03(s) = 2K(g) + CO2(g) + 1/202(g)  

The e n t h a l p y ,  A H ,  f o r  Reac t ion  2 was c a l c u l a t e d  from t h e  tempera ture  dependence o f  
t h e  i n t e n s i t i e s  o f  t h e  gaseous  i o n s .  The v a l u e  o b t a i n e d ,  247 (+/- 5 )  !d/mol, is i n  
agreement w i t h  t h e  va lue  of  251 kJ/mol c a l c u l a t e d  from JANAF d a t a  (5) .  The der ived  
e n t h a l p y  o f  Reac t ion  3 w a s  291 kJ/mol .  

The v a p o r i z a t i o n  of  Cs2CO3 was found t o  proceed by ana logous  r e a c t i o n s :  

4 )  CS2CO3(S) = 2 W g )  + C02(g) + 1/202(!3) 

5)  CS2CO3(S) = Cs2C03(g) 

E n t h a l p i e s  o f  v a p o r i z a t i o n  were c a l c u l a t e d  from t h e  tempera ture  dependence o f  Cs' 
and Cs2CO: i n  t h e  tempera ture  range  930 t o  1051 K .  For Reac t ion  4 t h e  exper imenta l  
en tha lpy  was A H  = 240.3 (+/- 3 )  kJ/mol compared t o  248.7 W/mol c a l c u l a t e d  from t h e  
JANAF t a b l e s  ( 5 ) .  
kJ/mol .  

The e n t h a l p y  of t h e  s u b l i m a t i o n  r e a c t i o n  was 251.9 (+/- 3 )  

Carbon-Salt M m i x t u r e s  

Over a n  admixture  o f  K2CO3 and c o a l  c h a r  (8 w t %  K ,  mole r a t i o  K/C = 0 . 0 2 9 ) ,  
observed i n  t h e  tempera ture  range  723 t o  973 K ,  
were V g ) ,  CO(g), and COz(g), s u g g e s t i v e  of  carbothermic  r e d u c t i o n  o f  t h e  inorganic  
s a l t :  

t h e  o n l y  i d e n t i f i a b l e  vapor  s p e c i e s  

7) K2C03(S) + Z C ( S )  = 2K(g) + 3CO(g) 

The tempera ture  dependence o f  vapor  p r e s s u r e s  f o r  K(g),  CO(g), and C02(g) is given  
i n  Table 2. 
K2C03 sample are p l o t t e d  in Figure  1 a long  w i t h  t h e  e q u i l i b r i u m  l i n e s  c a l c u l a t e d  
from JANAF d a t a  (5 )  f o r  R e a c t i o n s  2,  6, and 7 .  
mixture  of s a l t  wi th  c h a r  are i n t e r m e d i a t e  between t h o s e  f o r  t h e  pure  s a l t  and f o r  
t h e  two r e d u c t i o n  r e a c t i o n s .  

The vapor  p r e s s u r e s  of  K(g) above t h e  K2C03-char sample and t h e  pure 

The p r e s s u r e s  o f  K(g) above t h e  
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I n  a s i m i l a r  manner t h e  v a p o r i z a t i o n  behavior  o f  pure  Cs2CO and m i x t u r e s  wi th  
Spheron-6 and coa l  c h a r  were i n v e s t i g a t e d .  A sample o f  Cs2C03 a h x e d  with SPheron- 
6 (25 w t %  C s ,  mole r a t i o  C s / C  = 0.033) was s t u d i e d  i n  t h e  tempera ture  range 729-1059 
K. The major s p e c i e s  observed were Cs(g) ,  CO(g), and C02(g) ,  b u t  t h e  Cog and t h e  
CO+ s i g n a l s  decreased c o n t i n u o u s l y  w i t h  t i m e  (Table  3 ) .  CsOH(g) was a l s o  o b s e r v a b l e  
i n  t h e  vapor a t  very  low p a r t i a l  p r e s s u r e s .  The tempera ture  dependence o f  p a r t i a l  
p r e s s u r e s  of  t h e  observed species above t h e  mixture  i s  g i v e n  i n  t h e  o r d e r  i n  which 
d a t a  were taken in Table 3. Success ive  p o i n t s  a t  t h e  same tempera ture  demonst ra te  
t h e  t i m e  behavior  o f  t h e  s i g n a l s  f o r  each  s p e c i e s .  I h e  m a t e r i a l  removed from t h e  
Knudsen c e l l  a t  t h e  c o n c l u s i o n  o f  t h i s  experiment  was pyrophor ic .  

To provide  a c l u e  t o  t h e  composi t ion  o f  t h e  solel  t h a t  remained i n  t h e  c e l l ,  
another  sample of t h e  CS CO -Spheron-6 mixture  wns heated i n  a s e p a r a t e  vacuum 
system a t  800 K overnigh:. 3A p o r t i o n  o f  t h i s  vacuum-heated mixture  was t r a n s f e r e d  
i n t o  a c a p i l l a r y  tube  under  a n  a rgon  atmosphere and analyzed by X-ray d i f f r a c t i o n .  
A c r y s t a l l i n e  d i f f r a c t i o n  p a t t e r n  was observed b u t  could not  b e  i d e n t i f i e d .  

I n  s e p a r a t e  exper iments ,  t h e  e q u i l i b r i u m  p r e s s u r e  o f  C s  above pure Cs2CO3, 
8 w t %  Cs2CO3 i n  c h a r ,  25 w t %  Cs2CO3 i n  c h a r ,  and 25% Cs2CO3 i n  Spheron-6 was 
observed.  The r e s u l t s  o f  t h e s e  exper iments  a r e  p l o t t e d  i n  F igure  2 ,  a long  w i t h  t h e  
c a l c u l a t e d  va lues  f o r  v a p o r i z a t i o n  o f  t h e  pure  s o l i d  and f o r  a p o s s i b l e  carbothermic  
r e d u c t i o n  r e a c t i o n .  The p r e s s u r e  of  C s  above t h e  Spheron-6 samples  is observed t o  
be  approximately one  o r d e r  of  magni tude h i g h e r  than  t h a t  above t h e  pure s a l t ,  whi le  
t h e  C s  p r e s s u r e  over  t h e  8 w t %  mixture  w i t h  c h a r  is two o r d e r s  o f  magnitude lower 
t h a n  t h a t  o f  t h e  pure s a l t .  I n c r e a s i n g  t h e  weight  l o a d i n g  of C s  i n  t h e  sample t o  
25% is accompanied by a n  i n c r e a s e  of  t h e  C s  vapor  p r e s s u r e  by a n  o r d e r  of  magni- 
t u d e .  X-ray d i f f r a c t i o n  a n a l y s i s  o f  t h e  r e s i d u a l  s o l i d  removed from t h e  Knudsen 
c e l l  revea led  the  presence  o f  cesium aluminum s i l i c a t e ,  CsAlSi04, among o t h e r  
u n i d e n t i f i e d  lines. 

In marked c o n t r a s t  t o  t h e  r e s u l t s  f o r  t h e  carbonate-carbon sys tems,  samples  o f  
pure K B r  and KBr  admixed wi th  Spheron-6 (4  wt%K; mole r a t i o  K / C  = 0.014) behaved 
i d e n t i c a l l y  wi th  r e s p e c t  t o  t h e  v a p o r i z a t i o n  o f  K-containing s p e c i e s ;  K B r  
subl imat ion  was t h e  o n l y  o b s e r v a b l e  r e a c t i o n  i n v o l v i n g  potassium i n  b o t h  samples .  

E f f e c t  o f  Added Gases 

The e f f e c t s  of  added H20, CO , and C02 upon vapor  p r e s s u r e  o f  K(g) above a 
Spheron-6 admixture  wi th  K2C0 
E f f e c t s  on  t h e  K+ s i g n a l  l e v e ?  were s t u d i e d  i n  t h e  tempera ture  range  900-1100 K. 
During a d d i t i o n  of  t h e  r e a c t a n t  g a s  t h e  t o t a l  p r e s s u r e  i n  t h e  mass s p e c t r o m e t e r  was 
increased  by a f a c t o r  o f  10 t o  approximate ly  1 x Pa .  S u b s t i t u t i o n  o f  Ar(g) f o r  
t h e  r e a c t i v e  g a s e s  had no e f f e c t  on t h e  K+ s i g n a l ,  i n d i c a t i n g  t h a t  t h e r e  was no 
dynamic f low e f f e c t  on  t h e  performance o f  t h e  Knudsen c e l l .  
caused an immediate, comple te ly  r e v e r s i b l e  K+ s i g n a l  d e p r e s s i o n  by 10-20%. 
b e h a v i o r  would be expected by t h e  e f f e c t  o f  t h e  law o f  mass a c t i o n  on  Reac t ions  6 
and 7 .  
fol lowed by a slower d e c r e a s e  as f low c o n t i n u e d .  
o n l y  p a r t i a l  recovery  o f  t h e  K+ s i g n a l  l e v e l  occur red .  
s i g n a l  d e p r e s s i o n  was observed upon a d d i t i o n  o f  H20(g). A b l a n k  r u n ,  w i t h  pure  
K co i n  t h e  g r a p h i t e  c e l l  a t  1000 K ,  e x h i b i t e d  measurable  p r e s s u r e s  o f  K(g) and 
c 8 ( g j ,  i n d i c a t i v e  o f  some i n t e r a c t i o n  between K2C0-, and t h e  c e l l .  q w e v e r ,  t h e  
a d d i t i o n  o f  H 2 0  o r  C 0 2  had no e f f e c t  on  l e v e l s  of CO+ and Hg. 
was depressed  by a b o u t  15% d u r i n g  %O f low,  b u t  r e t u r n e d  t o  t h e  same l e v e l  a f t e r  t h e  
f low was te rmina ted .  
by t h e  appearance of KOH+ i n  t h e  e f f u s a t e  a t  about  1% of t h e  i n t e n s i t y  o f  K'. 

was i n v e s t i g a t e d  i n  t h e  g r a p h i t e  Knudsen c e l l .  

Addi t ion  of  CO(g) 
This 

coz(g)  a d d i t i o n  r e s u l t e d  i n  immediate d e p r e s s i o n  o f  t h e  K+ l e v e l  by 10% 
When C 0 2  i n p u t  was d i s c o n t i n v e d ,  

A s i m i l a r  p a t t e r n  i n  K 

The K s i g n a l  l e v e l  

The d e p r e s s i o n  of K+ d u r i n g  H 2 0  f low is accounted f o r  in p a r t  
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A s  mentioned above,  KBr(g) was t h e  o n l y  K-containing vapor  s p e c i e s  de tec ted  
The a d d i t i o n  o f  H20 t O  t h e  Knudsen c e l l  o v e r  an admixture  of K B r  and Spheron-6. 

g r a d u a l l y  depressed  t h e  p r e s s u r e  o f  KBr(g); o v e r  a per iod  of  1800 s t h e  KBr+ s i g n a l  
dropped t o  50% o f  its i n i t i a l  v a l u e .  
peak ,  a s s o c i a t e d  wi th  K(g) by its appearance  p o t e n t i a l ,  appeared in t h e  mass 
spectrum and began t o  grow s t e a d i l y .  
t o  d e c r e a s e .  

A t  T = 945 K i n  t h e  presence  o f  H20, a K' 

Termina t ion  o f  t h e  H20 Supply caused t h i s  peak 

DISCUSSION 

Comparison of  t h e  e q u i l i b r i u m  p r e s s u r e s  o f  K(g) and Cs(g) over  t h e  r e s p e c t i v e  
c a r b o n a t e s  wi th  t h o s e  observed o v e r  admixtures  o f  t h e  c a r b o n a t e s  and Spheron-6 o r  
c h a r ,  i n d i c a t e s  t h a t  t h e r e  is a s t r o n g  chemical  i n t e r a c t i o n  between t h e  s a l t s  and 
t h e  carbon a t  e l e v a t e d  tempera ture .  This  i n t e r a c t i o n  is not s imply  carbothermic  
r e d u c t i o n  o f  t h e  s a l t ,  a s  evidenced by t h e  d i s p a r i t y  between t h e  c a l c u l a t e d  and t h e  
measured vapor p r e s s u r e s  of  K(g) ( F i g u r e s  1 and 2 ) .  It seems l i k e l y  t h a t ,  i n  the  
observed tempera ture  r a n g e ,  a d i s c r e t e  chemical  compound is formed w i t h  a thermo- 
dynamic a c t i v i t y  o f  t h e  a l k a l i  metal g r e a t e r  t h a n  t h a t  o f  t h e  c a r b o n a t e  b u t  
s u b s t a n t i a l l y  below t h a t  o f  t h e  pure  e lement .  'Ihe Knudsen c e l l  d a t a  g i v e  no d i r e c t  
c l u e  to t h e  s t r u c t u r e  o f  t h i s  s o l i d  o r  l i q u i d  phase,  b u t  t h e y  do s u g g e s t  t h a t  oxygen 
is a component because oxygen-containing gaseous  s p e c i e s  (CO and C02) are observed 
to  be i n  e q u i l i b r i u m  wi th  t h e  s u b s t a n c e .  The s u p p r e s s i o n  o f  t h e  p r e s s u r e  o f  
molecular  KBr(g) coupled w i t h  t h e  appearance  o f  K(g) o v e r  a KBr-Spheron admixture 
upon t h e  a d d i t i o n  o f  H20, is f u r t h e r  ev idence  o f  a n  e s s e n t i a l  r o l e  o f  oxygen i n  t h e  
format ion  o f  t h e  compound. 'Ihe clear X-ray d i f f r a c t i o n  p a t t e r n  obta ined  from the 
Cs2C03-Spheron sample t h a t  had been  heated under  vacuum is i n d i c a t i v e  o f  a 
c r y s t a l l i n e  m a t e r i a l .  'his p a t t e r n  could n o t  b e  a s s o c i a t e d  w i t h  a s p e c i f i c  chemical 
s t r u c t u r e ,  b u t  it was d e f i n i t e l y  not produced by Cs2CO3, C s O H ,  Cs20, nor by a CS- 
g r a p h i t e  i n t e r c a l a t i o n  compound. Such s t r u c t u r e s  have been sugges ted  a s  intermed- 
iates in t h e  a l k a l i - m e t a l  c a t a l y z e d  steam g a s i f i c a t i o n  o f  c o a l  c h a r s  ( 2 ) .  

A t  h i g h  tempera tures  i n  t h e  absence  of  a n  e x t e r n a l  source  o f  oxygen, t h e  a l k a l i  
metal Spheron admixtures  e x h i b i t  a g r a d u a l  loss o f  oxygen a s  evidenced by t h e  
d iminut ion  in CO and CO2 p a r t i a l  p r e s s u r e s  ( T a b l e s  2 and 3 ) .  Accompanying t h i s  
process ,  t h e  a l k a l i  meta l  p a r t i a l  p r e s s u r e s  i n c r e a s e  s l i g h t l y ,  i n d i c a t i v e  o f  a n  
i n c r e a s e  i n  a c t i v i t y  wi th  t h e  change in oxygen s t o i c h i o m e t r y .  An o p p o s i t e  change 
occurs  when t h e  mixture  is exposed t o  a n  o x i d i z i n g  g a s  (steam o r  CO2). 

Based on t h e s e  c o n s i d e r a t i o n s ,  w e  propose t h a t  t h e  chemical  s p e c i e s  formed by 
t h e  i n t e r a c t i o n  o f  a l k a l i  m e t a l  c a r b o n a t e s  and carbon a t  h igh  tempera tures  is a non- 
s t o i c h i o m e t r i c  ox ide  that c o n t a i n s  a n  e x c e s s  o f  t h e  metal a s  i o n s  and a l s o  i n  a 
d i s s o l v e d  s t a t e .  Meta l - r ich  Cs -0  compounds, wi th  s t o i c h i o m e t r i e s  cor responding  t o  
Cs4O and C S ~ O ,  have been c h a r a c t e r i z e d  as c r y s t a l l i n e  s o l i d s  a t  room ambient 
tempera tures  ( 6 ) .  A t  h igh  t e m p e r a t u r e s  t h e y  m e l t  into l i q u i d  phases  comprised of  a 
h igher  o x i d e  c o n t a i n i n g  excess C s  ( 7 ) .  I n f o r m a t i o n  on t h e  K-O sys tem is a v a i l a b l e  
o n l y  f o r  h i g h e r  oxygen s t o i c h i o m e t r i e s  (8) ,  b u t ,  by ana logy ,  we would e x p e c t  a l l  
a l k a l i  metal-oxygen sys tems t o  behave s i m i l a r l y .  

The r o l e  o f  t h e  a l k a l i  metal a d d i t i v e  a s  a g a s i f i c a t i o n  c a t a l y s t  is probably 
c r i t i c a l l y  dependent  on  t h e  f o r m a t i o n  and a c t i o n  of  such  a n  o x i d e  phase.  We suggest  
t h a t  dur ing  g a s i f i c a t i o n  t h e  c a t a l y s t  forms a l i q u i d  oxide  f i l m  d i s t r i b u t e d  over  t h e  
s u r f a c e  of  t h e  c h a r  o r  carbon.  (There is c o n s i d e r b l e  ev idence  that c a t a l y s t  mel t ing 
d o e s  occur  (10)). The composi t ion  o f  t h e  f i l m  is determined b y  a dynamic ba lance  
between a reducing  process  a t  t h e  carbon i n t e r f a c e  and a n  o x i d i z i n g  process  a t  the  
s u r f a c e  i n  c o n t a c t  wi th  t h e  gaseous  r e a c t a n t ,  H 0 o r  Co2. 
i n t e r f a c e .  t h e  a n i o n s  in t h e  c a t a l y s t  r e a c t  w i t f  t h e  carbon to form an i n t e r m e d i a t e ,  
such  a s  a phenola te  (11)  that s u b s e q u e n t l y  s p l i t s  o u t  CO. The a n i o n s  are 
r e p l e n i s h e d  by r e a c t i o n  between t h e  o x i d i z i n g  g a s  and t h e  o x i d e  a t  t h e  g a s / c a t a l y s t  

A t  t h e  c a t a l y s t / c h a r  



\ 

i n t e r f a c e .  
s p e c i e s  i n  t h e  molten c a t a l y s t  f i l m .  

N e t  t r a n s p o r t  of  oxygen from g a s  t o  carbon o c c u r s  by d i f f u s i o n  o f  t h e  

The presence o f  minera l  c o n s t i t u e n t s  ( t y p i c a l l y  S i02)  i n  most c o a l  c h a r s  
compl ica tes  t h i s  p i c t u r e  by provid ing  an a l t e r n a t i v e  r e a c t i o n  pa th  f o r  t h e  a l k a l i  
meta l  s a l t  a d d i t i v e s .  The i n t e r a c t i o n  o f  t h e s e  m i n e r a l s  w i t h  a n  a l k a l i  metal i s  
i l l u s t r a t e d  s t r i k i n g l y  i n  t h e  c a s e  o f  t h e  C s 2 C 0  -char  admixture .  The e q u i l i b r i u m  
p a r t i a l  p r e s s u r e  of  Cs(g)  over  t h i s  sample i s  s j g n i f i c a n t l y  lower than over  pure 
Cs2C03. 
t h e  case  i f  i t  were chemica l ly  combined i n  a v e r y  s t a b l e  compoud, such a s  t h e  
C s A l S i 0 4  d e t e c t e d  i n  t h e  X-ray p a t t e r n  o f  t h e  r e s i d u e .  However, t h e  low i n t e n s i t y  
o f  t h i s  p a t t e r n  cons idered  t o g e t h e r  wi th  t h e  v a r i a t i o n  i n  e q u i l i b r i u m  Cs(g) p r e s s u r e  
wi th  t h e  C s  conten t  o f  t h e  sample (F igure  2 ) ,  s u g g e s t s  t h a t  a l l  t h e  C s  i s  n o t  t i e d  
up a s  a d i s c r e t e  c r y s t a l l i n e  compound of f ixed  composi t ion .  It i s  more l i k e l y  t h a t  
t h e  C s  is d isso lved  i n  a n  amorphous minera l  g l a s s ,  i n  which i t s  a c t i v i t y  i s  a 
f u n c t i o n  of  i t s  c o n c e n t r a t i o n .  
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Table 1 

APPFARANCE POTENTIALS AND RELATIVE I N n N S I T I E S  OF 
IONS IN HASS SPEC'IRUII OF K2C03 

Tempera t"re Neutral Ir(AP + 3 eV)  
IO" AP(eV (K) PI-eCYTIOI a t  1153 K 

K- 4.3 0.3 1121 K 1035 

CO; 1 1 . 7  t 0.3 1121 co2 285 

c2co; 6.1 t 0 . 3  I153 K2CO3 0.3 

K 2 0 +  7.8 f 0 . 5  1068 K2CO3 2 .o 
K20+ 5.2 + 0.5 1153 K20 0.03= 

0; 11.9 i 0.3 1153 02 33 

a x e a s w e d  a t  A P  + 2 eV to elinfnate the f r a g m e n t  contribution f r o m  K2C03. 

Table 2 

PARTIAL PRESSURES OF CASEOUS SPECIES ABOVE 
K2CO3-CWR ADHIITURE AT VARIOUS EIPERAIVXES 

Partial Pressures (kea x LO") 
Temperature (K) K(*) CO(R) COv(8)  

720 0.001 0 . 5  0.06 
788 
871 
90 9 
952 
978 
875 

0.015 
0.19 
1.2 
5.17 
9.68 
0.63  

0.24 
1.9 
18. 
53.1 

1.5 

0.2 
1.56 
15.1 
2.41 

0.22 

Table 3 

PARTIAL PRESSURES OF GASEOUS SPECIES ABOVE 
CS2CO3-SPRERON-6 AUYIXTURES 

Partla1 Rensure (kPa x 10') 
Temperature (K) CS(C) CO(8) co?(a)  (CSOH(8) 

397 0 0 0.16 0 
421 0 0 8.01 0 
549 0 0 5.22 0 
727 0 0 18.4 0 
727 0 0 5 .3 0 

82 6 0.002 3.14 14.5 0 
857 0.002 3.00 4.42 0 
886 0.005 3.92 2.13 0 

935 0.065 9.35 1.43 0.001 
936 0.33 3.77 0.11 0.001 
936 0.31 1 .eo 0.09 0.001 
992 1.41 7.96 0 0.003 
1059 4 .98 15.50 0 0.005 

972 0.76 0.36 0 0.002 

729 (0. uo1 0.25 1.56 0 

8R6 0.014 1.73 0.36 0 
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EFFECTS OF CATALYSTS AND C02 GASIFICATION 
ON THE ESR OF CARBON BLACK. 11. 

Kenneth M .  S a n c i e r  

SRI I n t e r n a t i o n a l  
Menlo Park ,  CA 94025 

INTRODUCTION 

I n  a previous  paper ,  we  r e p o r t e d  some p r e l i m i n a r y  r e s u l t s  o f  a n  i n  s i t u  e s r  
s t u d y  of a K2C03-carbon b l a c k  mixture  a s  a f u n c t i o n  of  tempera ture  and steam gasi-  
f i c a t i o n . [ ' ]  We found that ( 1 )  h e a t i n g  t h e  mixture  i n  hel ium above 600 K produced 
i r r e v e r s i b l e  broadening of  t h e  esr l i n e ,  which d i d  not  occur  f o r  carbon b lack  
a l o n e ,  (2)  t h e  broadened l i n e  had a shape broader  than  h r e n t z i a n ,  and (3) under 
s team g a s i f i c a t i o n  c o n d i t i o n s ,  t h e  e s r  l i n e  wid th  decreased  i n  p r o p o r t i o n  to  the 
steam c o n c e n t r a t i o n .  

I n  t h e  p r e s e n t  paper ,  we r e p o r t  f u r t h e r  r e s u l t s  from i n  s i t u  esr s t u d i e s  of  
(1)  the  thermal  i n t e r a c t i o n  between carbon b l a c k  and v a r i o u s  sa l t s  and (2)  e f f e c t  
of  C02 g a s i f i c a t i o n  c o n d i t i o n s .  Also,  we used t h e  e s r  techniqueL2] t o  provide 
informat ion  on  changes i n  t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  a sample t h a t  may r e l a t e  
t o  t h e  mechanisms o f  t h e  thermal  and g a s i f i c a t i o n  r e a c t i o n s .  

EXPERIMENTAL 

The s p e c i f i c a t i o n s  o f  t h e  carbon b l a c k  (Spheron-6, Cabot Corpora t ion)  and t h e  
esr a p p a r a t u s  have been d e s c r i b e d . [ ' ]  The samples  c o n s i s t e d  of a mixture  of 3 w t %  
carbon b l a c k  i n  a g i v e n  sa l t  t h a t  was mechanica l ly  ground w i t h  a mor ta r  and 
p e s t l e .  'Ihe o n l y  d i l u e n t  o f  t h e  carbon b l a c k  was a g i v e n  s a l t .  A l l  the  s a l t s  
were of  reagent  q u a l i t y .  The amount o f  sample mixture  examined by e s r  was ad- 
j u s t e d  so t h a t  a known mass o f  carbon b l a c k  w a s  p r e s e n t ,  between 3 and 6 mg. 

Carbon d i o x i d e  g a s i f i c a t i o n  was performed by using premixed g a s e s  conta in ing  
and 0, 4.1, 7.9, and 15.8 ~ 0 1 %  co2 in helium. A swi tch ing  v a l v e  was used t o  
select t h e  d e s i r e d  g a s  mixture  t o  f low over  t h e  sample i n  t h e  q u a r t z  r e a c t o r  
mounted in t h e  h igh  t e m p e r a t u r e  e s r  sample h e a t e r .  

The techniques  f o r  measuring changes i n  t h e  r e l a t i v e  e l e c t r i c a l  c o n d u c t i v i t y  
o f  a sample r e s u l t i n  from tempera ture  changes or  chemical  changes have been 
d e s c r i b e d  elsewhere.r2? B r i e f l y ,  a change i n  e l e c t r i c a l  c o n d u c t i v i t y  o f  a samp e 
is approximate ly  p r o p o r t i o n a l  to two e l e c t r i c a l  c o n d u c t i v i t y  parameters ,  A I p  
and A I D ,  that  can  be  measured d u r i n g  an esr measurement. Ip  is t h e  peak he ight  of 
t h e  resonance s i g n a l  of  a r e f e r e n c e  sample (0.1% p i t c h  i n  K C 1 ,  V a r i a n ) ,  which was 
s i t u a t e d  i n  t h e  a u x i l i a r y  c a v i t y  o f  a d u a l  r e c t a n g u l a r  c a v i t y  (TEloi); t h e  sample 
w a s  s i t u a t e d  i n  t h e  o t h e r  c a v i t y ,  which has  t h e  sample h e a t e r  a c c e s s o r y .  AI,' 
c a l c u l a t e d  from t h e  d i f f e r e n c e s  i n  t h e  v a l u e s  of  I,' r e f e r r i n g  t o  two d i f f e r e n t  
c o n d i t i o n s  of  t h e  sample,  e .g . ,  t empera ture .  ID is t h e  b i a s  c u r r e n t  of  t h e  
c r y s t a l  d i o d e  d e t e c t o r  o f  t h e  microwave b r i d g e ,  and A I D  is t h e  change i n  t h i s  
c u r r e n t  r e s u l t i n g  from a change i n  t h e  e lectr ical  c o n d u c t i v i t y  o f  t h e  sample. By 
connec t ing  a r e c o r d e r  t o  t h e  c r y s t a l  d i o d e  c u r r e n t  meter, i t  was p o s s i b l e  t o  
record A I D  a s  a f u n c t i o n  o f  time d u r i n g  g a s i f i c a t i o n  exper iments .  

-1 

The parameter  
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AI-' is s u i t a b l e  f o r  measuring r e l a t i v e l y  l a r g e  changes i n  e l e c t r i c a l  conduct i -  
v i e y ,  such a s  those  a r i s i n g  from h e a t i n g  a sample.  The parameter  AID is u s e f u l  
f o r  fo l lowing  smal le r  changes in t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  a sample, e - g . ,  
a r i s i n g  from a chemical  change a s s o c i a t e d  wi th  C 0 2  g a s i f i c a t i o n .  

Free r a d i c a l  c o n c e n t r a t i o n s  were measured by us ing  a computer t o  s t o r e  t h e  
e s r  d a t a  and to  c a l c u l a t e  t h e  f i r s t  moments o f  t h e  f i r s t  d e r i v a t i v e  c u r v e s .  The 
r e s u l t s  were normalized f o r  c a v i t y  s e n s i t i v i t y  using Ip,  g a i n ,  rf  modulat ion 
ampl i tude  s e t t i n g s  ( t y p i c a l l y  0.1 mT), and mass o f  carbon.  Microwave power i n c i -  
d e n t  on t h e  sample c a v i t y  was 1 mW. 

RESULTS 

F o r  convenience,  t h e  r e s u l t s  o f  t h e  i n  s i t u  esr measurements made on s e v e r a l  
thermal  e f f e c t s  and sa l t -carbon b lack  mixtures  w i l l  be  s u b d i v i d e d x o  two p a r t s :  

CO2 g a s i f i c a t i o n  e f f e c t s .  

Before each s e r i e s  o f  e s r  measurements w i t h  a g iven  sample, oxygen was 
desorbed from t h e  carbon by h e a t i n g  t h e  sample in t h e  esr r e a c t o r  c e l l  a t  about  
500 K f o r  5 min whi le  helium flowed through t h e  c e l l .  The v a l u e  o f  t h e  esr l i n e  
width measured a t  room tempera ture  was about  7.0 mT (70 gauss)  b e f o r e  t h e  d e s o r p -  
t i o n  and about  0.15 mT a f t e r  t h e  d e s o r p t i o n .  The esr l i n e  was symmetric f o r  a l l  
t h e  sa l t -carbon b l a c k  mixtures .  

Various samples  were t e s t e d  f o r  microwave power s a t u r a t i o n ,  and none was 
d e t e c t e d  f o r  sample tempera tures  examined i n  t h e  range from 290 t o  800 K and f o r  
microwave power l e v e l s  i n c i d e n t  o n  t h e  sample in t h e  range o f  0.1 t o  40 MW; t h e  
upper  va lue  was l i m i t e d  by t h e  e lec t r ica l  c o n d u c t i v i t y  o f  t h e  samples .  

Thermal E f f e c t s  

The thermal  i n t e r a c t i o n  between a sa l t  and carbon b l a c k  heated i n  helium were 
i n v e s t i g a t e d  by s tudying  a series of  potassium ha l ide-carbon b l a c k  m i x t u r e s .  
Alkali metal h a l i d e s  are less a c t i v e  c a t a l y s t s  than  K2CO f o r  g a s i f i c a t i o n  o f  
carbonaceous m a t e r i a l s .  f 3 s 4 ]  For comparison,  a K 2 C 0 3  c a d o n  b l a c k  mixture  was 
inc luded .  Also  included was a mixture  o f  carbon b l a c k  wi th  CaO which is expected 
t o  be a r e l a t i v e l y  poor g a s i f i c a t i o n  ~ a t a l y s t [ ~ * ~ ]  and has  r e l a t i v e l y  low 
e l e c t r i c a l  c o n d u c t i v i t y  a t  e l e v a t e d  tempera tures .  Hence, t h e  CaO s e r v e s  as a 
d i l u e n t  t o  d e c r e a s e  microwave s k i n  d e p t h  e f f e c t s  so t h a t  t h e  esr p r o p e r t i e s  o f  
carbon b l a c k  a l o n e  can b e  s t u d i e d .  

To de te rmine  t h e  e f f e c t s  o f  h e a t i n g  t h e  m i x t u r e s  i n  helium we measured t h r e e  
esr parameters  s imul taneous ly :  v a r i a t i o n s  i n  t h e  f r e e  r a d i c a l  c o n c e n t r a t i o n ,  l i n e  
wid th ,  and AI;'. Measurements were made a t  s u c c e s s i v e l y  h i g h e r  tempera tures  
( F i g u r e s  l a  and Za) ,  b u t  b e f o r e  p r o g r e s s i o n  t o  each  next  h igher  t e m p e r a t u r e ,  a 
measurement was made a t  290 K ( F i g u r e s  l b  and 2b) .  

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 s  uncorrec ted  f o r  C u r i e ' s  l a w  were e s s e n t i a l l y  
independent  of b o t h  t h e  measurement tempera ture  and t h e  type  o f  s a l t ,  w i t h i n  t h e  
accuracy  o f  these  measurements The v a l u e s  of  Ip, which were used t o  normal ize  t h e  
f r e e  r a d i c a l  c o n c e n t r a t i o n s  f o r  changes in c a v i t y  s e n s i t i v i t y ,  v a r i e d  by a f a c t o r  
o f  about  10 over  t h e  tempera ture  range  s t u d i e d ,  i n d i c a t i n g  t h e  importance o f  such 
a c o r r e c t i o n .  
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The esr l i n e  width began t o  i n c r e a s e  a t  t empera tures  above 850 K ,  and the  
magnitude of  t h e  i n c r e a s e  was s t r o n g l y  dependent  on t h e  an ion  o f  t h e  s a l t  (Figure 
l a ) .  When t h e  sample was cooled t o  room tempera ture  t h e  l i n e  wid th  decreased .  h 
i r r e v e r s i b l e  e f f e c t  is e v i d e n t  by t h e  f a c t  t h a t  a s i g n i f i c a n t  f r a c t i o n  o f  t h e  l i n e  
broadening produced a t  h i g h e r  t e m p e r a t u r e s  was r e t a i n e d  upon c o o l i n g  the  samples 
(compare F i g u r e s  la and l b ) .  I n  g e n e r a l ,  t h e  e f f e c t  on l i n e  wid th  and t h e  magni- 
t u d e  o f  t h e  i r r e v e r s i b l e  e f f e c t s  f o r  t h e  s a l t s  decreased  in t h e  fo l lowing  order :  

K B r  - K C 1  - K I  > K2C03 = KF > CaO. 

The e l e c t r i c a l  c o n d u c t i v i t y  parameter ,  AI;', g e n e r a l l y  increased  wi th  heat ing 
tempera ture ,  and wi th  few e x c e p t i o n s  was almost  independent  o f  t h e  t y p e  of s a l t  
mixed wi th  carbon b l a c k  ( F i g u r e  2 a ) .  The r e s u l t s  of  t h e  measurements a t  290 K ,  
a f t e r  c o o l i n g  from a g i v e n  h i g h e r  tempera ture ,  a l s o  i n d i c a t e  t h a t  an i r r e v e r s i b l e  
i n c r e a s e  in t h e  e l e c t r i c a l  c o n d u c t i v i t y  f o r  some salts  had been produced thermally 
(compare F igures  2a and 2 b ) .  Measurements on tm sa l t s ,  K 2 C 0 3  o r  K C 1 ,  in t h e  
absence of  c a r b o n  b l a c k  show t h a t  t h e  AI;' parameter  has  a very  small temperature  
dependence,  i n c r e a s i n g  l e s s  t h a n  10% a s  t h e  tempera ture  was r a i s e d  from 300 t o  
1200 K .  

Comparison o f  F i g u r e s  1 and 2 s u g g e s t s  t h a t  t h e r e  is a q u a l i t a t i v e  s i m i l a r i t y  
in t h e  way t h e  h e a t i n g  tempera ture  a f f e c t s  t h e  two parameters  l i n e  width 
and AI;'. r e l a t i o n s h i p  between l i n e  wid th  and AI- '  is shown in 
Figure  3 ,  which is a r e p l o t  o f  t h e  r e s u l t s  in F i g u r e s  la and 2a. d e  c u r v e s  drawn 
in Figure  3 i n d i c a t e  t h a t  l i n e  wid th  has  a monotonic r e l a t i o n s h i p  t o  AI;'> bu t  
t h a t  the  f u n c t i o n a l  dependence may b e  d i f f e r e n t  f o r  d i f f e r e n t  sa l t s .  

CO, G a s i f i c a t i o n  E f f e c t s  

A test  o f  t h e  

A t  e l e v a t e d  tempera tures  when He g a s  pass ing  over  a sample w a s  switched t o  He 
c o n t a i n i n g  C 0 2  (15.8%),  t h e  l i n e  wid th  decreased  and t h e  f r e e  r a d i c a l  concen- 
t r a t i o n  increased  a s  shown in F i g u r e s  4 and 5,  r e s p e c t i v e l y .  Before the C02 
g a s i f i c a t i o n  measurements, t h e  sample was t h e r m a l l y  e q u i l i b r a t e d  a t  a g i v e n  tem- 
p e r a t u r e  f o r  about  20 m i n .  However, t h e  l i n e  wid th  and f r e e  r a d i c a l  c o n c e n t r a t i o n  
cont inued t o  change s lowly ,  probably  t h e  r e s u l t  o f  s low i r r e v e r s i b l e  changes 
caused by C02 a s  d i s c u s s e d  above .  Therefore .  t o  s e p a r a t e  the  s low thermal  changes 
from t h e  r a p i d  changes produced by CO we switched t h e  g a s  f lowing over t h e  
sample a t  a g i v e n  t e m p e r a t u r e ,  800 o r  %50 K ,  back  and f o r t h  between He and He 
c o n t a i n i n g  cop. The sequence o f  t h e  measurements is i n d i c a t e d  by t h e  numbers 
b e s i d e  the  d a t a  points in F i g u r e s  4 and 5. These r e s u l t s  show that C02 had a 
g r e a t e r  e f f e c t  a t  t h e  h i g h e r  tempera ture  f o r  b o t h  l i n e  width and f r e e  r a d i c a l  
c o n c e n t r a t i o n .  Also, a t  a g i v e n  t e m p e r a t u r e  t h e  magnitude o f  t h e  e f f e c t  tended t o  
become l i m i t e d  a t  c o n c e n t r a t i o n s  o f  C02  g r e a t e r  t h a n  about  4%; e.g., see t h e  l i n e  
wid th  dependence a t  850 K in F i g u r e  4 .  'Ibis behavior  is probably due t o  a 
d i f f u s i o n - l i m i t e d  process .  

It  was o f  i n t e r e s t  t o  d e t e r m i n e  whether  COP g a s i f i c a t i o n  c o n d i t i o n s  a l t e r e d  
t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  t h e  sample, b u t  t h e  e lectr ical  c o n d u c t i v i t y  para- 
m e t e r ,  AI;', e x h i b i t e d  a v e r y  small and almost  i m p e r c e p t i b l e  response .  Therefore ,  
t h e  more s e n s i t i v e  e l e c t r i c a l  c o n d u c t i v i t y  parameter ,  A I D  , w a s  used.  The 
recorded v a l u e  o f  A I  is shown in F i g u r e  6,  which shows t h e  changes that occurred D a s  t h e  g a s  pass ing  over  t h e  sample at 855 K was switched between He and 15.8 % C02 
in He. Although t h e  sample was i n i t i a l l y  in He t h e  p o s i t i v e  s l o p e  o f  A I D  in- 
d i c a t e s  t h a t  t h e  sample was not s t a b l e  a l though i t  had been t h e r m a l l y  e q u i l i -  
b r a t e d .  However, it is clear from t h e  r e c o r d i n g  t h a t  C02 caused t h e  va lue  of  A I D  
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t o  d e c r e a s e  ( e l e c t r i c a l  c o n d u c t i v i t y  d e c r e a s e )  and t h a t  subsequent  exposure  t o  He 
caused t h e  va lue  of  AID t o  i n c r e a s e .  

The observed v a l u e s  o f  t h e  l i n e  wid th  are  marked in F i g u r e  6 a t  t h r e e  p o i n t s  
in time. The r e s u l t s  show t h a t  t h e  l i n e  wid th  changed r e v e r s i b l y  when t h e  sample 

I was a l t e r n a t e l y  exposed t o  He and C 0 2 .  Also, t h e  d e c r e a s e  i n  l i n e  wid th  cor re-  
l a t e s  wi th  t h e  d e c r e a s e  in t h e  e l e c t r i c a l  c o n d u c t i v i t y  of  t h e  sample,  a s  was t h e  

I c a s e  in t h e  s tudy o f  thermal  e f f e c t s  d i s c u s s e d  e a r l i e r .  

When carbon b l a c k  a l o n e  and m i x t u r e s  o f  carbon b l a c k  w i t h  t h e  potassium 
h a l i d e s  o r  with CaO were exposed t o  Cog g a s i f i c a t i o n  c o n d i t i o n s  a t  850 K,  very  
smal l  o r  no changes were observed to  occur  in l i n e  wid th ,  f r e e  r a d i c a l  concen- 
t r a t i o n ,  o r  in e l e c t r i c a l  c o n d u c t i v i t y  ( A I  ) .  

The c o r r e l a t i o n  between an i n c r e a s e  in t h e  v a l u e  o f  AI and a n  in rease in 
e l e c t r i c a l  c o n d u c t i v i t y  was e s t a b l i s h e d  by not ing  that  b o t h \ I D  and AI: changed 
in t h e  same way f o r  l a r g e  enough changes i n  e l e c t r i c a l  c o n d u c t i v i t y ,  e .g . ,  a s  
produced by a n  i n c r e a s e  o f  sample tempera ture .  

D 

DISCUSSION 

In t h e  prev ious  paper[’] some s u g g e s t i o n s  were made t o  account  f o r  t h o s e  
, changes occurr ing  in t h e  esr s p e c t r a  due t o  a thermal  i n t e r a c t i o n  between carbon 

b l a c k  and K CO and due  t o  steam g a s i f i c a t i o n .  The a d d i t i o n a l  e x p e r i m e n t a l  i n f o r -  -, mat ion  obtaZnea in t h e  p r e s e n t  esr s t u d y ,  p e r t a i n i n g  t o  v a r i o u s  o t h e r  sa l t s  and a 
s t u d y  of  Co2 g a s i f i c a t i o n ,  provides  a b r o a d e r  b a s i s  f o r  i n t e r p r e t i n g  t h e  mecha- ’\ nisms o f  t h e  thermal  and g a s i f i c a t i o n  r e a c t i o n s .  

Thermal E f f e c t s  

! Two mechanisms were s u g g e s t e d [ l ]  t o  account  f o r  t h e  e s r  l i n e  broadening r e s u l t i n g  
from h e a t i n g  a mixture  o f  sa l t  and carbon b lack:  (1) i n c r e a s e d  e l e c t r i c a l  con- 

\, d u c t i v i t y  and ( 2 )  unreso lved  h y p e r f i n e  s p l i t t i n g  ( h f s )  due t o  a n  i n t e r a c t i o n  
between t h e  magnet ic  moment o f  t h e  unpaired e l e c t r o n  and t h a t  o f  t h e  n u c l e u s  o f  
t h e  c a t i o n  o f  t h e  s a l t .  The c u r r e n t  r e s u l t s  sugges t  t h a t  t h e  i n c r e a s e  in l i n e  
width is r e l a t e d  t o  t h e  i n c r e a s e  in t h e  e lectr ical  c o n d u c t i v i t y  because  o f  t h e  
observed p r o p o r t i o n a l i t y  between t h e  l i n e  width and t h e  change in the  e l e c t r i c a l  
c o n d u c t i v i t y  parameter  f o r  a s e r i e s  o f  s a l t - c a r b o n  b l a c k  m i x t u r e s  heated t o  var -  
ious t empera tures  ( F i g u r e  3 ) .  In the  fo l lowing  d i s c u s s i o n ,  t h e  r e l a t i o n s h i p  
between t h e s e  two parameters  is examined in d e t a i l .  

We p o s t u l a t e  that some s o r t  o f  complex is formed between c e r t a i n  salts  and 
carbon b l a c k  t o  account  f o r  t h e  i n c r e a s e  i n  t h e  e lec t r ica l  c o n d u c t i v i t y  and esr 
l i n e  wid th  r e s u l t i n g  from h e a t i n g  m i x t u r e s  o f  s a l t s  and carbon b l a c k  be ing  
s i g n i f i c a n t l y  g r e a t e r  than  t h e  i n c r e a s e  when t h e  i n d i v i d u a l  components a r e  
h e a t e d .  Genera l ly ,  a n  i n c r e a s e  i n  e l e c t r i c a l  c o n d u c t i v i t y  is due  t o  a n  i n c r e a s e  
i n  t h e  c o n c e n t r a t i o n  o r  m o b i l i t y  o f  t h e  charge  c a r r i e r s .  S ince  t h e  f r e e  r a d i c a l  
c o n c e n t r a t i o n  of  t h e  s a l t - c a r b o n  b l a c k  m i x t u r e s  was i n s e n s i t i v e  t o  tempera ture ,  i t  
a p p e a r s  that charge carriers (conduct ion  e l e c t r o n s  o r  h o l e s )  a r e  mainly respon- 
s i b l e  f o r  t h e  observed esr s i g n a l ,  whereas  n - e l e c t r o n s  would obey C u r i e ’ s  law. If 
t h e  esr measurements d e t e c t  a l l  t h e  charge  carriers,  t h e n  t h e  observed i n c r e a s e  of  
t h e  e l e c t r i c a l  c o n d u c t i v i t y  wi th  i n c r e a s e  in temperatue is due  mainly t o  an 
i n c r e a s e  in charge  carr ier  m o b i l i t y .  
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We propose a s e r i e s  o f  r e a c t i o n s  t o  account  f o r  t h e  e f f e c t  o f  t h e  e l e c t r o n i c  
p r o p e r t i e s  o f  t h e  s o l i d .  F i r s t ,  e l e m e n t a l  meta l  a toms are produced by carbon 
r e d u c t i o n  of t h e  c a t i o n  o f  t h e  sa l t  (e .g . ,  k ) ; 1 6 ]  Second, a n  extended aromatic  
s t r u c t u r e  d e v e l o p s  by loss o f  hydrogen and polymer iza t ion  o f  t h e  carbonaceous 
 material,['^*] and t h i s  po lymer iza t ion  could p o s s i b l y  be  c a t a l y z e d  by a s a l t  o r  a 
metal atom. Thi rd ,  a complex is formed between a n  a r o m a t i c  s t r u c t u r e  and t h e  ions 
or atoms of t h e  s a l t .  For  example, s u c h  a complex could i n v o l v e  m e t a l  ions o r  
atoms which (1)  s u b s t i t u t e  f o r  t h e  hydrogens of  CH o r  OH groups  o f  t h e  aromatic  
s t r u c t u r e , [ 9 ]  ( 2 )  i n t e r a c t  e l e c t r o s t a t i c a l l y  wi,th t h e  r r -orb i ta l s  o f  t h e  extended 
aromat ic  s t r u c t u r e , [ l O ]  o r  (3 )  form a kind o f  i n t e r c a l a t i o n  compound wi th  t h e  
a v a i l a b l e  g r a p h i t e - l i k e  s t r u c t u r e s ,  a l t h o u g h  such compounds are u s u a l l y  not  
expected to be s t a b l e  a t  g a s i f i c a t i o n  t e m p e r a t u r e s .  

For most sa l t s  s t u d i e d ,  t h e  changes i n  t h e  esr parameters  are  l a r g e l y  i r r e -  
v e r s i b l e ,  i n d i c a t i n g  t h a t  t h e  s a l t - c a r b o n  b l a c k  complex is s t a b l e .  The g r e a t e r  
e f f e c t s  produced by t h e  a l k a l i  m e t a l  s a l t s  than  by CaO o r  A1203[1] are probably 
due to t h e  g r e a t e r  e a s e  w i t h  which carbon c a n  reduce  t h e  a l k a l i  m e t a l  c a t i o n s .  

Based on t h e  c o n c e p t s  sugges ted  above, w e  propose that  t h e  observed l i n e  
broadening r e s u l t s  from r e l a x a t i o n  e f f e c t s  that occur  i n  t h e  s a l t - c a r b o n  b lack  
complex when t h e  unpaired e l e c t r o n s  observed by esr e x p e r i e n c e  t h e  inhomogeneous 
f i e l d s  developed n e a r  t h e  s i tes  a t  which a sa l t  (e .g . ,  t h e  m e t a l  atom O K  c a t i o n  
and the  a n i o n )  i n t e r a c t s  w i t h  t h e  a romat ic  carbon s t r u c t u r e .  S ince  these  s i t e s  
a r e  nonuniformly d i s t r i b u t e d ,  t h e  unpaired e l e c t r o n s  i n  a conduct ion  band o r  in 

I r -orb ' i ta ls  e x p e r i e n c e  d i f f e r e n t  envi ronments ,  r e s u l t i n g  i n  inhomogeneous broa- 
dening o f  t h e  esr l i n e .  The observed l i n e  shape ,  which is broader  than 
Lorentz ian ,  probably r e s u l t s  from a s u p e r p o s i t i o n  of  t w o  o r  more Lorentz ian  l i n e s  
r e p r e s e n t i n g  d i f f e r e n t  envi ronments .  

1 

G a s i f i c a t i o n  E f f e c t s  
I 

G a s i f i c a t i o n  b y  e i t h e r  steam['] o r  COP o f  a s a l t - c a r b o n  b l a c k  sample r e s u l t s  

l i n e  wid th ,  a d e c r e a s e  i n  t h e  e l e c t r i c a l  c o n d u c t i v i t y ,  and a n  i n c r e a s e  i n  t h e  f r e e  
r a d i c a l  c o n c e n t r a t i o n .  T h e r e f o r e ,  it a p p e a r s  that  a s i n g l e  mechanism could 
account  f o r  t h e  changes i n  t h e  esr s p e c t r a  that occur  d u r i n g  g a s i f i c a t i o n  condi- I 
t i o n s .  

i n  t h e  same q u a l i t a t i v e  changes i n  t h e  t h r e e  esr parameters :  a d e c r e a s e  i n  t h e  I ,  

We sugges t  that steam o r  CO2 r e a c t s  wi th  t h e  sa l t -carbon complex and frag- 
ments carbon-carbon bonds o f  a r o m a t i c  r i n g s .  As a r e s u l t ,  t h e  unpai red  e l e c t r o n s  
w i l l  exper ience  a decreased  resonance  p a t h  and l e s s  i n t e r a c t i o n  w i t h  t h e  atoms o r  
ions o f  t h e  salt  that were a s s o c i a t e d  w i t h  t h e  a r o m a t i c  r i n g  b e f o r e  fragmenta- 
t i o n .  In o t h e r  words, t h e  unpai red  e l e c t r o n  will exper ience  fewer r e g i o n s  with 
inhomogeneous f i e l d s ,  and t h e r e f o r e  t h e  esr l i n e  width should d e c r e a s e .  

Also as a r e s u l t  of t h e  f r a g m e n t a t i o n  o f  t h e  a r o m a t i c  r i n g s  t h e  s t e a d y - s t a t e  
c o n c e n t r a t i o n  o f  f r e e  r a d i c a l s  w i l l  be i n c r e a s e d .  Although t h e s e  f r e e  r a d i c a l s  
a r e  probably u n s t a b l e  and w i l l  react w i t h  COP o r  polymerize to produce a more 
s t a b l e  s t r u c t u r e ,  o t h e r  r a d i c a l s  w i l l  be produced c o n t i n u o u s l y  by t h e  g a s i f i c a t i o n  
r e a c t i o n .  

The i n  s i t u  esr r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  f o r  a s a l t  t o  promote c a t a l y t i c  
g a s i f i c a t i o n ,  b o t h  t h e  c a t i o n  and a n i o n  o f  a sa l t  must i n t e r a c t  wi th  t h e  carbon 
s t r u c t u r e .  That is, swi tch ing  t o  C02 g a s i f i c a t i o n  c o n d i t i o n s  caused changes i n  



t h e  esr parameters o n l y  f o r  sa l t s  w i t h  c a t a l y t i c  a c t i v i t y ,  e - g . ,  s a l t s  w i t h  a n  
a l k a l i  meta l  c a t i o n  and a non-halide an ion .  E v i d e n t l y ,  t h e  c h a r a c t e r  o f  t h e  salt-  
carbon complex de termines  c a t a l y t i c  a c t i v i t y .  

However, t h e  changes i n  t h e  esr parameters  produced b y  thermal  e f f e c t s  d o  not  
appear  t o  c o r r e l a t e  wi th  t h e  c a t a l y t i c  a c t i v i t y  of  t h e  sa l t s .  For  example, l a r g e  
i n c r e a s e s  i n  b o t h  l i n e  wid th  and electrical  c o n d u c t i v i t y  occurred  upon h e a t i n g  
m i x t u r e s  of  carbon b l a c k  wi th  e i t h e r  o f  two s a l t s ,  K2CO3 o r  K C 1 ,  which have widely 
d i f f e r e n t  c a t a l y t i c  a c t i v i t i e s .  

TO e l u c i d a t e  t h e  mechanism of c a t a l y t i c  g a s i f i c a t i o n ,  we p l a n  t o  c o n s i d e r  t h e  
informat ion  developed by esr along wi th  t ha t  obta ined  b y  o t h e r  t e c h n i q u e s  b e i n g  
pursued i n  our  l a b o r a t o r y .  
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CONTROLLED ATMOSPHERE ELECTRON MICROSCOPY STUDY OF THE 
K2CO3 - CATALYZED GRAPHITE - H20 REACTION 

C. A. Mims, R. T. K. Baker, J. J. Ch ludz insk i ,  

Exxon Research and Eng ineer ing  Co. 
P.O. Box 45, Linden, NJ 07036 

and 

J. K. Pabst 

Exxon Research and Eng ineer ing  Co. 
P.O. Box 4255, Baytown, TX 77520 

Cont ro l  l e d  atmosphere e l e c t r o n  microscopy has p rov ided  unique 
i n s i g h t  i n t o  t h e  d e t a i l s  o f  t h e  mode o f  c a t a l y t i c  a t t a c k  o f  carbons by 
r e a c t i v e  gases (1). Many o f  t h e  systems i n v e s t i g a t e d  show g r a p h i t e  
g a s i f i c a t i o n  t o  occur a t  t h e  i n t e r f a c e s  between d i s c r e t e  c a t a l y s t  p a r t i c l e s  
and edges o f  t h e  g r a p h i t e  l a y e r  planes. 
t h e  fo rma t ion  o f  channels th rough t h e  g r a p h i t e  sheets. 
Mo ( 2 ) )  d i s p l a y  inc reased tendency t o  wet t h e  r e a c t i v e  g r a p h i t e  su r face  and 
t h e r e f o r e  e x h i b i t  a s t ronger  i n t e r a c t i o n .  

o f  carbon and have been e x t e n s i v e l y  s tud ied .  Several  i n v e s t i g a t o r s  have 
p rov ided  evidence t h a t  potassium s a l t s  r e a c t  r e a d i l y  w i t h  t h e  carbon subs t ra te  
t o  form sur face  s a l t  complexes (3).  We undertook t h i s  s tudy  i n  p a r t  t o  see i f  
t h e  morphology o f  K2CO3 - ca ta l yzed  a t t a c k  would r e f l e c t  t h i s  s t r o n g  su r face  
bonding. 

EXPERIMENTAL METHOD 

Graph i te  i s  removed i n  these cases by 
Some c a t a l y s t s  (e.g. 

A l k a l i  s a l t s  a r e  perhaps t h e  bes t  known c a t a l y s t s  f o r  g a s i f i c a t i o n  

A l l  exper iments were performed i n  t h e  c o n t r o l l e d  atmosphere 
microscope (4). 
hea t ing  stages and impregnated by a f i n e  m i s t  o f  0.1% K2C03 s o l u t i o n .  Water 
vapor was admi t ted  t o  t h e  c o n t r o l l e d  atmosphere c e l l  f rom a wet argon 
stream. The behav io r  was mon i to red  as t h e  sample was taken by steps th rough 
hea t ing  and c o o l i n g  cyc les  t o  temperatures as h i g h  as 800°C. 
temperatures than t h i s  were avoided t o  min imize  t h e  amount o f  c a t a l y s t  
vapor i za t i on .  Several  success fu l  runs  on d i f f e r e n t  samples make up t h e  data 
base. 

Pure, t h i n  specimens o f  Ticonderoga g r a p h i t e  were mounted on 

Higher 
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RESULTS 

I n i t i a l  hea t ing  c y c l e  i n  H30 

We paused f o r  s u f f i c i e n t  t i m e  (15 min)  a t  each tempera ture  du r ing  
t h e  i n i t i a l  hea t ing  program t o  d e t e c t  s low changes i n  t h e  specimen and 
c a t a l y s t  morphology. 
t h e  ga the r ing  o f  p a r t i c l e s  o f  K2C0 on t h e  edge o f  t h e  specimen (see F igu re  
l a ) .  The p a r t i c l e s  g e n e r a l l y  had T i q u i d - l i k e  shapes w i t h  con tac t  angles 
suges t i ve  o f  a t t r a c t i v e  ( w e t t i n g )  i n t e r a c t i o n .  When t h e  tempera ture  was 
r a i s e d  above 550°C t h e  p a r t i c l e s  s low ly ,  o r  more r a p i d l y  a t  h ighe r  
temperature,  d isappeared from t h e  g r a p h i t e  edge. The sequence o f  photographs 
i n  F igu re  1 shows t h i s  occur rence over t h e  span o f  approx imate ly  2 minutes a t  
670OC. 
was shown by t h e  subsequent g a s i f i c a t i o n  behav io r  o f  t h e  g raph i te .  There fore  
we b e l i e v e  t h a t  t h e  disappearance o f  t h e  p a r t i c l e s  r e f l e c t s  spreading o f  t he  
s a l t  t o  a t h i n  f i l m  on t h e  g r a p h i t e  su r face  r a t h e r  than evapora t ion .  

Up t o  tempera tures  o f  550°C t h e  on ly  change n o t i c e d  was 

That c a t a l y s t  remained on t h e  specimen a f t e r  t h e  p a r t i c l e s  disappeared 

Onset o f  g a s i f i c a t i o n  

Almost s imu l taneous ly  w i t h  t h e  disappearance o f  t h e  c a t a l y s t  
p a r t i c l e s ,  a t t a c k  o f  t h e  edges o f  t h e  g r a p h i t e  specimen became ev iden t .  
edges began reced ing  a t  many p laces  a long  t h e  e n t i r e  edge, a t  f i r s t  showing as 
a s e r i e s  o f  i r r e g u l a r  notches. Soon t h e  notches took  on a hexagona l ly  
f a c e t t e d  appearance (see F igu re  2). 
t o o  slow t o  be r e a d i l y  apparent i n  r e a l  t i m e  bu t  inc reased w i t h  i n c r e a s i n g  
temperature.  The r a t e s  were much f a s t e r  than t h e  uncata lyzed r a t e  a t  t h e  same 
cond i t i ons ,  r e f l e c t i n g  t h e  f a c t  t h a t  c a t a l y s t  had remained on t h e  sample. The 
edge recess ion  e v e n t u a l l y  i n v o l v e d  t h e  e n t i r e  specimen edge w i t h  hexagonal 
f a c e t i n g  th roughout .  

We analyzed f i l m s  o f  t h e  exper imenta l  runs t o  d e r i v e  r a t e s  o f  edge 
recession. React ive  edges e x h i b i t  a rep roduc ib le  and c h a r a c t e r i s t i c  recess ion  
r a t e  which i s  general  f o r  a l l  f e a t u r e s  on a g i ven  sample. These r a t e s  f o r  one 
run  a re  p l o t t e d  i n  F igu re  3. Data a re  shown f o r  bo th  i nc reas ing  temperature 
sequence and decreasing tempera ture  sequence. We observed no h y s t e r e s i s  i n  
t h e  ra tes  f o r  a complete c y c l e  o f  temperature.  

D I SCUSS I ON 

The 

The r a t e  o f  edge recess ion  a t  550°C was 

The morphology o f  t h e  K2CO3 c a t a l y s t  d u r i n g  g a s i f i c a t i o n  i s  s t r i k i n g  
c o n f i r m a t i o n  o f  s t rong  i n t e r a c t i o n  betwen t h e  c a t a l y s t  and t h e  edges o f  t h e  
g r a p h i t e  l a t t i c e .  The i n t e r f a c i a l  bonding i s  s t r o n g  enough t o  compete w i t h  
t h e  cohesive bonding w i t h i n  t h e  b u l k  s a l t  and e f f e c t i v e l y  d i spe rse  t h e  
c a t a l y s t  a long t h e  a c t i v e  edge. 
analogs have been i d e n t i f i e d  on l e s s  ordered carbons impregnated w i t h  a l k a l i  
c a t a l y s t s  and quenched from g a s i f i c a t i o n  c o n d i t i o n s  (3c) .  These su r face  s a l t s  
a r e  though t o  be respons ib le  f o r  t h e  h i g h  d i s p e r s i o n  o f  a l k a l i  c a t a l y s t s  on 
carbons such as coal  char  and a l s o  e x p l a i n  t h e  r e p r o d u c i b i l i t y  o f  t h e  
c a t a l y t i c  e f f e c t  o f  potassium s a l t s  on these m a t e r i a l s .  

Sur face  s a l t s  groups such as phenoxide 
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Hexagonal f a c e t i n g  of t he  g a s i f y i n g  g r a p h i t e  edge r e f l e c t s  a 
p r e f e r e n t i a l  r e a c t i o n  o f  one c r y s t a l l o g r a p h i c  o r i e n t a t i o n  over  another.  J. M. 
Thomas e x p l o i t e d  t h i s  f e a t u r e  very e l e g a n t l y  i n  o p t i c a l  microscopy (5).  
face ts  i n  t h i s  s tudy  a re  a l i g n e d  p a r a l l e l  t o  t h e  <1120> se t  of c r y s t a l  
d i r e c t i o n s .  
w i t h  respec t  t o  t w i n  bands a long t h e  <1010> d i r e c t i o n  which a r e  u s u a l l y  
Present i n  g r a p h i t e  specimens. 
The K2CO3 ca ta l yzed  r e a c t i o n  thus  exposes t h e  " z i g  zag" p r e s e n t a t i o n  
Of t h e  surface. T h i s  o r i e n t a t i o n  must be l e s s  r e a c t i v e  than  o t h e r  
o r i e n t a t i o n s ,  f o r  example t h e  "a rmcha i r "  o r  - 
conf igu ra t i on .  Th is  i s  perhaps no t  s u r p r i s i n g  
presents  one uncondensed carbon atom pe r  r i n g  exposed a t  t h e  edge whereas t h e  
<1010> o r i e n t a t i o n  presents  two uncondensed carbons toge the r .  
might a p r i o r i  be expected t o  be the  more r e a c t i v e  and would e x p l a i n  t h e  
r e s u l t s  ob ta ined here. 
p i t s  i n  t h e  graph i te -02  r e a c t i o n  on r e a c t i o n  cond i t i ons .  

The a c t i v a t i o n  energy de r i ved  f rom t h e  edge recess ion  data (35 
k c a l h o l )  i s  lower than t h a t  observed by McKee and C h a t t e r j i  f o r  K2C03,0n 
g r a p h i t e  (52.2 kcal /mol (6 ) ) .  D i r e c t  comparison i s  d i f f i c u l t  because i n  
n e i t h e r  study i s  t h e  reac tan t  gas compos i t ion  ( p a r t i c u l a r l y  t h e  H2 p a r t i a l  
p ressure)  we1 1 charac ter ized .  Furthermore very  d i f f e r e n t  p ressures  were used 
i n  t h e  two s tud ies .  

CONCLUSIONS 

The 

Th is  can be determined by n o t i n g  t h e  o r i e n t a t i o n  o f  t h e  f a c e t s  

One such t w i n  boundary appears i n  F igu re  2. 

The l a t t e r  

Thomas d i d  see a dependence o f  t h e  o r i e n t a t i o n  o f  e t c h  

We have seen mic roscop ic  evidence o f  s t r o n g  i n t e r a c t i o n  between 
potassium c a t a l y s t  and t h e  r e a c t i v e  edges o f  g raph i te .  
thought  t o  be d r i v e n  by t h e  fo rma t ion  o f  su r face  s a l t  bonds. The spreading o f  
t h e  c a t a l y s t  which r e s u l t s  from t h i s  s t r o n g  i n t e r a c t i o n  p rov ides  h i g h  
d i s p e r s i o n  and e f f i c i e n t  use o f  t h e  c a t a l y s t .  The hexagonal f a c e t t i n g  
p rov ides  a d d i t i o n a l  i n s i g h t  i n t o  t h e  r e a c t i v i t y  o f  proposed su r face  ensembles. 

Th is  i n t e r a c t i o n  i s  
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Figure 3. Arrhenius plot o f  catalyzed edge recession rates  measured on a 
s ingle  graphite sample. 
Data for ascending and descending temperature sequence are  shown a t  
several temperatures 

Data points a re  the average o f  many features. 
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Low TEMPERATURE METHANE PRODUCTION BY THE CATALYZED REACTION OF 

GRAPHITE AND WATER VAPOR 

F.DelannY, 2. T Tysoe, G .  Yee, R .  Casanova, H .  ileineman and G' 

M a t e r i a l s  6 Molecular  Research D i v i s i o n  
Lawrence Berkeley Labora tory  

and 
Department of Chemistry 
U n i v e r s i t y  of C a l i f o r n i a  

Berkeley,  C a l i f o r n i a  94720 

The g a s i f i c a t i o n  of carbon ( c o a l )  by r e a c t i o n  w i t h  w a t e r  vapor  is u s u a l l y  con- 
ducted a t  a temperature  h i g h e r  than  1200K. 
v a t i o n  energy of t h e  Order of  50 kcal /mole.  
a l k a l i  meta ls ,  e s p e c i a l l y  potassium [1,2]. 
products  are CO and Hg, accord ing  t o  t h e  r e a c t i o n  

This r e a c t i o n  e x h i b i t s  an apparent  a c t i -  
I t  is c a t a l y z e d  by v a r i o u s  s a l t s  o f  

A t  t h e s e  h i g h  tempera tures ,  t h e  main 

C + H20 ----> H2 + CO 

The s imul taneous  product ion  of CH4 has a l s o  been r e p o r t e d  131 e s p e c i a l l y  when t h e  
r e a c t i o n  temperature  is lowered.  The r e l a t i v e l y  h i g h  tempera ture  would, however, 
f a c i l i t a t e  t h e  decomposi t ion of most hydrocarbons t h a t  could  have been produced.  

Our r e s e a r c h  is focussed  on f i n d i n g  s u i t a b l e  c a t a l y s t s  f o r  t h e  low tempera ture  
product ion  of low molecular  weight  hydrocarbons from t h e  r e a c t i o n  of carbon ( c o a l )  
w i t h  water vapor. 
carbonate  and s e v e r a l  o t h e r  a l k a l i  metal hydroxides  c a t a l y z e  t h e  product ion  of methane 
i n  t h e  temperature  range from 500 t o  600K w i t h  an apparent  a c t i v a t i o n  energy of about 
11 kcal /mole [41. 
t i o n ,  t h i s  s tudy  has  been extended by 

It has  been r e p o r t e d  r e c e n t l y  t h a t  po tass ium hydroxide ,  potassium 

In Order t o  g a i n  more i n s i g h t  i n t o  t h e  mechanism of t h i s  produc- 

i) us ing  two d i f f e r e n t  r e a c t o r s  t o  accomodate e i t h e r  g r a p h i t e  s i n g l e  c r y s t a l s  
O r  g r a p h i t e  powder, 

ii) extending  t h e  tempera ture  range up t o  1075K, 

iii) vary ing  of t h e  r e a c t o r  vapor  p r e s s u r e ,  and 

i v )  i n v e s t i g a t i n g  o t h e r  c a t a l y s t s :  calcium o x i d e  and t r a n s i t i o n  metals. 

Graphi te  s i n g l e  c r y s t a l s  were obta ined  by c leavage  from a l a r g e r  p i e c e  of h i g h l y  
o r i e n t e d  p y r o l y t i c  g r a p h i t e  (HOPG) from Union Carbide  C o r p o r a t i o n .  
on t h e  manipula tor  of  a UHV system, in f i r m  c o n t a c t  w i t h  a gold f o i l  t h a t  could  be 
hea ted  r e s i s t i v e l y .  
s p u t t e r  c l e a n i n g  and mass spectrometry.  
p r e s s u r e  c e l l  where i t  was exposed t o  w a t e r  vapor and/or  o t h e r  g a s e s  f o r  chemical  
r e a c t i o n .  The products  were ana lyzed  by g a s  chromatography. 
been d e s c r i b e d  i n  more d e t a i l  e l sewhere  [4]. 

They were mounted 

The sample was a c c e s s i b l e  t o  s u r f a c e  a n a l y s i s  by AES, XPS, ion 
It could  a l s o  be i s o l a t e d  w i t h i n  a h i g h  

T h i s  a p p a r a t u s  has  

*On l e a v e  from t h e  Groupe d e  Physicachimie Minera le  e t  de C a t a l y s e ,  U n i v e r s i t e  
Cathol ique  d e  Lauvoin, Belgium. 
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Pure g r a p h i t e  powders were r e a c t e d  w i t h  w a t e r  i n  a f i x e d  bed r e a c t o r  made of a 
q u a r t z  tube 4 min. I D  c o n t a i n i n g  about  0.4 g of sample f i x e d  between two g l a s s  wool 
p lugs .  A c a r r i e r  gas  ( u s u a l l y  n i t r o g e n )  was s a t u r a t e d  w i t h  water  vapor by bubbling 
through a water  c o n t a i n e r  where t h e  tempera ture  could  be a d j u s t e d  from 30°C t o  95°C 
i n  o r d e r  t o  vary  t h e  water vapor  p r e s s u r e .  The f low r a t e  could be v a r i e d  between 
4 and 20 ml/min. A t  t h e  o u t l e t  of t h e  r e a c t o r ,  t h e  water vapor was condensed i n  a 
copper c o i l  main ta ined  a t  t h e  m e l t i n g  ice tempera ture .  Care was taken to avoid the  
condensat ion of water  i n  o t h e r  p a r t s  of t h e  a p p a r a t u s .  The products  were analyzed 
by gas chromatography. 

The potassium hydroxide c a t a l y z e d  r e a c t i o n  was s t u d i e d  from 525  t o  1075K under 
a water  vapor  p r e s s u r e  ranging  from 20 t o  600 t o r r .  The product ion  of methane exhi-  
b i t e d  t h e  same apparent  a c t i v a t i o n  energy  of  about  12 kcal /mole w i t h i n  t h e  whole tem- 
p e r a t u r e  range. T h i s  s u g g e s t s  t h a t  t h e  c a t a l y t i c  mechanism involved  remains the same 
a t  high temperature  and has  no r e l a t i o n  t o  t h e  ( s imul taneous ly  o c c u r r i n g )  reac t ion  
( 1 ) .  The methane product ion  appeared  a l s o  t o  he f i r s t  o r d e r  wi th  r e s p e c t  t o  the water  
vapor p r e s s u r e .  

Calcium oxide  was a l s o  t r i e d  as c a t a l y s t  i n  t h e  temperature  range 623-873K [ 5 ] .  
S i n g l e  c r y s t a l  g r a p h i t e  samples  were impregnated w i t h  1M s o l u t i o n  of C a ( N 0 3 ) ~  and 
d r i e d  i n  a i r .  CaO was obta ined  from t h e  decomposi t ion of C a ( N 0 3 ) ~  a t  t h e  temperature  
of t h e  r e a c t i o n .  No methane was d e t e c t e d  when t h e  sample was exposed only  t o  22 t o r r  
of H20 and 730 t o r r  of hel ium. XPS a n a l y s i s  showed, however, t h e  appearance of a new 
peak a t  a b inding  energy of 290 e V .  Methane was r e a d i l y  d e t e c t e d  when t h e  sample was 
subsequent ly  exposed t o  1 atm Hp a t  t h e  same tempera ture .  The i n t e n s i t y  of the peak 
a t  290 e V  decreased s i m u l t a n e o u s l y  w i t h  i n c r e a s i n g  t i m e  of r e a c t i o n  w i t h  hydrogen. 
We t e n t a t i v e l y  a t t r i b u t e  t h i s  peak t o  a new form of a c t i v e  carbon t h a t  is hydrogenated 
t o  CH4 by H 2 .  
sample i n  a mixture  of 22 t o r r  of  H20 and 32 t o r r  of  H2. 
e n t  a c t i v a t i o n  energy  of 16.3 kca l /mole  and e x h i b i t e d  a f i r s t  o r d e r  dependence on 
t h e  hydrogen p r e s s u r e .  

A s t e a d y  r a t e  of p r o d u c t i o n  of  methane was obta ined  when r e a c t i n g  t h e  
This r e a c t i o n  had an appar- 

A l k a l i  and calcium c a t a l y s t s  d o  n o t  produce o r g a n i c  molecules  o t h e r  than  methane 
under o u r  exper imenta l  c o n d i t i o n s .  s t u d i e s  are now i n  progress  t o  de termine  if the 
combination of t h e s e  c a t a l y s t s  w i t h  t r a n s i t i o n  meta l  compounds could be u t i l i z e d  t o  
produce h i g h e r  molecular  weight  hydrocarhons.  

T h i s  work is suppor ted  by t h e  D i r e c t o r ,  O f f i c e  of Energy Research,  O f f i c e  of 
Bas ic  Energy S c i e n c e s ,  Mater ia l s /Chemica l  " c i e n c e s  D i v i s i o n  of t h e  U.S. Department 
of Energy under Cont rac t  DE-AC03-76SF00098. 
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CHARACTERIZATION OF COAL MACERALS ON THE BASIS OF THEIR FLUORESCENT SPECTRA 

John C. Crelling" and David F. Bensley** 

"Department of Geology, Southern Illinois University at Carbondale, Carbondale, 
Illinois, 62901 
**Coal Research Section, The Pennsylvania State University, University Park, 
Pennsylvania, 16802 

INTRODUCTION 

One of the major problems of coal science is that very little is known about 
the basic properties of the various macerals that make up coal. Two of the main 
reasons for this lack of knowledge about the properties of coal macerals is that 
they are extremely difficult to separate from coal and that they are non-crys- 
talline organic compounds and, therefore, not good subjects to analyze with such 
standard methods as x-ray diffraction or electron-microprobe analysis. 
the most successful characterization of coal macerals to date has been by petro- 
graphic methods, in which the individual macerals do not have to be separated. In 
the steel industry, for example, petrographic techniques have proven so successful 
in allowing the prediction of the coking properties of coal that most major steel 
companies have now established petrographic laboratories. Another petrographic 
technique that has only recently been applied to coal analysis is qualitative and 
quantitative fluorescence microscopy. With this technique, the visible fluorescent 
light excited from the macerals reveals shapes, textures and colors not visible in 
normal white-light viewing. The technique also yields quantitative spectra that 
are characteristic of both the individual maceral type and the rank of the coal. 
It is now also well esrablished that all of the liptinite macerals (derived from 
the resinous and waxy parts of plants) and some of the vitrinite macerals will 
fluoresce, and that some recently discovered liptinite macerals can only be 
identified by their fluorescence properties. Some of the first measurements of 
the absolute intensity of fluorescence of coal macerals at specific wavelengths 
were made by Jacob (1,Z). 
of modern plant materials, peats and coals have been reported by van Gijzel (3,4,5) 
Teichmuller (6,7,8) described three new members of the liptinite group of macerals 
in part by demonstrating their distinctive spectral properties. Ottenjann, 
Teichmuller and Wolf (9) illustrated the correlation of changes in fluorescence 
spectra of sporinite with rank, and Crelling and others (10) and Crelling (11) 
have demonstrated the use of fluorescence spectra to discriminate macerals. In 
addition, Ottenjann, Wolf, and Wolff-Fischer (12) have been able to relate the 
fluorescence spectra of vitrinite macerals to the technological properties of 
coal. 
in the study of liptinite and vitrinite macerals. 

Some of 

Relative intensity measurements of fluorescent spectra 

These studies have shown the potential of using fluorescence measurements 

EQUIPMENT AND METHODS 

The fluorescence microscopy system used in the SIUC Coal Characterization 
Laboratory is a Leitz MPV I1 reflectance microscope which is fitted with a 100 
watt mercury arc lamp, a Ploem illuminator and a Leitz oil immersion 40X objective 
with a 1.3 numerical aperture. For spectral measurements the light from the 
mercury arc passes through a UG1 ultra-violet filter to a TK400 dichroic mirror 
which reflects light less than 400 nm to the sample. The fluorescent light excited 
from the sample is passed through a 430 nm barrier filter to a motorized inter- 
ference wedge in front of the photometer. The interference wedge controls the 
wavelength of the fluorescent light hitting the photometer so that the intensity 
variations from 430 to 700 nm can be scanned and recorded in about 40 seconds. 
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The s p e c t r a l  d a t a  are then  f e d  i n t o  a computer from t h e  microscope system and 
d i g i t i z e d ,  c o r r e c t e d  and ana lyzed .  Each spectrum is c o r r e c t e d  f o r  t h e  e f f e c t s  of 
background f l u o r e s c e n c e  and f o r  t h e  e f f e c t s  of  t h e  microscope system, e s p e c i a l l y  
t h e  s e n s i t i v i t y  of t h e  p h o t o - m u l t i p l i e r  tube ,  fo l lowing  c o r r e c t i o n  procedures  
descr ibed  by van G i j z e l  ( 1 3 ) .  For  comparison t h e  v a r i o u s  s p e c t r a  a r e  normalized 
and reduced t o  a number of  p a r a m e t e r s  such  as: 1) t h e  wavelength of  maximum 
i n t e n s i t y  peak (Xmax); 2 )  t h e  r e d / g r e e n  q u o t i e n t  (Q) where Q = r e l a t i v e  i n t e n s i t y  
a t  650 n m / r e l a t i v e  i n t e n s i t y  a t  500 nm; 3 )  t h e  a r e a  below Xmax; 4 )  t h e  area above 
Xmax; 5 )  a r e a  b l u e  ( 4 3 0  t o  500  nm); 6 )  a r e a  green  (500  t o  570 nm); 7 )  a r e a  yellow 
(570  t o  630 nm); and 8) area r e d  (630  t o  700 nm). 

RESULTS AND DISCUSSION 

In c o a l s  of t h e  I l l i n o i s  Bas in ,  s t a n d a r d  w h i t e - l i g h t  p e t r o g r a p h i c  methods 
g e n e r a l l y  r e v e a l  t h r e e  t y p e s  of  l i p t i n i t e  macera ls ,  r e s i n i t e ,  s p o r i n i t e  and 
c u t i n i t e .  These  macera ls  are i d e n t i f i e d  on t h e  b a s i s  of t h e i r  p e t r o g r a p h i c  pro- 
p e r t i e s  such as  r e f l e c t a n c e ,  s i z e ,  shape and t e x t u r e .  When q u a l i t a t i v e  f l u o -  
rescence  a n a l y s i s  i s  used ,  t h e  f l u o r e s c e n c e  c o l o r s  and i n t e n s i t y  commonly r e v e a l  
an a d d i t i o n a l  macera l ,  f l u o r i n i t e .  When f l u o r e s c e n c e  s p e c t r a l  a n a l y s i s  i s  used, 
t h e  s p e c t r a l  d a t a  d i s t i n g u i s h  t h e s e  f o u r  t y p e s  of  l i p t i n i t e  macerals p l u s  addi-  
t i o n a l  v a r i e t i e s  of r e s i n i t e ,  s p o r i n i t e  and c u t i n i t e .  Also ,  a l t e r e d  or weathered 
v a r i e t i e s  of t h e s e  macerals c a n  be  d i s t i n g u i s h e d  i n  some c o a l s .  For example, 
s p e c t r a l  a n a l y s i s  of t h e  v a r i o u s  l i p t i n i t e  macerals i n  samples of t h e  Herr in  (No. 
6 )  coal  seam w i t h  a r e f l e c t a n c e  of  0.65% ( i n  o i l  a t  546 nm) showed d i s t i n c t i v e  
s p e c t r a  f o r  t h e  macerals f l u o r i n i t e ,  r e s i n i t e ,  s p o r i n i t e  and c u t i n i t e .  I n  t h i s  I 

c a s e ,  t h e  s p e c t r a  were a s s i g n e d  t o  maceral  g roups  on t h e  b a s i s  of t h e  pe t rographic  
i d e n t i f i c a t i o n  of macera ls  f rom which t h e  s p e c t r a  were obta ined .  When t h e  groups 
of s p e c t r a l  d a t a  f o r  each  m a c e r a l  type  were s u b j e c t e d  t o  d i s c r i m i n a n t  f u n c t i o n  1 

a n a l y s i s  of t h e  e i g h t  d i f f e r e n t  parameters  f o r  each spec t rum,  t h e  maceral  types  
w e r e  w e l l  s e p a r a t e d .  From t h i s  a n a l y s i s  it w a s  e a s i l y  seen  t h a t  t h e r e  were two I 

d i f f e r e n t  groups  of r e s i n i t e  macera ls .  
s p e c t r a l  parameters  of t h e  macerals revea led  two v a r i e t i e s  of t h e  r e s i n i t e  maceral 

average s p e c t r a  of t h e  v a r i o u s  macera l  t y p e s  d i s t i n g u i s h e d  by t h e  d i s c r i m i n a n t  
f u n c t i o n  a n a l y s i s  are p l o t t e d  i n  F i g u r e  1. The combined r e s u l t s  of  maceral 
a n a l y s e s  i n  b o t h  w h i t e - l i g h t  and  f l u o r e s c e n t  l i g h t  as w e l l  a s  t h e  r e f l e c t a n c e  
v a l u e  for t h e  H e r r i n  (No. 6 )  c o a l  a r e  g iven  i n  Table  1. 

Thus, t h e  s ta t i s t ica l  a n a l y s i s  of t h e  
I 

group t h a t  could  n o t  b e  r e a d i l y  d i s t i n g u i s h e d  by normal p e t r o g r a p h i c  means. The I '  

Table  1. 

RESULTS OF COMBINED WHITE-LIGHT 
AND FLUORESCENT LIGHT PETROGRAPHIC ANALYSES 

Coal  Seam H e r r i n  (No. 6)  B r a z i l  Block 

Ref lec tance  ( i n  o i l  

V i t r i n i t e  
P s e u d o v i t r i n i t e  
F l u o r i n i t e  
R e s i n i  t e  
S p o r i n i t e  
C u t i n i t e  
Amorphous L i p t i n i t e  
Semi- fus in i te  
F u s i n i  t e  
M i c r i n i  t e 

a t  546 nm) 0.65  
6 5 . 1  
19 .8  

0 .3 
0.1 
3.0 
0.4 
1.8 
5.7 
2 . 1  
1 .7  

0 .58  
56.3 

8.7 
0.2 
0.7 

1 4 . 1  
2 .0  
4 .2  
4 .9  
3.4 
5.5 

Hiawatha 

0.52 
73.7 

7 . 8  
0 
6 .9  
0.5 
0.8 
1.0 
4 .2  
1 .3  
3.8 
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In a study on the fluorescence properties of the Brazil Block seam, a some- 
what different approach was used. 
were taken on all fluorescing liptinite macerals. 
which the spectra were taken were not identified at that time, photomicrographs 
in both normal white-light and fluorescent light were taken for documentation. 
The spectral parameters for each spectrum were calculated and these data were 
subjected to cluster analysis to generate groupings of spectra on the basis of the 
spectral parameters. When these groups were identified they were subjected to 
discriminant function analysis to test degree to which the groups could be sepa- 
rated on the basis of their spectral parameters. It was found that seven groups 
could be distinguished. 
seam are given in Table 1 and $he average spectral parameters for each group are 
given in Table 2. When the macerals from which the spectra were taken were 
identified from the photomicrographs, it was found that each group corresponded to 
a separate maceral type or a variety of a maceral type. 
fluorinite, one type of resinite, three types of sporinite and two types of 
cutinite. While this correspondence of  maceral types and varieties to statistical 
groupings of spectral data was not unexpected, it is further confirmation that the 
spectral parameters of macerals are unique to maceral type and variety. 

In this case, about a hundred individual spectra 
Although the macerals from 

The basic petrographic data for the Brazil Block coal 

There was one type of 

Table 2. 

SPECTRAL PARAMETERS OF AVERAGE SPECTRA 
OF THE BRAZIL BLOCK COAL SEAM 

Parameter 

Peak (nm) 
Red/Green Quotient 
Area Blue ( X )  
Area Green ( X )  
Area Yellow ( X )  
Area Red ( X )  
Area Left of Peak ( X )  
Area Right of Peak ( X )  

Sporinite 
Fluorinite Resinite I I1 I11 

480 520 550 590 690 

37 19 16 14 13 
38 43 36 34 31 
15 23 25 28 26 
10 15 23 24 30 
21 33 40 53 93 
79 67 60 47 7 

0.32 0.58 0.85 1.00 1.22 

Cutinite 
I I1 

610 650 

12 7 
32 29 
28 29 
28 35 
59 60 
41 40 

1.47 2.27 

An interesting result of this analysis is that one of the sporinite varieties 
and one of the cutinite varieties distinguished by statistical means showed 
petrographic evidence of alteration (weathering). Because the coal sample itself 
was collected from a fresh exposure at an active mine, it appears as if the 
weathered maceral varieties were weathered before they were incorporated into the 
peat that was later coalified. 

The results of these two studies show that fluorescence spectral analysis can 
distinguish on a quantitative basis the various types of liptinite macerals and, 
indeed, even varieties of each type. That the various spectra are unique to the 
individual macerals is further indicated by the recurrent order of the spectral 
parameters, especially the wavelength of maximum intensity (Xmax) and the red/ 
green quotient in any given coal. 
(No. 6) seam and in Table 2 for the Brazil Block seam the order of the maceral 
types on the basis of increasing Xmax and Q is fluorinite, resinite, sporinite and 
cutinite. It should be noted, however, that as the rank of coal increases, all of 
the spectral peaks shift toward longer wavelengths and diminish in intensity and 
are thus difficult or impossible to distinguish from each other. 
the macerals has a similar effect. 

For example, as shown in Figure 1 for the Herrin 

Weathering of 



However, even when m a c e r a l s  have been a l t e r e d  by i n c r e a s e s  i n  rank ,  o r  Weathering, 
o r  o t h e r  p r o c e s s e s ,  f l u o r e s c e n c e  microscopy c a n  sometimes s t i l l  be q u i t e  u s e f u l  i n  
c h a r a c t e r i z i n g  c o a l  macera ls .  F o r  example, i n  some c o a l  seams i n  t h e  wes tern  U.S. 
t h e r e  i s  a n  abundance of  r e s i n i t e .  I n  f a c t ,  t h e  r e s i n i t e  i s  be ing  e x t r a c t e d  from 
some of t h e s e  c o a l s  and commercial ly  e x p l o i t e d  as  a chemical  raw material. I n  
t h e s e  seams t h e  r e s i n i t e  most o f t e n  o c c u r s  as  a secondary material ,  f i l l i n g  
f i s s u r e s  and v o i d s  i n  t h e  c o a l .  Numerous f l o w  t e x t u r e s ,  i n c l u s i o n s  of c o a l  i n  
res ini te  v e i n l e t s ,  and i n t r u s i v e  r e l a t i o n s h i p s  throughout  c o a l  seams i n d i c a t e  t h a t  
the r e s i n i t e  was mobi l ized  a t  s o m e  p o i n t  i n  i t s  h i s t o r y .  These secondary r e s i n i t e s  
are o f t e n  d i f f i c u l t  t o  d e t e c t  i n  normal w h i t e - l i g h t  viewing,  however, they a l l  tend 
t o  f l u o r e s c e  s t r o n g l y  i n  a v a r i e t y  of c o l o r s  and a r e  t h e r e f o r e ,  q u i t e  amenable t o  
f l u o r e s c e n c e  a n a l y s i s .  
f o u r  t y p e s  of secondary  r e s i n i t e s ,  each wi th  a d i f f e r e n t  f l u o r e s c e n c e  c o l o r  -- green,  
yel low,  orange ,  red-brown -- a r e  seen .  Each t y p e  h a s  a s p e c t r a  t h a t  i s  d i s t i n c t i v e  
and the  v a r i o u s  t y p e s  can  a l s o  b e  s t a t i s t i c a l l y  s e p a r a t e d  on t h e  b a s i s  of t h e i r  
s p e c t r a l  parameters .  The a v e r a g e  s p e c t r a  of  t h e  f o u r  r e s i n i t e  t y p e s  are shown i n  
F igure  2 and t h e  b a s i c  p e t r o g r a p h i c  a n a l y s i s  of  t h e  sample from t h e  Hiawatha seam 
i s  given i n  Table  1. 
t h e  v a r i o u s  t y p e s  of secondary  r e s i n i t e  i s  w i t h  f l u o r e s c e n c e  microscopy. Work is 
now underway t o  s e p a r a t e  t h e s e  v a r i o u s  r e s i n i t e  t y p e s  and chemica l ly  c h a r a c t e r i z e  
them. 

When samples  of  t h e  Hiawatha seam from Utah a r e  so  examined, 

It should  b e  noted t h a t  a t  t h i s  t ime t h e  only  way t o  d i s t i g u i s h  

SUMMARY 

Although t h e  c h a r a c t e r i z a t i o n  of c o a l  macerals on t h e  b a s i s  of t h e i r  f l u o -  
rescence  s p e c t r a l  i s  a r e c e n t  i n n o v a t i o n ,  i t  h a s  a l r e a d y  proven t o  be an e x c e l l e n t  
f i n g e r p r i n t i n g  t o o l  f o r  t h e  v a r i o u s  macerals .  I n  some c a s e s ,  it is  even more 
s e n s i t i v e  t h a n  normal p e t r o g r a p h i c  a n a l y s i s .  The i n i t i a l  r e s u l t s  of f l u o r e s c e n c e  
s p e c t r a l  s t u d i e s  show t h a t  t h e  v a r i o u s  f l u o r e s c e n t  macera ls  i n  s i n g l e  c o a l s  can be 
s t a t i s t i c a l l y  s e p a r a t e d  on t h e  b a s i s  o f  t h e i r  s p e c t r a l  parameters  and t h a t  even 
v a r i e t i e s  of one t y p e  of macera l  c a n  be s o  s e p a r a t e d .  
a t  t h i s  t i m e  are r a t h e r  broad and n o t  s u i t a b l e  f o r  chemical  s t r u c t u r e  a n a l y s i s ,  t h e  
p o t e n t i a l  f o r  s t r u c t u r a l  a n a l y s i s  e x i s t  and may be r e a l i z e d  w i t h  improvements i n  
ins t rumknta t  ion .  

Although t h e  s p e c t r a  obta ined  
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Figure 1. Average fluorescence spectrum for VariouD rna~era18 in rhe Herrin (No. 6 )  coal  seam: 
I )  fluorinite: 2 )  low-peaking r e s i n i r e :  3 )  high-peaking re8 in i t e ;  4) sporinice:  
5 )  c u c i n i t e .  V i f r i n i f e  reflectance of the seam 1s 0.652. 
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Figure 2 .  Avernpr fluorescence spectra  o f  resinlte mnrernls i n  the Hlawntha Seam. 
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I n t r o d u c t i o n  

p a r t i c l e s .  
potass ium bromide d i s k s  (1) or  s l u r r y i n g  them i n  a hydrocarbon o i l  such as N u j o l  
(2) .  
and o t h e r  macerals which a r e  d e r i v e d  f rom d i f f e r e n t  p l a n t s  (such as t r e e s ,  bushes, 
and grasses) and from v a r i o u s  p a r t s  o f  each p l a n t  (such as t runks ,  stems, r o o t s ,  
leaves,  e t c ) .  In a d d i t i o n ,  i n o r g a n i c  substances o f  va r ious  t ypes  and degrees o f  
d i s p e r s i o n  a re  g e n e r a l l y  mixed i n .  
v a r i o u s  o rgan ic  p l a n t  remnants a r e  l i k e l y  t o  have d i f f e r e n t  phys icochemical  
c h a r a c t e r i s t i c s ;  however, because o f  t h e  i n t i m a t e  m i x i n g  o f  these subcomponents, 
which u s u a l l y  occurs on a m ic roscop ic  sca le ,  i t  i s  d i f f i c u l t  t o  separa te l y  
c h a r a c t e r i z e  the  d i f f e r e n t  maceral components. I n  p a r t i c u l a r ,  I R  spec t ra  ob ta ined  
on p u l v e r i z e d  coal samples g i v e  averaged i n f o r m a t i o n  r a t h e r  than  be ing  
c h a r a c t e r i s t i c  o f  any i n d i v i d u a l  component i n  t h e  coal. 
u t i l i z e d  i n  t h e  past  t o  overcome t h i s  problem. 
macerals ( 3 , 4 ) ,  s i n k - f l o a t  techniques,  and t h e  r e c e n t l y  developed method o f  
c e n t r i f u g a l  separa t i on  o f  ve ry  f i n e l y  p u l v e r i z e d  coal  (5) .  These p r e p a r a t i o n  
techniques p rov ide  a m i x t u r e  o f  m a t e r i a l  which i s  h i g h l y  en r i ched  i n  a s e l e c t e d  
maceral type. These maceral concen t ra tes  can then  be analyzed by a v a r i e t y  o f  
chemical procedures. The averaged p r o p e r t i e s  o f  a maceral can be c h a r a c t e r i z e d  
u s i n g  these  procedures, b u t  t hey  do no t  enable t h e  I R  a n a l y s i s  o f  i n d i v i d u a l  
microscope maceral s. 

The p a r t i c u l a t e  samples o f  coa l  used f o r  i n f r a r e d  a n a l y s i s  must be f i n e l y  
ground because o f  t h e  h i g h  absorbance o f  t h e  coa l .  The p a r t i c l e s  must be l e s s  than  
rough ly  20 micrometers t h i c k  (depending on t h e  rank )  f o r  s u b s t a n t i a l  t ransmiss ion  o f  
t h e  I R  r a d i a t i o n  i n  t h e  more absorb ing reg ions  of t h e  spectrum. The smal l  p a r t i c l e s  
o f  coal  cause cons ide rab le  s c a t t e r i n g  t o  appear i n  t h e  I R  spectrum. Other  
comp l i ca t i ons  are t h e  d i f f e r e n c e s  i n  t h e  th i cknesses  o f  t h e  v a r i o u s  p a r t i c l e s  o f  t h e  
sample, and t h e  v a r i a t i o n s  i n  th i ckness  a long  each p a r t i c l e .  Fo r  example, t h e  
t h i n n e r  edges ( w i t h  respec t  t o  t h e  i l l u m i n a t i n g  beam) o f  t h e  p a r t i c l e s  w i l l  be more 
t r a n s p a r e n t  t han  t h e  c e n t r a l  reg ions,  so t h e  volume o f  t h e  p a r t i c l e s  may not  be 
sampled un i fo rm ly .  Th is  can be a problem f o r  a heterogeneous m a t e r i a l  such as 
coal .  T h i n  s e c t i o n  samples o f  coa l  hav ing  a r e l a t i v e l y  u n i f o r m  t h i c k n e s s  of 20 
micrometers o r  l e s s  have been used o c c a s s i o n a l l y  i n  t h e  past  (6 ) .  However, t h e  
d i f f i c u l t i e s  i n  p r e p a r i n g  these t h i n  s e c t i o n  samples and problems o f  con tamina t ion  
w i t h  t h e  adhesives used i n  t h e  p r e p a r a t i o n  of t h e  sec t i ons  ( 7 )  has l i m i t e d  t h e i r  
usage. A lso,  becairse t h e  cross s e c t i o n a l  area o f  t h e  samples must be severa l  square 
m i l l i m e t e r s  or more f o r  a n a l y s i s  w i t h  most I R  spect rometers,  m ic roscop ic  components 
o f  t h e  t h i n  sec t i ons  can no t  be i n d i v i d u a l l y  analyzed. 

I n  t h i s  paper a techn ique  f o r  t h e  I R  spec t roscop ic  a n a l y s i s  o f  i n d i v i d u a l  
m ic roscop ic  components i n  coal i s  described. 
f o r  p r e p a r i n g  uncontaminated t h i n  s e c t i o n  specimens o f  coal  w i t h  a s e n s i t i v e  IR 
microspect rophotometer  which has r e c e n t l y  become commerc ia l ly  a v a i l a b l e .  D e t a i l s  of 
t h i s  new technique a r e  d iscussed and some r e p r e s e n t a t i v e  spec t ra  a re  descr ibed.  

Most I R  ( i n f r a r e d )  spect roscopy o f  coal  i n v o l v e s  t h e  use o f  f i n e l y  crushed 
Techniques i n  common use i n c l u d e  i n c o r p o r a t i n g  t h e  p a r t i c l e s  i n  

Such p a r t i c u l a t e  samples g e n e r a l l y  i n c l u d e  a wide range o f  t ypes  o f  v i t r i n i t e  

Because o f  t h e i r  d i f f e r e n t  d e r i v a t i o n s ,  t h e  

A few techniques have been 
These i n c l u d e  t h e  hand separa t i on  o f  

T h i s  method combines new procedures 
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Experiment a 1 

The coa l  used i n  t h i s  s tudy  was I l l i n o i s  No. 6 which i s  a h i g h  v o l a t i l e  C 
b i tuminous coal .  To prepare t h i n  sec t i ons ,  a chunk o f  coal about  1.5 cm across was 
c u t  pe rpend icu la r  t o  t h e  bedding p l a n  t o  produce a rough ly  f l a t  sur face.  
su r face  was ground smooth on a 20 cm d iameter  wheel u s i n g  600 g r i t  and then  8 
micrometer  s i l i c o n  c a r b i d e  on d i sks .  The f l a t  sur face was cemented t o  a g lass  s l i d e  
w i t h  a t h e r m o p l a s t i c  hydrocarbon-based adhesive (Parap las t ,  manufactured by t h e  
Lancer Company) which i s  s o l u b l e  i n  hexane. A temperature o f  about 70°C was used i n  
m e l t i n g  and a p p l y i n g  t h e  adhesive. The coal  was exposed t o  t h i s  temperature f o r  
o n l y  about a m inu te  b e f o r e  c o o l i n g  was s ta r ted .  The coa l  on t h e  s l i d e  was ground t o  
a th i ckness  of 15 micrometers u s i n g  t h e  ab ras i ves  desc r ibed  above. 
t h e n  soaked i n  hexane a t  room temperature u n t i l  t h e  t h i n  specimen f l o a t e d  o f f  of t he  
s l i d e .  
t h a n  a m i l l i m e t e r  across t o  s e v e r a l  m i l l i m e t e r s  long. A l though no r e s i d u a l  adhesive 
c o u l d  be observed on t h e  p ieces  o f  c o a l ,  t o  i n s u r e  complete removal o f  t h e  adhesive 
t h e  samples were immersed i n  a l a r g e  excess o f  f r e s h  s o l v e n t  f o r  seve ra l  days. Then 
t h e  hexane was decanted o f f  and t h e  specimens were s t o r e d  i n  n i t r o g e n  a t  room 
temperature u n t i l  t hey  were used. 

manufactured by Nanometrics Inc. )  operates i n  t r a n s m i s s i o n  and c o n t a i n s  r e f l e c t i n g  
lenses.  Because o f  t h e  r e f l e c t i n g  o p t i c s ,  t h e  v i s u a l  and I R  images o f  t h e  sample 
correspond and t h e  reg ion  o f  t h e  sample be ing  analyzed can r e a d i l y  be i d e n t i f i e d  
v i s u a l l y  w h i l e  i t  i s  i n  p lace  i n  t h e  I R  microscope. T h i s  enables unambiguous 
c o r r e l a t i o n  o f  v i s u a l  m ic roscop ic  c h a r a c t e r i z a t i o n  and I R  a n a l y s i s  f o r  t h e  same area 
o f  t h e  sample. The condenser and t h e  o b j e c t i v e  o f  t h e  microscope a r e  bo th  15 power, 
0.28 numerical ape ra tu re  r e f l e c t i n g  lenses.  The p a r t  o f  t h e  sample t o  be I R  
analyzed i s  o p t i c a l l y  d e l i n e a t e d  by an a d j u s t a b l e  ape ra tu re  a t  t h e  image p lane  o f  
t h e  o b j e c t i v e ,  so no masking i s  needed a t  t h e  sample i t s e l f  t o  d e f i n e  t h e  fna lyzed 
area. The u s e f u l  I R  range o f  t h e  i ns t rumen t  i s  from about 4000 t o  700 cm- (2.5 t o  
14 micrometers). 
r e s o l u t i o n  i s  o n l y  about 1% o f  t h e  wave number va lue  ove r  t h e  IR range; however, 
t h i s  should be adequate f o r  many a p p l i c a t i o n s  w i t h  coa l  because o f  t h e  b read th  o f  
most of t h e  absorbances. The I R  source i s  a N e r s t  Glower and t h e  d e t e c t o r  i s  a 
l i q u i d  n i t r o g e n  cooled mercury cadmium t e l l u r i d e  pho tode tec to r  hav ing h i g h  
s e n s i t i v i t y .  
which i s  s t o r e d  d i g i t a l l y ,  can be a u t o m a t i c a l l y  averaged and d i f f e r e n c e  spec t ra  can 
be obtained. 

R e s u l t s  

e x i n i t e  macerals i n  I l l i n o i s  No. 6 coal  were examined t o  eva lua te  t h e  u t i l i t y  o f  
t h i s  new techn ique  f o r  m ic roscop ic  I R  a n a l y s i s  o f  coals. 
photomicrograph o f  a t h i n  s e c t i o n  specimen c o n s i s t i n g  o f  a megaspore (a form o f  
l i p t i n i t e )  surrounded by r e l a t i v e l y  homogeneous v i t r i n i t e  i s  shown. The t h i n  
s e c t i o n  was p laced  on a bar ium f l u o r i d e  d i s k  on t h e  s tage o f  t h e  IR microscope. 
megaspore and a reg ion  of t h e  v i t r i n i t e  l y i n g  c l o s e  t o  t h e  megaspore on t h e  same 
specimen were analyzed w i t h  t h e  I R  microscope. The analyzed reg ions  a r e  i n d i c a t e d  
by rec tang les  drawn on t h e  photograph o f  t h e  sample; t h e y  a re  each about 55 micro-  
meters wide by 180 micrometers long.  Spect ra o f  t h e  two reg ions  were taken i n  a i r  
a t  room temperature;  t h e y  a re  compared i n  F i g u r e  2. The spec t ra  a r e  d i sp laced  
v e r t i c a l l y  t o  a v o i d  ove r lapp ing .  
scan which was taken  w i t h o u t  t h e  sample present  bu t  w i th  a l l  o t h e r  c o n d i t i o n s  t h e  
same. The subsequent sample s p e c t r a  a r e  a u t o m a t i c a l l y  no rma l i zed  wi th respect  t o  
t h e  reference spectrum. 
scans. 

T h i s  

The sample was 

The sample came o f f  as a number o f  smal l  p ieces  of va r ious  s i z e s  f rom l e s s  

The m ic roscop ic  i n f r a r e d  spectrophometer used i n  t h i s  work (NanoSpeclEOIR 

The I R  monochromator i s  a v a r i a b l e  i n t e r f e r e n c e  f i l t e r .  The 

The o p e r a t i o n  o f  t h e  spect rometer  i s  compu te r -con t ro l l ed  and t h e  data, 

I n  t h i s  p r e l i m i n a r y  s tudy ,  s p e c t r a l  c h a r a c t e r i s t i c s  o f  v i t r i n i t e  and 

I n  F i g u r e  1, a 

The 

The d i sp layed  spec t ra  a c t u a l l y  i n v o l v e  a re fe rence  

Each o f  t h e  two sample spec t ra  i n  F i g u r e  2 a r e  2 m inu te  
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A number o f  d i f f e r e n c e s  between t h e  l i p t i n i t e  and v i t r i n i t e  spec t ra  a r e  
apparent. Note t h a t  s i n c e  t h e  th icknesses o f  t h e  l i p t i n i t e  and v i t r i n i t e  reg ions  
a r e  t h e  Same and s ince  s c a t t e r i n g  i s  min imal ,  these spec t ra  can be d i r e c t l y  compared 
q u a n t i t a t i v e l y  on a p e r  u n i t  volume basis .  Some o f  t h e  more promine t of t h e  
d i f f e rences  a r e  as fo l l ows .  The broad hyd roxy l  peak around 3350 cm-' i s  much deeper 
fo r  t h e  v i t r i n i t e .  
phenols i n  t h e  v i t r i n i t e ,  b u t  i t  may a so i n d i c a t e  more wa te r  absorbed on t h e  
V i t r i n i t e .  
abso rp t i on  than t h e  v i t r i n i t e .  

shows a s u b s t a n t i a l l y  l a r g e r  p ak than  t h e  v i t r i n i t e  on t h e  s i d e  o f  t h e  l a r g e r  

peak probably  i n d i c a t i n g  much mor 
t h e  CH2, CH3 peak around 1440 cm-? i s  much more pronounced f o r  t h e  l i p t i n i t e .  The 
spec t ra  c l e a r l y  c o n t r a s t  t h e  more aromat ic  and h y d r o x y l - c o n t a i n i n g  s t r u c t u r e  o f  t h e  
v i t r i n i t e  t o  t h e  more a l i p h a t i c  s t r u c t u r e  o f  t h e  l i p t i n i t e .  

T h i s  probably  i s  caused c h i e f l y  by a much l a r g e r  number o f  

Between 2800 and 2975 cm- 1 t h e  l i p t i n i t e  shows a much s t r o n g e r  
Th is  i n d i c a t e s  much more a l i p h a t ' c  hydrogen i n  -CH, 

-CH2, AND -CH3 groups i n  t h e  l i p t i n i t e .  A lso,  a t  about  2850 cm- i t h e  l i p t i n i t e  

absorpt ion.  A t  about 1600 cm- ? the  v i t r i n i t e  peak i s  much l a r g e r  than  t h e  l i p t i n i t e  
a romat i c  c h a r a c t e r  i n  t h e  v i t r i n i t e .  Conversely, 

Ment ion should be ade o f  some a r t i f a c t s  which appear i n  t h e  spec t ra  o f  
F i g u r e  2. A t  about 2350 cm- P t h e r e  i s  a peak caused by CO i n  t h e  a i r .  (Th i s  peak 
cou ld  be e l im ina ted ,  i f  des i red,  by s e a l i n g  t h e  r e g i o n  o f  t h e  beam p t h  and 

caused by changes i n  t h e  IR f i l t e r s .  Three f i l t e r s  a r e  used t o  o b t a i n  t h e  f u l l  
spectrum, and small  peaks occur  where t h e  second and t h i r d  f i l t e r s  a re  brought  i n t o  
use. Another a r t i  a c t  i s  broad peaks seen around 2100 cm-l i n  t h e  l i p t i n i t e  
spectrum, 1950 cm- i n  t h e  v i t r i n i t e  spectrum and i n  some o t h e r  areas. These peaks 
a r e  caused by i n t e r f e r e n c e  f r i n g e s  which a r i s e  from t h e  IR r a d i a t i o n  be ing  
i n t e r n a l l y  r e f l e c t e d  from t h e  t o p  and bot tom su r faces  o f  t h e  sample. 
can be m is lead ing  i f  they  a r e  n o t  c o r r e c t l y  i d e n t i f i e d .  

chemical t reatments and t h e  a b i l i t y  t o  pe r fo rm k i n e t i c  measurements was t e s t e d  by 
observ ing t h e  e f f e c t  o f  a p p l y i n g  deu te ra ted  p y r i d i n e  t o  a t h i n  s e c t i o n  o f  v i t r i n i t e  
and then  a l l o w i n g  i t  t o  dry. F i r s t  a 
spectrum was taken o f  t h e  u n t r e a t e d  sample. Then t h e  s o l v e n t  was p laced on t h e  
sample and r e p e t i t i v e  scans were made t o  mon i to r  changes i n  t h e  IR spectrum as t h e  
deu te ra ted  p y r i d i n e  evaporated. 
sample wet w i t h  p y r i d i n e ,  and t h e  sample a f t e r  d r y i n g  f o r  about 20 minutes. 
l a t t e r  spectrum, peaks c h a r a c t e r i s t i c  p f  deu te ra ted  p y r i d i n e  a re  s t i l l  prominent ,  
such as those a t  about 950 and 820 cm- . L a t e r  scans showed no a p p r e c i a b l e  
l essen ing  o f  t h e  peaks. The r e t e n t i o n  o f  some o f  t h e  p y r i d i n e  i s  c o n s i s t e n t  w i t h  
t h e  r e s u l t s  o f  C o l l i n s  et. a l .  (8). 

conven ien t l y  used w i t h  t h i n  sec t i ons  of coal  i n  t h i s  technique.  F i g u r e  4 shows 
spec t ra  o f  reg ions  o f  a t i n y  rough ly  30 X 30 micrometer  p i e c e  o f  v i t r i n i t e .  
spectrum was taken u s i n g  a 21 X 21 micrometer  ana lyz ing  area,  and t h e  o t h e r  spectrum 
was taken  u s i n g  a 20 X 30 micrometer  ana lyz ing  area. 
each scan. Fo r  t h i s  scan t ime ,  t h e  sma l le r  area g i ves  q u i t e  a n o i s y  spectrum, b u t  
t h e  20 X 30 micrometer  spectrum i s  much b e t t e r .  By u s i n g  a l o n g e r  scanning t i m e  o r  
by accumulat ing r e p e t i t i v e  scans t h i s  spectrum c o u l d  p robab ly  be made q u i t e  
respectable.  The s p e c t r a l  r e g i o n  hav ing  t h e  g r e a t e s t  problem i n  t h e  a n a l y s i s  o f  
such very small  areas i s  beyond 1000 cm-' where t h e  s e n s i t i v i t y  o f  t h e  spect rometer  
f a l l s  off .  Subcomponents o r  macerals i n  t h e  coal which a r e  somewhat l e s s  than 25 
micrometers across can p robab ly  be IR analyzed by u s i n g  l o n g  da ta  accumulat ion 
t imes. P re fe rab ly  such smal l  subcomponents should be p h y s i c a l l y  separated from t h e  
surrounding m a t e r i a l .  A l t e r n a t i v e l y ,  t h e  spectrum of a r e g i o n  i n c l u d i n g  t h e  
subcomponent as we l l  as some of t h e  surrounding m a t e r i a l  c o u l d  be subs t rac ted  ( u s i n g  
an a p p r o p r i a t e  n o r m a l i z a t i o n  f a c t o r )  from a spectrum on ly  o f  t h e  surrounding 

m a i n t a i n i n g  a n i t r o g e n  atmosphere). A t  about 2250 cm-l and 1230 cm- P a r e  peaks 

f .  ' 

The f r i n g e s  

The a p p l i c a b i l i t y  o f  t h i s  techn ique  f o r  " i n  s i t u "  IR a n a l y s i s  d u r i n g  

An area 40 X 180 micrometers was analyzed. 

F i g u r e  3 shows spec t ra  o f  t h e  u n t r e a t e d  sample, t h e  
For  t h e  

Tes ts  were made t o  determine t h e  minimum area o f  a n a l y s i s  which cou ld  be 

One 

Four minutes were used f o r  
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m a t e r i a l  i n  o r d e r  t o  i s o l a t e  t h e  c o n t r i b u t i o n  of t h e  subcomponent. Note, however, 
t h a t  f o r  subcomponent s i z e s  near  t h e  wavelength o f  t h e  I R  r a d i a t i o n  t h e  p o s s i b i l i t y  
o f  i n t e r f e r e n c e  e f f e c t s  from t h e  edges o f  t h e  sample must be considered. Such 
e f f e c t s  ought t o  be made apparent  by comparing spec t ra  from subcomponents having 
d i f f e r e n t  s i z e s  o r  shapes. 

D iscuss ion  

I n f r a r e d  spec t ra  o f  good q u a l i t y  have been ob ta ined  on uncontaminated 
i n d i v i d u a l  m ic roscop ic  macera ls  and m ic roscop ic  subregions i n  coal .  Th i s  
development enables t h e  i n f r a r e d  c h a r a c t e r i z a t i o n  o f  m ic rosocp ic  i n d i v i d u a l  
subcomponents of coa ls  and o t h e r  s o l i d  f o s s i l  f u e l s  as opposed t o  o b t a i n i n g  
s t a t i s t i c a l l y  averaged data on complex m ix tu res .  I n  a d d i t i o n ,  v a r i a t i o n s  i n  
f u n c t i o n a l i t i e s  over m ic roscop ic  d i s tances  can be s tud ied .  The techn ique  should 
a l s o  be a p p l i c a b l e  f o r  t h e  a n a l y s i s  o f  v i r t u a l l y  any chemical process o r  chemical 
t rea tmen t  o f  coa l  which causes changes i n  t h e  I R  spectrum and i n  which t h e  area o f  
i n t e r e s t  i s  i d e n t i f i a b l e  a f t e r  t h e  t rea tmen t .  For  example, t h e  i n i t i a l  chemical 
f u n c t i o n a l i t y  o f  an i n d i v i d u a l  m ic roscop ic  maceral o r  subregion can be determined 
w i t h  t h e  microspect rometer ;  t h e  maceral can be reacted;  and t h e  e f f e c t  o f  t h e  
t rea tmen t  on t h a t  same m ic roscop ic  subregion can be determined. 

I n  F i g u r e  2 t h e  I R  spect rum o f  a subregion o f  v i t r i n i t e  about 0.010 mn2 i n  
area i s  compared w i t h  t h e  I R  spect rum from an equal area which i s  w i t h i n  a s i n g l e  
megaspore. The two r e g i o n s  o f  a n a l y s i s  a r e  on t h e  same p i e c e  o f  t h i n  s e c t i o n  and 
they  are separated by o n l y  about  160 micrometers. The two m inu te  scans o f  t h e  15 
micrometer  t h i c k  samples g i v e  e x c e l l e n t  s i g n a l  t o  no ise.  
r e s u l t s  sec t i on ,  these spec t ra  c l e a r l y  c o n t r a s t  t h e  more a romat i c  and hyd roxy l -  
c o n t a i n i n g  s t r u c t u r e  o f  t h e  v i t r i n i t e  t o  t h e  more a l i p h a t i c  s t r u c t u r e  o f  t h e  
megaspore. The a b i l i t y  t o  analyze c l o s e l y  l y i n g  reg ions  hav ing i d e n t i c a l  
p repara t i on ,  equal areas b e i n g  analyzed,  and t h e  same th i ckness ,  f a c i l i t a t e s  
q u a n t i t a t i v e  comparisons of t h e  reg ions .  Thus, w h i l e  these data a r e  g e n e r a l l y  
c o n s i s t e n t  w i t h  t h e  r e s u l t s  o f  Bent and Brown (9)  t aken  on maceral concentrates,  t h e  
p resen t  techn ique  enables a more d i r e c t  q u a n t i t a t i v e  comparison o f  t h e  spect ra.  

uncontaminated t h i n  s e c t i o n  o f  coal .  
o f  movement o f  t h e  sample d u r i n g  t rea tmen t  which would make a n a l y s i s  o f  t h e  same 
m ic roscop ic  r e g i o n  b e f o r e  and a f t e r  t rea tmen t  d i f f i c u l t .  
o f  a drop of s o l u t i o n  t o  t h e  coa l  i s  l i k e l y  t o  cause movement. 
avoided by secu r ing  t h e  sample, bu t  t h i s  may be d i f f i c u l t  f o r  small  samples o r  it 
may a f f e c t  t h e  sample. A l t e r n a t i v e l y ,  i f  t h e  reg ion  under a n a l y s i s  i s  c a r e f u l l y  
recorded, such as on a photograph, t h e n  d u r i n g  o r  a f t e r  t rea tmen t  t h e  sample can be 
a c c u r a t e l y  r e p o s i t i o n e d  on t h e  stage. 

F i g u r e  4 demonstrates t h a t  i s o l a t e d  samples o f  coa l  l e s s  than  30 
micrometers across can be s a t i s f a c t o r i l y  I R  analyzed and t h a t  d e l i n e a t e d  reg ions of 
a sample l e s s  t h a n  25 micrometers ac ross  can be c h a r a c t e r i z e d  by I R .  S igna l  t o  
no i se  l e v e l s  which a re  improved over  those  shown i n  F i g u r e  4 can be ob ta ined  by 
u s i n g  l onger  d a t a  accumulat ion t imes. A l t e r n a t i v e l y ,  i f  b e t t e r  q u a l i t y  da ta  i s  
r e q u i r e d  on ly  f o r  some small  r e g i o n s  o f  t h e  spectrum, then those  reg ions  a lone can 
be scanned t o  sho r ten  t h e  t i m e  needed t o  o b t a i n  an accep tab le  s i g n a l  t o  n o i s e  
l e v e l .  The a b i l i t y  t o  analyze small  reg ions  o f  a coa l  sample i s  impor tan t  even f o r  
a s i n g l e  maceral t ype  such as v i t r i n i t e .  F o r  example, s u b s t a n t i a l  v a r i a t i o n s  occur 
i n  t h e  s t r u c t u r e  (10,ll) and s w e l l a b i l i t y  (12) o f  d i f f e r e n t  m ic roscop ic  areas o f  
v i t r i n i t e  from t h e  same coal .  

by a v a r i a b l e  ape ra tu re  a t  t h e  image p lane o f  t h e  o b j e c t i v e .  

As desc r ibed  i n  t h e  

The spec t ra  i n  F i g u r e  3 demonstrate t h e  " i n  s i t u "  t rea tmen t  o f  an 
One o p e r a t i o n a l  d i f f i c u l t y  i s  t h e  p o s s i b i l i t y  

F o r  example, a p p l i c a t i o n  
Movement can be 

I n  t h e  I R  microscope t h e  r e g i o n  o f  t h e  sample be ing  analyzed i s  de l i nea ted  
Therefore,  no spacia l  



r e s t r i c t i o n s  a re  p laced around or near  t h e  sample i t s e l f .  
sample has been s u b s t a n t i a l l y  m a g n i f i e d  a t  t h i s  image plane, i t  i s  r e l a t i v e l y  easy 
t o  a c c u r a t e l y  de f i ne  even very small  subregions o f  t h e  sample f o r  a n a l y s i s  w i t h  t h e  
aPerature.  However, t h e  geometr ica l  r e g i o n  d e l i n e a t e d  by t h e  v a r i a b l e  a p e r a t u r e  
which i s  observed v i s u a l l y  i s  n o t  n e a r l y  so w e l l  d e f i n e d  f o r  t h e  i n f r a r e d  r a d i a t i o n  
because of d i f f r a c t i o n  e f f e c t s .  
wavelength, so t h e  r e s o l u t i o n  i s  cons ide rab ly  poorer  near t h e  l ong  wavelength end of 
t h e  I R  range. 
Sample, which i s  determined by t h e  numer ica l  aperature,  w i l l  f u r t h e r  d i m i n i s h  t h e  
spac ia l  s p e c i f i c i t y  o f  t h e  d e l i n e a t e d  area. Th is ,  o f  course, becomes more of a 
problem f o r  t h i c k  samples. 
most unambiguous way t o  avo id  c o n t r i b u t i o n s  f rom cont iguous m a t e r i a l  i s  t o  
p h y s i c a l l y  remove t h e  subcomponent f rom t h e  su r round ing  m a t e r i a l .  

The 15 micrometer  t h i c k n e s s  f o r  t h e  I l l i n o i s  No. 6 coal i s  q u i t e  
S a t i s f a c t o r y  s ince  t h e  percent  t ransmiss ions  o f  a number o f  t h e  l a r g e r  peaks a re  
below 40 percent, but  w i t h o u t  s a t u r a t i o n .  Also, a t  t h i s  t h i c k n e s s  t h e  t h i n  s e c t i o n s  
can be conven ien t l y  manipulated w i t h o u t  f r a c t u r i n g .  
t echn ique  f o r  p repara t i on ,  samples c o n t a i n i n g  any maceral t ypes  and even s u b s t a n t i a l  
amounts of minera l  m a t t e r  can be prepared. A wide range o f  coa ls  ( w i t h  t h e  p o s s i b l e  
excep t ion  o f  very low o r  very ,h igh  ranks)  can be handled by these techniques.  

m i s l e a d i n g  when t r y i n g  t o  i n t e r p r e t  t h e  spect ra.  
t h e  I R  r a d i a t i o n  r e f l e c t s  from t h e  t o p  and bot tom su r face  o f  t h e  sample and then  
i n t e r f e r e s  w i t h  t h e  u n r e f l e c t e d  beam. 
t h e  t o p  and bottom su r faces  a re  n e a r l y  p a r a l l e l  and where t h e  th i ckness  o f  t h e  
sample i s  comparable t o  t h e  wavelengths o f  t h e  r a d i a t i o n  such as f o r  t h e  t h i n  
s e c t i o n  specimens used i n  t h e  techn ique  desc r ibed  here. 
t h e  i n t e r f e r i n g  beam i s  no t  l a r g e  s i n c e  i t  i s  r e f l e c t e d  t w i c e  and it passes th rough  
t h e  sample t h r e e  t imes  i n s t e a d  o f  once. Thus, as seen i n  F i g u r e  2, t h e  f r i n g e s  a re  
most prominent i n  t h e  s p e c t r a l  reg ions  hav ing l o w  absorbance. The f r i n g e s  can be 
p a r t i a l l y  compensated f o r  by de te rm in ing  t h e i r  p o s i t i o n  and i n t e n s i t y  i n  a l ow  
absorbance reg ion  and then  c a l c u l a t i n g  and s u b t r a c t i n g  out t h e i r  c o n t r i b u t i o n  t o  
o t h e r  p a r t s  o f  t h e  spectrum where t h e i r  presence i s  l e s s  obvious. A l t e r n a t i v e l y ,  
t i l t i n g  t h e  sample, o r  u s i n g  samples o f  d i f f e r e n t  t h i cknesses  and o f  h i g h e r  
adsorbance can be used t o  i d e n t i f y  t h e  e f f e c t s  o f  t h e  f r i n g e s  on a spectrum so t h a t  
t hey  can be compensated fo r .  

Summary and Conclusions 

Microscopic  macerals and subregions i n  coal  have been c h a r a c t e r i z e d  by 
i n f r a r e d  spectroscopy u s i n g  a new technique.  
t h e  coal as small  as 25 micrometers across can be analyzed. The techn ique  u t i l i z e s  
new procedures f o r  p r e p a r i n g  uncontaminated t h i n  s e c t i o n s  o f  coal  i n  combinat ion 
w i t h  a r e c e n t l y  a v a i l a b l e  m ic roscop ic  IR spectrometer. 

Because t h e  t h i n  s e c t i o n  specimens a r e  not  contaminated w i th  adhesives o r  
embedding ma te r ia l s ,  and because t h e  samples a r e  r e a d i l y  access ib le  on t h e  s tage of 
t h e  I R  microscope, t h i s  techn ique  i s  w e l l  s u i t e d  fo r  " i n  s i t u "  t rea tmen ts  o f  t h e  
coal .  A l t e r n a t i v e l y ,  s i n c e  t h e  15  micrometer  t h i c k  specimens o f  coal  can o r d i n a r i l y  
be handled and t r a n s p o r t e d  w i t h o u t  damage (if proper  ca re  i s  taken) ,  an u n t r e a t e d  
sample can be i n i t i a l l y  analyzed, t hen  i t  can be removed from t h e  i ns t rumen t  f o r  
chemical or thermal t rea tmen t ,  and f i n a l l y ,  t h e  same specimen can be r e t u r n e d  t o  t h e  
microspect rometer  f o r  de te rm ina t ion  o f  t h e  changes i n  t h e  I R  spectrum. The a n a l y s i s  
of t h e  same spectrum b e f o r e  and a f t e r  t rea tmen t  i s  h i g h l y  d e s i r a b l e  f o r  micro-  
heterogeneous substances such as coal. 

Since t h e  image of  t h e  

The s p a c i a l  u n c e r t a i n t y  i s  p r o p o r t i o n a l  t o  t h e  

The d ivergence o r  angu la r  spread o f  t h e  IR beam pass ing th rough  t h e  

For  a n a l y s i s  o f  a very smal l  subregion i n  t h e  coa l ,  t h e  

Using t h e  desc r ibed  g r i n d i n g  

The i n t e r f e r e n c e  peaks which occur i n  t h e  spec t ra  o f  F i g u r e  2 can be 
These f r i n g e s  occu r  when some o f  

The f r i n g e s  a r e  p a r t i c u l a r l y  a problem where 

However, t h e  i n t e n s i t y  o f  

I n d i v i d u a l  macerals o r  subregions o f  
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The m ic roscop ic  I R  spect roscopy techn ique  desc r ibed  here d i f f e r s  from and 
complements p r i o r  I R  work on maceral concentrates i n  be ing  ab le  t o  s p a c i a l l y  
d e l i n e a t e  an i n d i v i d u a l  subcomponent be ing  I R  analyzed and t o  c h a r a c t e r i z e  it 
v i s u a l l y  i n  t h e  c o n t e x t  o f  i t s  surroundings.  

P r e l i m i n a r y  I R  measurements on m ic roscop ic  subregions o f  i n d i v i d u a l  
macerals o f  homogeneous-appearing v i t r i n i t e  and o f  megaspores i n  I l l i n o i s  No. 6 coal 
c l e a r l y  demonstrate q u a n t i t a t i v e  as w e l l  as q u a l i t a t i v e  chemical d i f f e r e n c e s  between 
these  macerals. T h i s  work demonstrates t h a t  good q u a l i t y  I R  spec t ra  o f  microscopic  
subregions o f  coal can be obta ined.  
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F i g .  1. Thin S e c t i o n  Sample of I l l i n o i s  No. 6 
Coal  C o n t a i n i n g  Regions of V i t r i n i t e  and 
L i p t i n i t e  
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Fig .  2 .  I R  S p e c t r a  of Microscopic  Regions of V i t r i n i t e  
and L i p t i n i t e  i n  t h e  Same Thin S e c t i o n  Sample of 
I l l i n o i s  No. 6 Coal  
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F i g .  3. I R  S p e c t r a  of  a Microscopic  Region  of 
V i t r i n i t e  i n  a Thin  S e c t i o n  of I l l i n o i s  No. 6 C o a l  
Top ----- U n t r e a t e d  Sample 
Middle -- Liquid  D e u t e r a t e d  P y r i d i n e  on t h e  Sample 
Bottom -- A f t e r  P y r i d i n e  h a s  Evapora ted  
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F i g .  4 .  I R  S p e c t r a  of a Thin  S e c t i o n  Sample of 
I l l i n o i s  No. 6 C o a l  having  a n  Area of 30~mX30am 
Top ----- D e l i n e a t e d  Area i s  21umX2114m 
Bottom -- D e l i n e a t e d  Area i s  2OwmX30um 
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SOME VARIATIONS I N  PROPERTIES OF COAL MACERALS ELUCIDATED 
BY DENSITY GRADIENT SEPARATION* 

Gary R. Dyrkacz, C. A. A. B loomquis t ,  L. Ruscic, and 
E. P h i l i p  H o r w i t z  

Chemist ry  D i v i s i o n ,  Argonne N a t i o n a l  Labora to ry  
Argonne, I l l i n o i s  60439 

INTRODUCTION 

Our r e c e n t  development o f  a new procedure f o r  t h e  d e n s i t y  s e p a r a t i o n  o f  macerals 
o f fe rs  a method f o r  o b t a i n i n g  h i g h  r e s o l u t i o n  separa t i on  of t h e  maceral groups: 
e x i n i t e ,  v i t r i n i t e ,  and i n e r t i n i t e ,  and can f u r t h e r  r e s o l v e  i n d i v i d u a l  maceral 
types, e.~., s p o r i n i t e  (1,Z). The procedure u t i l i z e s  wel l -known techniques o f  
d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  (DGC) t o  separa te  t h e  coa l  i n t o  i t s  components i n  a 
cont inuous aqueous CsCl d e n s i t y  g rad ien t .  T h i s  r e s u l t s  i n  a s e r i e s  o f  bands 
r e p r e s e n t i n g  t h e  d e n s i t y  v a r i a t i o n s  i n  maceral groups and maceral types. The 
g r a d i e n t  i s  then d i v i d e d  i n t o  convenient  s i z e  f r a c t i o n s ,  t h e  coa l  i n  each f r a c t i o n  
i s  i s o l a t e d  and m ic rope t rog raph ic  analyses a r e  per formed on s e l e c t e d  f r a c t i o n s .  I n  
a d d i t i o n  t o  p r o v i d i n g  pure m a t e r i a l s  f o r  f u r t h e r  work, a d e n s i t y  f i n g e r p r i n t  o f  a 
coa l  i s  produced. The observed changes i n  d e n s i t y  a re  r e l a t e d  i n  a complex way t o  
the  chemical s t r u c t u r e  o f  t he  coa l  o r  maceral ( 3 ) .  I n  o r d e r  t o  b e t t e r  understand 
t h e  chemical v a r i a t i o n s  o c c u r r i n g  i n  coa l  macerals we have examined t h e  u l t i m a t e  
a n a l y s i s  o f  se lec ted  d e n s i t y  f r a c t i o n s  separated f rom t h e  same c o a l .  

EXPERIMENTAL 

Separat ion 

The bas i c  procedures f o r  DGC s e p a r a t i o n  o f  maceral s w i t h  advantages and 
disadvantages has been d iscussed p r e v i o u s l y  (1,2). To summarize, t h e  coa l  i s  ground 
t o  -3 m ic ron  average p a r t i c l e  s i ze ,  c h e m i c a l l y  demine ra l i zed  and separated on a 
d e n s i t y  g rad ien t .  The g r a d i e n t  i s  then d i v i d e d  i n t o  f r a c t i o n s  o f  -0.01 g/cc range 
and each f r a c t i o n  i s  then f i l t e r e d ,  washed, and d r i e d .  

A n a l y s i s  

Because o f  t h e  small  samples o f t e n  generated, u l t i m a t e  a n a l y s i s  o f  s e l e c t e d  d e n s i t y  
f r a c t i o n s  was performed w i t h  a Perk in-Elmer 240 C, H, N Ana lyze r  u s i n g  a mod i f i ed  
bu rn  procedure which i n c l u d e s  i n c r e a s i n g  t h e  t ime  o f  b u r n  and t h e  amount o f  02 used 
i n  t h e  burn. Good c o r r e l a t i o n  ( r 2  = .98) w i t h  ASTM methods was found f o r  a range of 
c o a l s  from sub-bituminous t o  a n t h r a c i t e s .  

RESULTS AND DISCUSSION 

A l l  t h e  c o a l s  used here were ob ta ined  f rom t h e  Pennsylvania S t a t e  U n i v e r s i t y  Coal 
Data Base. The da ta  f o r  t h e  c o a l s  a r e  g i ven  i n  Table I .  The separa t i on  o f  a l l  
t hese  c o a l s  was performed i n  t h e  same way and a l l  t h e  c o a l s  were r e s o l v e d  t o  the  
same degree. We have p r e v i o u s l y  p u b l i s h e d  d e t a i l e d  s e p a r a t i o n  da ta  on t h e  h igh  
v o l a t i l e  B b i tuminous coa l ,  PSOC-106, which gave good y i e l d s  o f  a l l  t h r e e  maceral 
groups (1,3). The e x i n i t e  i n  t h i s  coal  i s  ma in l y  s p o r i n i t e ,  w h i l e  t h e  i n e r t i n i t e  i s  
m a i n l y  s e m i - f u s i n i t e .  F i g u r e  l a  shows t h e  d i s t r i b u t i o n  o f  t h e  pure maceral 
p a r t i c l e s  as a f u n c t i o n  of d e n s i t y  f o r  PSOC-106. Pure maceral p a r t i c l e s  r e f e r  t o  
those  p a r t i c l e s  which by o p t i c a l  microscopy a r e  composed o f  o n l y  one maceral 
species. 

*Work performed under t h e  auspices o f  t h e  O f f i c e  o f  Bas ic  Energy Sciences, D i v i s i o n  
of Chemical Sciences, U. S .  Department o f  Energy, under C o n t r a c t  W-31-109-Eng-38. 

F i g u r e  l b  shows t h e  co r respond ing  atomic r a t i o s  H/C, S/C, N/C,and O/C.  
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The s e l e c t e d  f r a c t i o n s  ana lyzed  r e p r e s e n t  d e n s i t y  f r a c t i o n s  c o n s i s t i n g  o f  a t  l e a s t  
88% ( v o l . )  o f  a s i n g l e  maceral spec ies.  The l i n e s  connec t ing  s e t s  o f  p o i n t s  between 
maceral groups must n o t  be taken  l i t e r a l l y .  These i n t e r m e d i a t e  reg ions  c o n s i s t  of 
p a r t i c l e s  w i t h  two o r  more macera ls  composing a s i n g l e  p a r t i c l e  o r  two d i s t i n c t  
p o p u l a t i o n s  o f  pu re  maceral p a r t i c l e s .  Thus, whether o r  n o t  t h e  connect ing l i n e s  
between maceral groups r e p r e s e n t  t h e  atomic va lue  i n  t h a t  reg ion,  t h e i r  on l y  purpose 
f o r  t h i s  d i s c u s s i o n  i s  t o  a i d  t h e  eye i n  f o l l o w i n g  t rends  between maceral groups. 

The H/C r a t i o  e x h i b i t s  a v e r y  l a r g e  range o f  va lues over  t h e  e n t i r e  c o a l :  from 1.13 
a t  the l o w e s t  d e n s i t y  m o n i t o r e d  t o  0.48 a t  t h e  h i g h e s t  d e n s i t y .  The S/C r a t i o s  
f o l l o w  a s i m i l a r  t rend :  w i t h  t h e  h i g h e s t  s u l f u r  va lues i n  e x i n i t e s  and the lowest  
i n  i n e r t i n i t e s .  These s u l f u r  va lues  r e p r e s e n t  a lmost  a l l  o rgan ic  s u l f u r  s ince 
p y r i t i c  s u l f u r  has been e l im ina te !  by the, separa t i on  procedure. The S / C  data i s  
c o n s i s t e n t  w i t h  da ta  found  by an i n  s i t u  method o f  s u l f u r  a n a l y s i s  i n  coal ( 4 ) .  
Because of t h e  n a t u r e  o f  t h e  s e p a r a t i o n  method we can a l s o  see s i g n i f i c a n t  
v a r i a t i o n s  n o t  o n l y  between macera l  groups, b u t  w i t h i n  each maceral group. F igu re  2 
i s  an a t tempt  t o  p r o v i d e  some i d e a  o f  t h e  magnitude o f  v a r i a t i o n  t h a t  e x i s t s  i n  the 
H/C r a t i o  i n  t h e  t h r e e  maceral groups. The d i s t r i b u t i o n s  a r e  incomplete because o f  
o v e r l a p p i n g  o f  maceral bands o r  composi te  maceral p a r t i c l e s  which g i v e  u n r e l i a b l e  
data.  Tab le  I 1  r e p r e s e n t s  t h e  range o f  H/C va lues f o r  each band and combined w i t h  
p rev ious  1% w i t h  s o l i d  p robe  nmr data f o r  f , shows t h e  r i n g  i ndex  o r  number o f  
r i n g s  p e r  100 carbon atoms. The da ta  f o r  30% o f  t h e  coa l  r e f e r s  t o  the  coal 
cen te red  around t h e  peak va lue .  The r i n g  index i n c l u d e s  a l l  aromat ic ,  a l i p h a t i c ,  
and h e t e r o c y c l i c  r i n g s .  The number o f  r i n g s  per  100 carbons i s  rough ly  t h e  same f o r  
a l l  t he  maceral groups and i n d i c a t e s ,  as expected, t h a t  t hey  a r e  a l l  h i g h l y  
condensed species. However, t h e  r a t i o  o f  a romat i c  t o  a l i p h a t i c  r i n g s  increases 
d r a m a t i c a l l l y  f rom e x i n i t e s  t o  i n e r t i n i t e s .  E x i n i t e  tends t o  e x h i b i t  wide 
v a r i a t i o n s  i n  i t s  compos i t i on ,  w h i l e  v i t r i n i t e  and i n e r t i n i t e  a r e  somwhat l e s s  
v a r i a b l e .  I n  a l l  cases, though,  t h e  i n d i c a t i o n s  a r e  t h a t  s u b s t a n t i a l  v a r i a t i o n s  i n  
each maceral group a r e  b e i n g  observed by t h e  d e n s i t y  separa t i on  method. The oxygen 
and n i t r o g e n  da ta  a l s o  show s t r o n g  v a r i a t i o n s  w i t h i n  t h e  e x i n i t e s  and v i t r i n i t e s ,  
w h i l e  i n e r t i n i t e s  do no t .  

I n  F i g u r e  3 we have used t h e  g r a p h i c a l  dens ime t r i c  method t o  show how t h e  r i n g  index 
v a r i e s  w i t h  t h e  d e n s i t y  o f  t h e  macera ls  ( 5 ) .  As can be seen t h e  da ta  p a r a l l e l s  the  
i nc rease  i n  a r o m a t i c i t y .  

The change i n  atomic r a t i o s  a r e  n o t  un ique t o  t h e  p a r t i c u l a r  coa l  PSOC-106. F igures 
4a and 4b show da ta  on t h r e e  more b i tum inous  c o a l s  which c o n t a i n  s u b s t a n t i a l  amounts 
o f  a l l  t h r e e  maceral groups. (The ve ry  h i g h  H/C va lue  o f  1.4 f o r  PSOC-297 i s  due t o  
a l g i n i t e  i n  t h i s  coal . )  A l though  a l l  t h e  c o a l s  e x h i b i t  t h e i r  own c h a r a c t e r  i n  t h e  
magnitude and range of t h e  H/C va lues ,  t hey  a l l  show s i g n i f i c a n t  chemical changes 
across each maceral band i n  a s i m i l a r  manner t o  PSOC-106. S i m i l a r  data a l s o  holds 
f o r  c o a l s  t h a t  c o n t a i n  *95% v i t r i n i t e .  

What do these  v a r i a t i o n s  r e p r e s e n t ?  There a r e  a number o f  f a c t o r s  which can be 
i nvoked  t o  e x p l a i n  t h e  changes observed. Each o f  t h e  t h r e e  ma jo r  maceral groups i s  
composed of sub-macerals (maceral t y p e s ) .  E x i n i t e  i s  composed o f  t h e  maceral types: 
s p o r i n i t e ,  r e s i n i t e ,  a l g i n i t e ,  c u t i n i t e .  S ince t h e  source m a t e r i a l s  f o r  each 
maceral t y p e  had d i f f e r e n t  chemical  s t r u c t u r e s  some a r t i f a c t  o f  these d i f f e r e n c e s  
would be expected t o  remain. T h i s  i s  one source o f  v a r i a t i o n .  Moreover, w i t h i n  a 
s i n g l e  maceral t ype  i t s e l f  s i g n i f i c a n t  p e t r o g r a p h i c  changes can be observed. Fo r  
example, d i f f e r e n t  spore spec ies  show d i f f e r e n t  f l uo rescence  c o l o r ,  and c o l l i n i t e  
and s e m i - f u s i n i t e  can have b road  r e f l e c t a n c e  ranges w i t h i n  a coa l .  A l l  these 
m i c r o s c o P i c a l l Y  observable changes suggest d i f f e r e n c e s  i n  chemical s t r u c t u r e .  
Q u a l i t a t i v e l y ,  we do see r e g u l a r  v a r i a t i o n s  i n  f l uo rescence  and r e f l e c t a n c e  across 
t h e  maceral bands. It i s  apparen t  t h a t  d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  can, t o  some 
e x t e n t ,  i s o l a t e  these p h y s i c a l  and chemical  v a r i a t i o n s  and, i n  a sense, p r o v i d e  more 
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homogeneous materials.  However, the chemical var ia t ions  we see by DGC have t o  be 
\ considered as lower limits of the chemical heterogeneity expected fo r  coa l .  Since 

we are  s t i l l  dealing w i t h  d i sc re t e  p a r t i c l e s ,  i t s  dens i ty  may s t i l l  be a weighted 
average of the maceral var ian ts  comprising the p a r t i c l e ,  even though these var ian ts  
a r e  below optical  reso lu t ion .  Further grinding may separa te  these var ian ts ,  but 
problems of mechanochemistry and surface problems may then become s ign i f i can t .  

CONCLUSIONS 

Substantial  var ia t ion  i n  the chemical behavior of macerals has been shown f o r  a 
number of coals.  Density gradient techniques can provide b e t t e r  defined, more 
homogeneous materials as  well as  provide a lower limit on the  heterogeneity.  
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COMPUTERIZED PYROLYSIS MASS SPECTROMETRY OF COAL MACERAL CONCENTRATES 

Henk L.C. Meuzelaar, Alice M. Harper and Ronald J. Pugmire 

University of Utah, Salt Lake City, Utah 84112 

INTRODUCTION 

A few pyrolysis mass spectra of purified coal maceral concentrates have 
appeared in the literature [l-41 showing the presence of more or less pronounced 
differences between the spectra of vitrinites, fusinites, sporinites and alginites. 
However, these studies did not attempt to distinguish between the possible effects 
of rank or depositional environment on the spectra and the more basic structural 
differences between maceral types. 

strated by Meuzelaar et uZ. [5,6] in a study of over 100 Rocky Mountain coal 
samples by Curie-point pyrolysis mass spectrometry (Py-MS) in combination with com- 
puterized multivariate statistical analysis of the data. 
the same analytical approach is used to characterize a set of 30 selected maceral 
concentrates. 

EXPERIMENTAL 

Recently, the feasibility of distinguishing between these effects was demon- 

In the present study, 

The maceral concentrates analyzed are listed in Table I .  Seventeen samples 

Most of these were obtained through 

Thirteen maceral concentrate fractions 

originated from the maceral collection of the British National Coal Board and had 
been prepared by the sink/flotation method. 
Dr. Given at Penn State University who redistributed these samples to different 
groups as part of a cooperative study [7]. 
were prepared from two US coals by the cesium cloride gradient centrifugation 
method [8]. 

suspended in 1 ml of methanol. Two 5 microliter drops of this suspension were 
coated on the ferromagnetic filaments used in Curie-point pyrolysis. 
description of the sample preparation and Curie-point Py-MS methods has been given 
elsewhere [4,6]. The Py-MS system used was an Extranuclear 5000-1 Curie-point 
pyrolysis MS system based on a quadrupole mass spectrometer. 
tions were as follows: sample weight 20 ug, Curie-point temperature 610°C, 
temperature rise time 5 s, total heating time 10 s, electron impact ionization 
energy 12 eV, mass range m/z 20-260, scanning speed 1000 amu/s, total scanning time 
25 s. All samples were analyzed in triplicate. Data processing involved the use 
of computerized signal averaging followed by spectrum calibration, normalization 
and scaling procedures. Multivariate statistical analysis, e.g. factor analysis, 
'procedures involved the use of SPSS [9] and ARTHUR [lo] program packages. 

Samples were ground to 300 mesh under liquid nitrogen and 4 mg aliquots were 

A detailed 

Experimental condi- 

RESULTS AND DISCUSSION 

Three pyrolysis mass spectra averaged over all vitrinites, inertinites and 
exinites (sporinites) respectively are shown in Figure. 1. 
each maceral group agrees quite well with the spectra published by other authors 
[l-41, with vitrinites showing prominent phenolic series, fusinites being dominated 
by aromatic hydrocarbon signals and sporinites showing marked alkene peaks. 
subtle differences - the significance of which can only be appreciated with the 
help of computerized data analysis techniques - will be discussed later. 
direct measure of rank in high volatile bituminous coals [5,6] and believed to 
represent dihydroxybenzenes and methyldihydroxybenzenes respectively. 
intensities in Figure 2 indeed appear to correspond more or less directly with 

The overall pattern of 

More 

Figure 2 shows a scatter plot of m/z 110 us .  124, two peaks known to provide a 

The peak 
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carbon c o n t e n t  and t o  be l a r g e l y  independent  o f  maceral t ype .  I n  o t h e r  words, if 
carbon c o n t e n t  i s  accepted as a measure o f  t h e  rank  o f  whole c o a l s  then  a p l o t  of 
m/z 110 US. 124 w i l l  r e f l e c t  t h i s  r a n k  measure i n  s p i t e  o f  p o s s i b l e  d i f f e r e n c e s  i n  
maceral composi t ion.  However, i t  h a r d l y  needs t o  be p o i n t e d  o u t  t h a t  t h e  l a r g e  
d i f f e r e n c e s  i n  carbon c o n t e n t  between macera ls  f rom t h e  same coa l  (see Tab le  I )  
i l l u s t r a t e  t h e  inadequacy o f  u s i n g  carbon c o n t e n t  as a c o a l i f i c a t i o n  parameter f o r  
c o a l s  w i t h  markedly  d i f f e r e n t  macera l  compos i t i ons .  

F i g u r e  3 shows a s c a t t e r  p l o t  o f  t h e  peak i n t e n s i t i e s  o f  m/z 34 vs. 122, two 
peaks known t o  be i n f l u e n c e d  s t r o n g l y  by d i f f e r e n c e s  i n  d e p o s i t i o n a l  environment 
[5,6] and though t  t o  r e p r e s e n t  hydrogen s u l f i d e  and Cp-a1 k y l p h e n o l s  r e s p e c t i v e l y .  
I n  a p rev ious  s tudy  o f  whole c o a l s  f rom t h e  US Rocky Mounta in coa l  p r o v i n c e  the  i o n  
i n t e n s i t y  a t  m/z 34 was found t o  c o r r e l a t e  s t r o n g l y  w i t h  o r g a n i c  s u l f u r  con ten t .  
However, i n  t h i s  s tudy  i n s u f f i c i e n t  d a t a  were a v a i l a b l e  on o r g a n i c  s u l f u r  con ten t  
t o  a t tempt  such a c o r r e l a t i o n .  Never the less  a crude c o r r e l a t i o n  appears t o  e x i s t  
w i t h  t o t a l  s u l f u r  con ten t .  
t h e  a l k y l p h e n o l  peak i n t e n s i t i e s  a t  m/z 122 show a rough  n e g a t i v e  c o r r e l a t i o n  w i t h  
rank .  Never the less,  f o u r  of t h e  B r i t i s h  v i t r i n i t e s  show much h i g h e r  peak i n t e n s i t y  
va lues  a t  m/z 122 than  t h e  US v i t r i n i t e s  o f  comparable rank .  T h i s  i s  n o t  s u r p r i s -  
i n g ,  s i n c e  d i f f e r e n c e s  i n  h y d r o x y l  c o n t e n t  between c o a l s  f rom d i f f e r e n t  depos i t i ona l  
env i ronments have a l s o  been r e p o r t e d  [ll]. 

F i n a l l y ,  t h e  h i g h  i n t e n s i t y  o f  m/z 122 i n  t h e  D u n s i l  seam i n e r t i n i t e ,  compared 
t o  t h e  o t h e r  i n e r t i n i t e s  shou ld  be noted.  T h i s  i s  p r o b a b l y  due t o  t h e  r e l a t i v e l y  
l ow  rank o f  t h e  D u n s i l  i n e r t i n i t e  a s  w e l l  as t o  t h e  f a c t  t h a t  t h i s  sample i s  
composed l a r g e l y  o f  s e m i f u s i n i t e .  A l l  s e m i f u s i n i t e - r i c h  samples i n c l u d e d  i n  t h i s  
s t u d y  (see Tab le  I )  e x h i b i t  mass s p e c t r a l  p a t t e r n s  wh ich  tend t o  be i n t e r m e d i a t e  
between f u s i n i t e s  and v i t r i n i t e s  (compare a l s o  t h e  two B a l l a r a t  seam samples i n  
F i g u r e  3)  which i s  i n  agreement w i t h  p r e s e n t l y  accepted views on t h e  o r i g i n  o f  
s e m i f u s i n i t e s  f rom p a r t l y  c h a r r e d  wood [12]. 

I n  v iew o f  t h e  presence o f  s t r o n g l y  c o r r e l a t i n g  s e r i e s  o f  homologous i o n s  i n  
a l l  maceral spec t ra ,  as shown i n  F i g u r e  1, f a c t o r  a n a l y s i s  was per formed t o  reduce 
t h e  apparent  d i m e n s i o n a l i t y  o f  t h e  d a t a  and t o  b r i n g  o u t  t h e  major  u n d e r l y i n g  
chemical  tendencies.  
peaks with h i g h e s t  r a t i o ' s  f o r  "between ca tegory "  and " w i t h i n  ca tegory "  va r iance  
( w i t h  each s e t  o f  t h r e e  r e p l i c a t e  s p e c t r a  per  sample s e r v i n g  as a separa te  ca te -  
go ry ) .  
groups, w i t h  v i t r i n i t e s  occupying an i n t e r m e d i a t e  p o s i t i o n  between f u s i n i t e s  and 
e x i n i t e s .  
amazingly  w e l l  w i t h  t h e  co r respond ing  B r i t i s h  macera ls .  
t o  show a p o s i t i v e  c o r r e l a t i o n  w i t h  d i f f e r e n c e s  i n  sample d e n s i t y .  

macera l  groups caus ing  t h e  s e p a r a t i o n  i n  F i g u r e  4 a spectrum o f  t h e  f i r s t  f a c t o r ,  
c a l c u l a t e d  acco rd ing  t o  a procedure desc r ibed  by Windig e t  uZ. [13], i s  shown i n  
F i g u r e  5. 
w i t h  r e l a t i v e l y  h i g h  i n t e n s i t i e s  i n  i n e r t i n i t e s  (compare w i t h  F igu re  4 )  and i s  
t h o u g h t  t o  r e p r e s e n t  p o l y n u c l e a r  a r o m a t i c  s e r i e s  w i t h  r a t h e r  pronounced degrees o f  
a l k y l  s u b s t i t u t i o n ,  e.g. b i p h e n y l s  and /o r  acenaphthenes, phenanthrenes and/or  
anthracenes, f l uo renes ,  e t c .  The h i g h  i n t e n s i t y  o f  t h e  r e s i d u a l  methanol s o l v e n t  
peak groups a t  m/z 30-33 i n  i n e r t i n i t e s  may w e l l  r e f l e c t  t h e  l o n g  known c o r r e l a t i o n  
between t h e  methanol a b s o r p t i o n  c a p a c i t y  o f  a c o a l  and i t s  degree o f  c o a l i f i c a t i o n  
[141. The n e g a t i v e  component of t h e  f a c t o r  spect rum - l a r g e l y  exp la ined  by peaks 
w i t h  r e l a t i v e l y  h i g h  i n t e n s i t i e s  i n  t h e  s p o r i n i t e  samples - shows a d i s t i n c t  peak 
p a t t e r n  which we i n t e r p r e t  as r e p r e s e n t i n g  (po1y ) i sop reno ids  and/or  r e l a t e d  p o l y -  
e n i c  compounds. 
d i f f e rences  i n  o r i g i n ,  c o a l i f i c a t i o n  s tage  and p r e p a r a t i o n  technique.  
c o n t r a s t  w i t h  t h e  more o r  l e s s  c o m p l e t e l y  s a t u r a t e d  o r  aromat ized i s o p r e n o i d  
s k e l e t o n s  r e p o r t e d  i n  t h e  e x t r a c t a b l e  f r a c t i o n s  o f  c o a l s  and sha les  [15], these 
i s o p r e n o i d  f ragments l i b e r a t e d  by C u r i e - p o i n t  p y r o l y s i s  appear t o  possess a degree 
of u n s a t u r a t i o n  c o n s i s t e n t  w i t h  t h a t  found i n  many n a t u r a l l y  o c c u r r i n g  i sop reno ids .  
Whether these p o l y e n i c  s i g n a l s  a r e  d e r i v e d  f rom c a r o t e n o i d  m o i e t i e s  i n  s p o r o p o l l e n i n  

I n  agreement w i t h  Py-MS s t u d i e s  on whole c o a l s  [5 ]  

i ,  

The K-L p l o t  i n  F i g u r e  4 was ob ta ined  w h i l e  u s i n g  80 mass 
r 

F i g u r e  4 shows a c l e a r  s e p a r a t i o n  between t h e  t h r e e  d i f f e r e n t  maceral 

The d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  samples o f  t h e  two US c o a l s  b lend  i n  
Moreover, f a c t o r  I appears I ,  

To he lp  e x p l a i n  t h e  d i f f e rences  i n  chemical compos i t i on  between t h e  t h r e e  

The p o s i t i v e  component o f  t h i s  f a c t o r  spectrum i s  e x p l a i n e d  by peaks 

T h i s  p a t t e r n  i s  found i n  a l l  f i v e  s p o r i n i t e s ,  i n  s p i t e  o f  
Moreover, i n  
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[I61 or perhaps from some type of fossilized natural rubber, remains open to 
speculation at this point. 
senting the positive (inertinite) and negative (sporinite) components of factor I 
respectively, are shown in Figure 6. 

might be expected to provide peak patterns characteristic of vitrinites, few if any 
such peaks are found. In fact, factor I1 is dominated by an as yet unexplained 
Series of peaks loading on the negative component and thus representing compounds 
which are characteristically low in vitrinites as compared to inertinites and 
exini tes. 

It may be concluded that Curie-point pyrolysis mass spectrometry in combina- 
tion with multivariate statistical analysis provides valuable information on the 
specific chemical characteristics of coal maceral concentrates as well as on the 
influence of depositional environment and coalification processes. The results 
obtained appear to agree well with generally accepted views on the chemical nature 
and origin of coal macerals. Perhaps the most important new finding of this study 
is the presence of distinct peak patterns in sporinites which appear to represent 
more or less intact (po1y)isoprenoid and/or related polyenic hydrocarbon moieties. 
More detailed accounts of these studies are being published elsewhere [ 6 ] .  

Selected peak intensities at m/z 122 and 288, repre- 

Although the positive portion of the factor spectrum of factor I 1  (not shown) 

' 

, 

R Code 
1 T 
2 T 
3 M 
4 M 
5 M 
6 W 
7 W 
8 A 
9 A 
IO A 
I 1  R 
1 2  Ra 
13 Rb 
14 C 
15 C 
16 P 
17 P 

TABLE I 
MACERAL CONCENTRATES ANALYZED 

Seam ( C o l l i e r y )  
Dunsi l  (Teversa l )  
i b i d  
Barnsley (Markham) 
i b i d  
i b i d  
Wheatley Lime (Woolley) 
i b i d  
S i l ks tone  (Aldwarke) 
i b i d  
i b i d  
B a l l a r a t  (Roddymoor) 
i b i d  
i b i d  
Ge l l i deg  (Coegnant) 
i b i d  
Beeston (Peckf ie ld)  
i b i d  

NCB 5 

Samole I 

Sam l e  
I :ode 

18 E l  
19 E2 
20 E3 
21 E4 
22 E5 
23 E6 
24 51 
25 52 
26 53 
27 54 
28 S5 
29 56 
30 57 

Seam (Coal F ie ld )  Density (g/cm3) Maceral Type 
Upper Elkhorn (E. Appalachian) 1.17 SPORIN 
i b i d  1.26 VITRIN 
i b i d  1.29 VITRIN 

1.30 V I T R I N  
1.32 INERT*** 

i b i d  FZok :c] 
i b i d  
i b i d  1.36 INERT*** 
Dakota (San Juan River)  1.23 VITRIN 
i b i d  1.25 VITRIN 
i b i d  1.26 V I T R I N  
i b i d  PSOC 858 1.27 VITRIN 
i b i d  L4.2 %C] 1.30 VITRIN 
i b i d  1.32 SFUSIN 
i b i d  1.38 SFUSIN 

K/FLOTATION CONCENTRATE 
aceral 
I T R I N  
98 

6 
3 

98 
6 

96 
3 
0 

98 
5 

96 
2 

14 
89 
34 

- 
- 

nnposil - 
[NERT 

1 
93' 
9 
2 

92'* 
1 
9 
5 
1 

96f 
3 

97 
85' 
11 
66 - 

LIP1 
1 

tr. 
88 
tr. 
1 
3 

88 
95 
1 

1 

1 
0 
0 

- 

- 

El, enta l  Comi s i t i o n  - 
% C  
81.5 
87.7 
82.2 
82.2 
91.6 
87.9 
86.5 
87.2 
86.9 
92.1 
88.8 
93.9 
91.9 
91.4 
92.3 

- 

- 
glcm 
% 

% H  
5.1 
3.9 
7.4 
5.5 
3.6 
6.9 
5.6 
7.4 
5.4 
3.7 
5.3 
3.5 
4.3 
4.6 
4.2 

- 

- 
m3 

- 
% O  
0.8 
6.9 
7.3 
9.3 
4.1 
3.0 
4.9 
3.6 
4.2 
3.1 
3.6 
1.4 
3.1 
1.9 
1.9 

- 

- 

- 
% N  
2.1 
1.1 
1.1 
1.9 
0.4 
1.1 
1.8 
1.2 
1.8 
0.7 
1.7 
0.5 
0.3 
1.6 
1.1 

- 

- 

- 
2 
1.4 
1.6 
1.9 
1.3 
1.2 
1.2 
1.4 
0.7 
1.1 
0.4 
0.7 
0.8 
0.5 
0.6 
0.6 - 
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F i g u r e  2. S c a t t e r  p l o t  o f  i o n  i n t e n s i -  
t i e s  a t  m/z 110 and 124, b e l i e v e d  t o  
rep resen t  dihydroxybenzenes and me thy l -  
dihydroxybenzenes r e s p e c t i v e l y .  
E x i n i t e s  ( s p o r i n i t e s ) ,  v i t r i n i t e s  and 
i n e r t i n i t e s  a r e  rep resen ted  by c i r c l e s ,  
squares and t r i a n g l e s  r e s p e c t i v e l y .  
Index code i s  i d e n t i f i e d  i n  Tab le  I .  
S o l i d  b l a c k  symbols i n d i c a t e  US g r a d i -  
e n t  c e n t r i f u g a t i o n  samples. Note t h a t  
carbon c o n t e n t  boundar ies have n o t  
been conf i rmed f o r  US samples (Table I )  

F i g u r e l .  Averaged p y r o l y s i s  
mass spec t ra  o f  t h e  t h r e e  
maceral types analyzed. 
Homologous i o n  s e r i e s  con-  
nec ted  by s o l i d  o r  b roken  
l i n e s .  Arrows i n d i c a t e  
markedly  h i g h e r  o r  l ower  
peaks. Chemical i d e n t i f i -  
c a t i o n s  a r e  t e n t a t i v e .  
Fo r  c o n d i t i o n s  see t e x t .  

m I 

I 
I 
I 

I l o  
hA r' 

1.0 5 . 2 5  9 . 3  
./I Y ( I  f l t l l  lo" lntenslty) 

F i g u r e  3. S c a t t e r  p l o t  o f  i o n  i n t e n s i -  
t i e s  a t  m/z 34 and 122, b e l i e v e d  t o  
r e p r e s e n t  hydrogen s u l f i d e  and Cp- 
a l k y l  phenols  r e s p e c t i v e l y .  For  ex-  
p l a n a t i o n  o f  symbols, codes and 
mark ings see F i g u r e  c a p t i o n  2 and 
Table I .  Note c rude  p o s i t i v e  c o r r e -  
l a t i o n  of  m/z 34 w i t h  t o t a l  s u l f u r  
c o n t e n t  and n e g a t i v e  c o r r e l a t i o n  o f  
m/z 122 w i t h  carbon con ten t .  
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Figure 4. Karhunen Loeve p l o t  of the f i r s t  
two fac tor  scores .  For explanation of sym- 
bols and codes see Figure caption 2 and 
Table I .  US dens i ty  grad ien t  f r a c t i o n s  
a r e  connected by arrows in order o f  i n -  
creasing dens i ty .  Numerical values ranging 
from .45 (Ba l l a ra t  i n e r t i n i t e  a )  t o  1.08 
(Barnsley e x i n i t e )  represent  atomic H / C  
r a t i o ' s .  Note pos i t i ve  co r re l a t ion  of 
f ac to r  I with dens i ty  and negative cor re-  
l a t ion  w i t h  H / C  r a t i o .  
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Figure 5. Factor spectrum representing f a c t o r  I in Figure 4 .  
Note marked s impl i f i ca t ion  of spec t r a l  pa t t e rns  as  compared 
t o  Figure 1 .  Chemical l abe l s  a r e  examples of possible 
s t ruc tu res  only. 
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APPLICATION OF 2-D AND DIPOLAR DEPHASING 13C NMR TECHNIQUES 
TO THE STUDY OF STRUCTURAL VARIATIONS IN COAL MCERALS 

Ronald J.  Pugmire, Warner R. Woolfenden, Charles L. Mayne 

University of Utah 
S a l t  Lake City, Utah 84112 

J i r i n a  Karas, and David M. Grant 

INTRODUCTION 

Coal has been described as  an organic rock. 
l i z e  coal supplies, however, the chemical s t ruc ture  of coal needs to  be 
known in much greater detail  so t ha t  methods can be developed to  convert 
coal to  a clean burning l iqu id  or gaseous fuel.  

In order t o  be t te r  u t i l -  

Coal i s  known to  be a physically heterogeneous substance w i t h  inorganic 
mineral matter mixed randomly i n  the organic material. 
i s  further subdivided in to  maceral groups which r e f l e c t  the f l o r i s t i c  
assemblages available a t  the time o f  the  formation of the  coal measures. 
The chemical structural  detail  of the organic components of these materials 
i s  not well known, even though researchers have been working for  decades on 
s t ruc ture  analysis. Of in t e re s t  i s  the nature of the carbon skeleton 
including the aromatic and a l ipha t ic  groups; the level,  type and role of 
oxygen, nitrogen, and sulfur;  the type and extent of cross-linking; and the 
molecular weight d i s t r ibu t ion  of the macromolecules. 

Useful reviews and monographs published on coal structural  analysis 
include works by Van Krevelan ( l ) ,  Ignasiak (21, Tingey and Morrey (31, 
Davidson (41, Larsen (5), and Karr (6). 
following: Coal is  a highly aromatic substance (65-90% aromatic carbon, 
variable w i t h  rank b u t  w i t h  few coals having aromaticit ies lower than 50%), 
w i t h  c lus te rs  of condensed rings ( u p  to  approximately four rings);  the 
a l ipha t ic  part  o f  the coal appears t o  be mostly hydroaromatic rings and 
shor t  a1 iphatic chains connecting the aromatic c lus te rs ;  the oxygen has 
been found in  the form of phenols, quinones, e thers ,  and carboxylic acids, 
b u t  l e s s  detail  i s  known about the nature of the organic su l fur  or nitro- 
gen. 

The organic matter 
I 

These reports indicate the 

The study of the aromaticity of coal has included infrared spectros- 
copy (7) and various chemical methods (8 ,9) ,  b u t  the most promising 

spinning nuclear magnetic resonance spectroscopy ( C P / t m  C-13 N M R ) .  This 
technique, i n i t i a l l y  developed by Pines, e t  a1 (101, has been successfully 
applied t o  coals by several workers i n  order t o  obtain aromatic-to- 
a l ipha t ic  r a t io s  (11-14) ( f a ) .  There i s  evidence tha t  fur ther  structural  
information on coals and coal macerals can be gained from the CP/MAS c-13 
NMR experiments (15-19). The a l ipha t ic  par t  of coal has also been charac- 
te r ized  by a novel chemical method involving a t r i f luoroace t ic  acid/aqueous 
hydrogen peroxide oxidation of the aromatic rings to  y i e ld  a l ipha t ic  acids 
and diacids (20). Chemical t e s t  resu l t s  may be spurious, however, due to 
the  severity of the reaction conditions and the insoluble and heterogeneous 
nature o f  coal S .  

I analytical  tool appears to  be cross-polarization magic angle sample 
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Cp/MAS 1% NMR offers  a powerful non-destructuve tool for  the analysis 
of  carbonaceous sol ids .  
material and the concomitant resolution obtainable, a wide range of struc- 
tural  information can be obtained. In complex organic sediments, the 
divers i ty  of s t ructural  components leads t o  broad bands that  frequently 
lack detai l .  However, employing multiple pulse techniques, i t  i s  possible 
t o  obtain additional s t ructural  information. The dipolar dephasing tech- 
nique reported by Ope1 1 a (26,271 discriminates protonated from nonproto- 
nated carbons i n  a CP/MAS spectrum on the basis of the 1H-13C dipolar 
interact ion.  
No. 6 coal. 

We w i s h  to  report data on a s e r i e s  of whole coals and coal macerals 
using conventional CP/MAS, dipolar dephasing, and 2-D dipolar dephasing 
techniques. These data provide a wealth of new structural  information and 
demonstrate t ha t  mu1 t i p l e  pulse and 2-D spectroscopic techniques can be 
uti1 ized on complex carbonaceous materials. 
on  maceral samples separated by the density gradient centrifugation method 
which separates coal maceral groups according t o  density. 

Depending on the nature of the carbonaceous 

Hagaman and Woody (28) have reported the spectra of I l l i no i s  

We a1 so report data obtained 

EXPERIMENTAL 

A l l  1% NMR CP/MAS spectra were obtained on a Bruker CXP-100 instrument 
equipped with a Z32DR 13C-MASS superconducting magnet probehead for  proton 
enhanced magic angle spinning experiments (CP/MAS). Samples were packed in 
carefully prepared rotors machined from boron n i t r ide  (body material ) and 
Kel-F (spinner head material)  i n  Andrew-Beams type rotors ( 2 2 ) .  Boron 
n i t r ide  i s  used as the body material because of i t s  good tensi l  strength 
and i t s  resistance to  deformation a t  h i g h  spinning speeds, whereas the 
Kel-F material is  used fo r  the rotor head material because of i t s  bet ter  
resistance t o  wearing as i t  comes i n t o  occasional contact with the s t a to r  
assembly d u r i n g  s t a r t  ups and stops.  
hydrogen which would cause extraneous resonance signals and decoupler 
heating problems. The spinning speed was s l i gh t ly  in excess of 4 KHz t o  
avoid complications due t o  overlapping of spining side bands w i t h  other 
spectral components. T h e  carbon-proton cross polarization time was 1.5 
msec and the cycle time was 0.3 seconds. Experiments performed a t  t h i s  
laboratory have shown t h a t  such short cycle times are indeed feasible  w i t h  
coals because of the inherent f r ee  radical induced short  relaxations times 
(23) .  
of approximately 100 mg s ize .  The dipolar dephasing experiments involved a 
40 usec delay inserted between the contact time and the acquisit ion period. 
I t  i s  well known tha t  this delay period will decrease the signal inten- 
s i t i e s  of a l l  carbon peaks compared to  the i r  i n t ens i t i e s  in the normal 
CP/MAS spectrum due t o  T2 relaxation effects ;  however, no e f f o r t  has been 
made to correct for  t h i s  decrease i n  in tensi ty  t o  e f f ec t  a material balance 
between compared spectra since i t  i s  assumed t h a t  the decrease in intensity 
of the nondipolar dephased carbon-13 peak is  small. Chemical shifts are 
reported referenced t o  TMS. 
referencing material. A rotor  of the reference solid i s  used t o  a d j u s t  the 
magic angle and the carbon/proton power levels f o r  the Hartman Hahn con- 
d i t i on  such that  the aromatic and al iphat ic  carbon peaks are of essent ia l ly  
equal  i n t ens i t i e s .  The coal samples were then substi tuted using the same 
rotor w i t h o u t  changing any resolution or referencing parameters. The 
upfield peak of hexamathylbenzene i s  presumed t o  be a t  18 ppm from TMS. 

B o t h  materials are f ree  of carbon and 

Each spectra resulted from averaging 10,000 repet i t ions on samples 

Hexamethyl benzene was used as an external 
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COAL MACERALS AND MACERAL SEPARATION 

The coals designated as PSOC-2 and PSOC-858 were obta ined f r o m  the Coal 
Data Bank a t  the Pennsylvania S ta te  U n i v e r s i t y .  
t h i s  coal were separated by the  dens i t y  g rad ien t  c e n t r i f u g a t i o n  technique 
descr ibed by Dyrkacz (24,25). The samples designated by PSMC-67, -19, -34, 
-43, -47, and -53 were v i t r i n i t e  concentrates obta ined from 
Professor  Alan Davis a t  Penn S ta te  and the  a n a l y t i c a l  and CP/MAS data have 
been prev ious ly  repo r ted  (16). The B r i t i s h  maceral concentrates designated 
as Aldwarke, S i l ks tone ,  Teve rs i l  , Dunsi l ,  Woolley, Wheatley Lime, Markham 
Main, and North Celyen were obta ined from Professor  Pe te r  Given a t  Penn 
S t a t e  and the a n a l y t i c a l  data on these coa ls  a re  g iven i n  Table 111. The 
samples were prov ided t o  Professor  Given by the B r i t i s h  Nat ional  Coal Board 
and were s tored under n i t r o g e n  s ince t h e i r  preparat ion.  

The maceral groups from 

RESULTS AND DISCUSSION 

We have r e c e n t l y  es tab l i shed  i n  our l a b o r a t o r y  the  c a p a b i l i t y  t o  
separate coal maceral s by the  dens i t y  g rad ien t  c e n t r i f u g a t i o n  technique 
(DGC) descr ibed by Dyrkacz (24,251. 
sented i n  F igu re  1 i n d i c a t i n g  t h e  dens i t y  d e l i n e a t i o n  o f  t he  th ree  maceral 
groups. The mean d e n s i t i e s  i n d i c a t e d  i n  the F igu re  correspond t o  the l i p -  
t i n i t e  ( l a r g e l y  s p o r i n i t e ,  see Table I )  v i t r i n i t e  and i n e r t i n i t e  maceral 
f r a c t i o n s .  The ac tua l  dens i t y  ranges f o r  the s i x  d i f f e r e n t  samples s tud ied  
a r e  used as l a b e l s  f o r  each spectrum i l l u s t r a t e d  i n  F igu re  2 along w i t h  the 
separate f a  values. 

( s e m i - f u s i n i t e  and f u s i n i t e ) .  
PSOC-2 whole coal and the  s p o r i n i t e ,  t h r e e  v i t r i n i t e ,  and two i n e r t i n i t e  
f r a c t i o n s  separated by the  DGC technique are given i n  F igu re  2. Note the  
v a r i a t i o n  i n  the  band shapes i n  the  a l i p h a t i c  reg ions  o f  t he  v i t r i n i t e  and 
i n e r t i n i t e  maceral groups. These data c l e a r l y  i n d i c a t e  t h a t  a d d i t i o n a l  

which have been separated f r o m  a g iven coal as p rev ious l y  repo r ted  (17,181. 
Even w i t h i n  the  th ree  v i t r i n i t e  samples, l a r g e  v a r i a t i o n s  i n  spec t ra l  
c h a r a c t e r i s t i c s  i n d i c a t e  s t r u c t u r a l  d i f f e r e n c e s  among macerals o f  small 
dens i t y  variance. S i m i l a r  s t r u c t u r a l  changes are observed i n  the  v i  t r i n i t e  
maceral group f o r  PSOC-858. 

The DGC f ractogram o f  PSOC-2 i s  pre- 

This  coal con ta ins  e s s e n t i a l l y  no l i p t i n i t e  and hence 

The stacked CP/MAS spect ra o f  the 
\ e x h i b i t s  only two peaks corresponding t o  v i  tri n i  t e  and i n e r t i  n i  t e s  

’> 

1 s t r u c t u r a l  i n fo rma t ion  i s  ob ta inab le  from s tud ies  o f  coal maceral groups 

\ 

A d d i t i o n a l  s t r u c t u r a l  i n f o r m a t i o n  can be obta ined by means o f  the dipo- 
1 a r  dephasing technique repo r ted  by Ope1 1 a (26,271 which d i sc r im ina tes  pro- 
t o n  ed from nonprotonated carbons i n  a CP/MAS spectrum on the bas i s  o f  t he  

C d i p o l a r  i n t e r a c t i o n .  
spect ra o f  I l l i n o i s  No. 6 coal by employing t h i s  technique. I n  model com- 
pounds, Alemany (29) has observed t h a t  a 40-11s i n t e r r u p t i o n  i n  the  proton 
decoupl ing w i l l  cause a l l  o f  the CH and CH2 resonances t o  vanish, w h i l e  the  
i ntens i  ty o f  the nonprotonated carbons exper ience only  minor a t tenua t ion  
(ca. 10-20%). The dephasing o f  a methyl  group i s  more complex b u t  approxi-  
mate ly  50% o f  t he  methyl carbon s igna l  i s  s t i l l  observed a f t e r  a 40 sec 
dephasing delay. Hence, by a p p r o p r i a t e l y  va ry ing  the i n t e r r u p t i o n  o f  the 
decoupl e r  one can d i f f e r e n t i a t e  among m e t h i n e h e t h y l  ene, methyl and nonpro- 
tonated carbons. Typ ica l  r e s u l t s  are g iven i n  F i g u r e  3 f o r  the Aldwarke 
S i l k s t o n e  e x i n i t e .  The f r a c t i o n  o f  t he  carbon i n  the  sample which i s  aro- 
ma t i c  and nonprotonated, faN, i s  obta ined by comparing the r e l a t i v e  i n ten -  
s i t i e s  o f  the aromat ic reg ion  o f  t h e  spect ra w i t h  decoupler pu lse delays of 
0 and 40 sec before data a c q u i s i t i o n .  The f r a c t i o n  o f  protonated aromatic 

i 

Hagaman and Woody (28) have repo r ted  the  
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carbon i s  then faH; thus f H + faN fa .  
f o r  which high resolution f H  and 1% NMR data were taken, Wilson (30) has 
obtained values of f a ,  and fa' in the solid t a r .  
w i t h  those corresponding values obtained fo r  the dissolved tar .  
0.62, 0.62; f a H  = 0.24, 0.23 for  the s o l i d  and dissolved solvent refined 
coal, respectively).  

maceral samples and some of the resul ts  are given i n  Table 11. 
are indicative again of the highly variable s t ructure  found in coal 
samples. The values designated as fss and faB are the fraction of aromatic 
carbon atoms which are  substi tuted and those which are bridgehead carbons 
respectively. This separation i s  based s t r i c t l y  on the chemical s h i f t  
range o f  the  nonprotonated aromatic carbons; i.e.,  i n  the d i p o l a r  dephasing 
spectrum, i t  i s  assumed tha t  nonprotonated carbon resonance shifts greater 
than 133 ppm are substi tuted while those w i t h  chemical s h i f t s  l e s s  t h a n  
133 ppm are bridgeheads. This a r b i t r a r i l y  chosen chemical s h i f t  value has, 
of course, been assigned from previous experience us ing  the spectral 
assignments of known compounds. 
Table I1 r e f l ec t  the fract ion of the al iphat ic  region which i s  b o t h  nonpro- 
tonated carbons and methyl group carbons and has been designated as fs*. 
I f  the carbon resonances due t o  these two differ ing types of species are 
dis t inct ive,  they can be fur ther  ident i f ied w i t h  the use of 2-dimensional 
dipolar dephasing techniques based on t h e i r  differ ing dephasing rates. 
Carbon-13 data obtained on a ser ies  of Bri t ish maceral concentrates are 
also expressed in Table 11. Further analytical  data for  these concentrates 
are found in Table 111. The d a t a  found in this table  has been supplied by 
the Coal Survey National Coal Board. The Woolley Wheatly Lime sample i s  
93% f u s i n i t e  while the Teversal Dunsi l  concentrate is 80% semifusinite with 
13% fusini te .  The Aldwarke Silkstone sample contains 43% semifusinite and 
43% fus in i t e .  The petrographic analysis of PSOC-2 reveals nearly equiva- 
l e n t  amounts of fu s in i t e ,  semifusinite, micrinite,  and macrinite (6.8, 8.1, 
7.5 and 8.5% respectively i n  the whole coal) .  
values f o r  these samples are greater than the experimental error  and these 
differences suggest t ha t  NMR techniques may be useful i n  characterizing the 
chemical s t ructural  differences between i n e r t i n i t e  maceral s. 

T h e  use of 2-D I3C NMR techniques i n  l iquids  has progressed from a 
novelty t o  a very useful analytical  tool. Even though the use of 2-0 pulse 
techniques on sol ids  i s  n o t  as  advanced, experiments on simple organic com- 
pounds have appeared i n  the l i t e r a t u r e  (311. The principal value of 2-D 
spectroscopy in s o l i d  CP/MAS studies of coal and related macerals l i e s  i n  
t he  a b i l i t y  of such methods t o  separate spectral information which i n  the 
typical one dimensional case appears as a s ingle  resonance. Figure 3 is a 
2-D contour p l o t  of the Aldwarke Silkstone exini te  maceral exhibiting che- 
mical s h i f t  along the F2 axis. 
carbon resonances which extend further along the F1 axis have larger dipo- 
l a r  dephasing e f f ec t s  working upon them. Such e f f ec t s  can then be graphi- 
cal ly  used t o  d i f f e ren t i a t e  between carbons of similar chemical s h i f t  b u t  
d i f fer ing proton environments. Figure 5 i s  a stack plot of the same infor- 
mation found i n  Figure 3. Spectral t races  d i f f e r  from each other by 977 Hz 
s t a r t i ng  w i t h  the top spectrum a t  zero Hz dipolar dephasing rate.  

Using a solvent refined coal tar 

( f a . =  
These values agree nicely 

Dipolar dephasing data (26,171 have been acquired on 36 coal and 
The data 

T.he values found in the l a s t  column of 

The differences i n  faH 

I t  should be emphasized here that those 
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The c a p a b i l i t y  of measuring d i r e c t 1  the  f r a c t i o n  o f  aromat ic carbon, 
f a  r e l a t i v e  t o  t o t a l  carbon v i a  s o l i d  13, NMR has s t i m u l a t e d  considerable 
i n t e r e s t .  
been Consistent w i th  t h e  order  f u s i n i t e  > m i c r i n i t e  > v i t r i n i t e  > e x i n i t e  
g i ven  by Dormans e t  a1 (34) f o r  macerals o f  a s p e c i f i c  rank. For  the  
sample s e t  o f  PSOC-2 and i t s  separated maceral groups, t h e  f a  values found 
i n  t h i s  study a re  i n  t h e  order  i n e r t i n i t e  > v i t r i n i t e  > e x i n i t e  as 
expected. 
t o t a l  carbon i n  the  coa l  t h a t  i s  arc 4 a t i c  and protonated, decreases i n  t h a t  
same order  f o r  t h i s  se r ies  o f  s i x  macerals. These data imp ly  t h a t  t he re  i s  
a s i g n i f i c a n t  d i v e r s i t y  i n  the  amount o f  r i n g  s u b s t i t u t i o n  and/or cross 
l i n k i n g  among t h e  aromat ic carbons i n  t h e  var ious macerals as seen i n  the  
est imated values f o r  t h e  f r a c t i o n  o f  aromat ic s u b s t i t u t e d  and bridgehead 
carbons, fas and faB. 
-19, -34, -43, -47, and -53, which i s  a s u i t e  o f  samples from a common 
depos i t i ona l  environment b u t  o f  va ry ing  rank, revea ls  a s i m i l a r  t r e n d  i n  
samples o f  i nc reas ing  rank. The CP/MAS data repo r ted  e a r l i e r  (16)  exh i -  
b i t e d  a decrease i n  f u n c t i o n a l i t y  w i th  progress ing rank (i.e., l o s s  o f  
a l k y l  and aromat ic oxygen groups). The d i p o l a r  dephasing data o f  t h i s  
r e p o r t  i n d i c a t e  t h a t  t h i s  l o s s  o f  f u n c t i o n a l i t y  l eads  t o  a n e t  increase i n  
t h e  f r a c t i o n  o f  protonated aromat ic carbons. Ring condensat ion reac t i ons  
a lone cannot e x p l a i n  these r e s u l t s  as r i n g  condensat ion would produce an 
opposi te  e f f e c t .  
ma tu ra t i on  i n  these samples must a l so  i nc lude  some r i n g  p ro tona t ion  reac- 
t i o n s  accompanying r i n g  defunct ional  i z a t i o n  and t h e  data suggests t h a t  
these p ro tona t ion  reac t i ons  are p r e f e r r e d  t o  r i n g  condensat ion reac t ions .  

Data on the  s e t  o f  B r i t i s h  maceral concentrates,  Table I ,  e x h i b i t  
t r ends  s i m i l a r  t o  those noted above. Comparing t h e  faH data on the  i ne r -  
t i n i t e  f r a c t i o n s  from PSOC-2, Woolley Wheatley Lime, Teversal  Duns i l ,  and 
A 1  dwarke S i l ks tone  revea ls  some s i g n i f i c a n t  d i f f e rences  between these 
samples from coa ls  o f  h igh  v o l a t i l e  bi tuminous rank ( a l b e i t ,  perhaps from 
q u i t e  d i f f e r e n t  environments). 

Carbon resonances a r i s i n g  from both  nonprotonated and protonated aroma- 
t i c  carbons may appear a t  t h e  same frequency under p ro ton  decoupling. Yet 
these two resonances cou ld  possess very d i f f e r e n t  r e l a x a t i o n  behavior and 
i n  a s o l i d  cou ld  evolve very d i f f e r e n t l y  due t o  l o c a l  p ro ton  d i p o l a r  f i e l d s  
which at tenuate w i t h  t h e  carbon pro ton  d is tances as l/r$. When the  sp in  
l o c k i n g  pu lse  f o r  p ro ton  nuc le i  i s  turned o f f ,  carbons w i t h  d i r e c t l y  bound 
protons such as methines and methylenes r a p i d l y  dephase i n  t h e  l o c a l  p ro ton  
f i e l d s  and t h e i r  spec t ra l  response i s  r a p i d l y  diminished. The r a p i d  i n t e r -  
n a l  mot ion o f  CH3 groups g r e a t l y  decreases the  e f fec t i veness  o f  methyl 
protons. Nonprotonated carbons are  on ly  dephased by remote and the re fo re  
much weaker magnetic f i e l d s .  Th is  type o f  response i s  g iven  i n  F igu re  2 
u s i n g  t h e  pulse sequences f i r s t  proposed by Rybaczewske e t  a1 (31) and 
popu la r i zed  by Opel la  (26,271 f o r  powders. These two spec t ra l  t races  
demonstrate how carbon atoms w i t h  protons are  s i g n i f i c a n t l y  a t tenuated 
f o l l o w i n g  a 40usec dephasing time. 
t i c  peak due t o  protonated carbons and e s s e n t i a l l y  a l l  o f  the  a l i p h a t i c  
r e g i o n  a re  at tenuated l e a v i n g  p r i m a r i l y  t h e  nonprotonated aromat ic carbons 
and methyl carbons ( t h e  two h igh  f i e l d  peaks i n  the  lower  t r a c e  which have 
chemical s h i f t  values fo r  a l i p h a t i c  and aromat ic CH3 carbons). 
v e s t i g i  a1 remnant o f  t h e  once very  s t rong methi nelmethyl  ene peak appears 
as the  l owes t  f i e l d  peak of t he  th ree  d i s t i n c t  a l i p h a t i c  peaks. 
spec t ra l  response i s  l i m i t e d  t o  a subpor t ion o f  t h e  t o t a l  spectrum con- 
t a i n e d  i n  t h e  upper t race. 

The f a  values p rev ious l y  found (32,331 f o r  coal  macerals have 

An i n t e r e s t i n g  observat ion i s  t h a t  faH, the  f r a c t i o n  o f  t he  

An examinat ion o f  t he  pure v i t r i n i t e  se r ies  PSMC-67, 

It appears t h a t  reac t i ons  associated w i t h  v i t r i n i t e  

Thus, t he  u p f i e l d  p o r t i o n  o f  the  aroma- 

The small 

Thus, t h i s  
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Thus, otherwise over1 a p p i n g  spectral information has been obtained by 
employing in a subtle way the differing dipolar properties of the different 
types of carbons. 
dimensional , 2-0, FT spectrum, one may simultaneously obtain spectral 
information on both  nonprotonated and protonated carbons direct ly .  
Figures 3 and 4 contain such a 2-0 spectrum for the Aldwarke Silkstone exi- 
nite.  In Figure 4 a contour p l o t  of the spectral i n t ens i t i e s  i s  given for 
the r a t e  of dipolar dephasing along the y-axis vs. chemical s h i f t  along the 
x-axis. Thus, the nonprotonated and methyl carbons show steep f a l l  off in 
the intensity contours while protonated carbons are represented by much 
broader (along y-axis) spectral  responses. Vertical cuts through the 2-D 
surface along the chemical s h i f t  axis are given in Figure 5. Hence, we 
observe i n  a more typical format the spectral respose as a function of a 
dipolar dephasing frequency. 
t o r s  span al l  possible orientations and t h u s  zero frequency responses are 
f o u n d  for  a l l  resonances, a l b e i t  the spread i n  a l iphat ic  response i s  
dis t r ibuted over such a much greater range of dephasing frequencies as t o  
reduce t h i s  part  nearly to  the noise level.  
Figure 5 leaves the CH2 peak persist ing t o  higher dephasing frequencies as 
w o u l d  be expected from the data in Figure 3. There i s  an inverse rela- 
tionship between the time s l i c e s  in Figure 3 and the frequency s l i ce s  i n  
Figure 5. S h o r t  times contain information corresponding t o  larger 
dephasing frequencies. The three dimensional plot  (Figure 6 )  of the aroma- 
t i c  portion of Figures 4 and 5 helps one t o  appreciate the above point. 
Note in the plot sharp peaks corresponding to  nonprotonated carbons. 
feature i s  graphically shown i n  the 3-D portrayal. A single chemical sh i f t  
s l i c e  through the aromatic region, a lso shown in Figure 5, emphasized the 
dual nature of the spectral response w i t h  a sha rp  peak resting on a broad 
base peak. Curve f i t t i n g  techniques can easily resolve the true com- 
ponents. 

structural  information on coal is now available from these techniques for 
the f i r s t  time. 
an excit ing new analytical  tool for the study of complex materials such as 
coal and coal macerals. 

If th is  spectral feature i s  made the basis of a two 

For a solid powder the C-H dipole-dipole vec- 

The successive s l i ce s  i n  

This 

Thus, using very sophisticated spectral resolving techniques, important 

Hence, mu1 t ip1 e pul se/mul tidimensional spectroscopy offers 
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TABLE I 
Elemental Analys is  and Maceral Composit ion o f  Coal PSOC-2 Separated 

by Densi ty  Grad ien t  C e n t r i f u g a t i o n  Techniques 

Petrographic  Analys is  (Volume %)  

L i  p t i  n i  tes  

A l g i n i  tes  
Resi n i  t e  

Cut i  n i t e  

Spori n i  t e  I 

V i  t r i n i  t e  

I n e r t i n i  tes  

M i c r i n i  t e  
Semi f us i n i  t e  

F u s i n i t e  
Macr in i  t e  

To ta l  L i p t i n i t e s  

Tota l  V i t r i n i t e  
To ta l  I n e r t i n i t e s  

Elemental Analys is  (DMMF %)* 
? 
1 C 

7 H 

N 
S 
0 (by d i f f e r e n c e )  

\ 

I * 
Minera l  Mat te r  Content of Coal 

1 (Before Deminera l i za t ion)  * 
V i  t r i n i  t e  Ref lectance 

(Mean maximum) 
* 

C1 ass 

Coal Type 

COAL 
PSOC-2 

0.0 

1.2 
1.4 

33.6 

29.6 

8.7 

8.3 
7.0 

7.7 

36.2 

32.1 
31.7 

85.49 
5.56 

1.46 
0.62 

6.79 

3.82 

0.89 

HVAB 

Channel 
L i  thotype 

* Values repor ted  by Penn Sta te  on d i f f e r e n t  samples o f  t h e  same coa l .  
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TABLE 11 
Struc tura l  Parameters of Coals and Coal Macerals 

PSOC-2 
E 
v-1 
v-2 
v-3 
1-1 
1-2 

PSNC-67 
-1 9 
- 34 
-43 
-47 
-53 

A1 dwarke 
Silkstone 

€ x i  n i  t e  
Vi t r i  ni t e  
I n e r t i n i  t e  

Teversi 1 
Ounsil 

Vi t r i n i t e  
I n e r t i  n i  t e  

Wool 1 ey 
b!heatley, Lime 

Exi ni  t e  
Vi t r i n i t e  
Iner t in i  t e  

Elarkham f h i n  
Exini t e  
Vi - i r in i te  
I n e r t i n i  t e  

Narth Celyen 
Exin i te  
V i t r i n i t e  
. I n e r t i n i t e  

psoc-1 io8 
PSOC-1110 
Beluga 
Ligni te 

H/C 

0.79 
- 

- 
- 
0.80 
0.86 
0.75 
0.78 
0.73 
0.63 

1.02 
0.75 
0.48 

0.75 
0.53 

0.95 
0.78 
0.37 

1.08 
0.80 
0.47 

0.65 
0.67 
0.61 
0.65 
0.93 

0.94 

f aH XC (D:*lMF) f a  - -  
86.61 

- 
- 

82.2 
84.4 
83.9 
87.0 
88.0 
89.1 

87.2 
86.9 
92.1 

81.5 
87 .7  

87.9 
86.6 
93.7 

82.6 
82.2 
91.6 

90.6 
89.9 
91.3 
68.0 
72.5 

65.7 

f a  = faH + f a N  = f a H  t f a  S B  + f a  

0.60 0.39 
0.34 0.24 
0.61 0.41 
0.70 0.45 
0.67 0.47 
0.75 0.59 
0.76 0.63 
0.73 0.29 
0.7? 0.35 
0.77 0.42 
0.78 0.44 
0.86 0.43 
0.85 0.48 

0 .53  0.26 
0.80 0 .38  
0.89 0.59 

0.78 0.30 
0.8G 0.37 

0.47 0.29 
0.77 0.48 
0.89 0.53 

0.45 0.25 
0.76 0.33 
0.82 0.51 

0 . 8 4  0.40 
0 . 8 3  0.46 
0 . 8 5  0.47 
0 .43  0.29 
0.16 0.03 

0.64 0.17 

B 
fa - -  

0.21 0.11 
0.10 0.02 
0.20 0.07 
0.25 0.10 
0.20 0.11 
0.17 0.06 
0.13 0.05 
0.44 :::: 
0.33 
0.35 0-19 
0.34 
;:;; 0.22 

0.27 0.14 
0.42 0.21 
0.30 0.17 

0.48 0.23 
0.49 0.21 

0.18 0.09 
0.29 0.12 
0.36 0.21 

0.20 0.09 
0.41 0.23 
0.31 0.18 

0.44 0.27 
0.37 0.24 
0.38 0.24 
0.14 0.06 
0.13 0.06 

0.47 0.07 

fs = f S  H t f, *:' 

fa  f f S  =1 
* 

f S  = t,!on-protonated a l i p h a t i c  carbon plus methyl carbons. 
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0.10 
0.07 
0.13 
0.15 
0.09 
0.11 
0.08 
0.21 
0.15 
0.16 
0.14 
0.16 
0.16 

0.13 
0.21 
0.13 

0.25 
0.28 

0.09 
0.17 
0.15 

0.12 
0.18 
0 .13  

0.17 
0.13 
0.14 
0.08 
0.07 

0.40 

- _ _  
0.36 0.05 
0.59 0.06 
0.33 0.06 
0.26 0.04 
0.26 0.07 
O..21 0.04 
0.19 0.07 

0.a' 0.03 
0.22 0.05 

0.20 0.03 
0.19 0.03 
0.12 0.02 
0.13 0.01 

0.40 0.07 
0.15 0.05 
0.10 . 0.01 

0.18 0.04 
0.12 0.02 

0.46 0.07 
0.20 0.03 
0.09 0.02 

0.48 0.07 
0.21 0.06 
0.15 0.03 

0.14 0.02 

0.14 0 .01  
0.46 0.11 
0.65 0.19 

0.25 0.11 

0.16 0 . 0 1  
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Figure 1 .  Fractogram f o r  ana ly t ica l  DGC separation r u n  on PSOC-2. 
The dens i t i e s  ind ica te  the  separation o f  t h e l i p t i n i t e ,  
v i  t r i n i  t e ,  and i ner t i  ni t e  maceral groups. 
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Figure 2. CP/MAS spectra of PSOC-2 whole Coal and t h e  maceral groups separated 
from the  coal  by d e n s i t y  g rad ien t  c e n t r i f u g a t i o n .  The d e n s i t y  ranges 
represent  t h e  range of d e n s i t i e s  f o r  samples employed. fa values a r e  
g iven f o r  each sample. 



Aldworke, Silkstone I1 I 

l l l I l l ' l l l l l l l l l l 1 1 1 1  

200 150 100 50 0 PPm 
Figure 3 .  CP/MAS (top) and dipolar dephasing data w i t h  lower trace 

acquired following 40 p sec.  pulse delay. Note three separate 
peaks in  the aliphatic region due to yethyls and CHz's. 

Pv& I8 

Aldworke, Silkstone Exinite 

I + 
Figure 4. Contour plot for 2-0 dipolar dephasing experiment. F2 

116 



I 

c 
I 

I 

, 
/ 
\ 

Aldworke, Silkstone 
Exinite 

~ ~~~ 

F igure 5 .  Spectral s l i c e s  a t  977 Hz i n t e r v a l s  taken from F i g u r e 3 .  F2 

Aldworke, Silkstone 
Exinite 

F 
Figure 6. Three dimensional p l o t  o f  a r o r h t i c  region. Shadcd p o r t i o n  p"4k'9 

i s  non-protonated carbon on top o f  rcsonance from protonated aromatic carbon. 
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l ow power i n d i c a t e s  t h e  l i n e a r  behav io r ;  t h e  ? a l l - o f f  a t  h i g h e r  microwave 

ELECTRON SPIN RESONANCE OF ISOLATED COAL MACERALS : 
A PRELIMINARY SURVEY 

B. G. S i l b e r n a g e l  and L. A. Gebhard 
Corpora te  Research - Science L a b o r a t o r i e s  

Exxon Research and Eng ineer ing  Company 
Linden, New Je rsey  07036 

G. R. Dyrkacz 
Chemistry D i v i s i o n  - Argonne Na t iona l  Labora to ry  

Argonne, I 1  1 i n o i  s 60439 

INTRODUCTION 

Whi le  t h e r e  have been a l a r g e  b e r  o f  e l e c t r o n  s p i n  resonance 
(ESR)  s t u d i e s  o f  coa l  and coa l  p roduc ts ,  '/YT p rev ious  i n t e r p r e t a t i o n s  were 
based on t h e  ' 'average" p r o p e r t i e s  o f  c o a l s  due t o  t h e  chemical 
he te rogene i t y  o f  t h e  coa l  samples examined. The recen t  e v o l u t i o n  o f  
maceral  s e p a r a t i o n  techn iques  p e r m i t s  d e t a i l e d  ESP observa t i ons  on coa ls  o f  
d i f f e r e n t  rank, f o r  which maceral  t ype ,  and maceral  d e n s i t y  can be 
d i s c r i m i n a t e d  s imu l taneous ly .  The p resen t  ESR survey  o f  carbon r a d i c a l s  i n  
separa ted  macera ls  shows t h a t  each maceral t y p e  e x h i b i t s  c h a r a c t e r i s t i c  
carbon r a d i c a l  p r o p e r t i e s .  Furthermore, t h e  p r o p e r t i e s  o f  carbon r a d i c a l s  
change w i t h i n  a g i ven  maceral  t y p e  as t h e  d e n s i t y  var ies .  

EXPERIMENTAL PROCEDURES 

A t o t a l  o f  37 samples f rom 16 c o a l s  o f  t h e  Pennsy lvan ia  S t a t e  
U n i v e r s i t y  coa l  da ta  base (PSOC) were examined. Separate f r a c t i o n s  were 
o b t a i n e d  by i s o p y c n i c  d e n s i t y  g r a d i e n t  c e n t r i  a t i o n  o f  smal l  ( - 3 p )  coal  
p a r t i c l e s  i n  a aqueous CsCl d e n s i t y  g rad ien t . fY$  The i n d i v i d u a l  samples 
a r e  l i s t e d  by PSOC numbers, maceral  t ype ,  and dens i t y ,  i n  Table 1. A f t e r  
separa t ion ,  t h e  samples were k e p t  under d r y  n i t r o g e n  u n t i l  t hey  were 
t r a n s f e r r e d  t o  ESR tubes  and sea led  under he l i um gas. T y p i c a l  ESR sample 
we igh ts  were approx ima te l y  10 mg. The ESR observa t i ons  were conducted a t  
9.5 GHz i n  a Var ian  E - l i n e  ESR spec t rometer  w i t h  v a r i a b l e  tempera ture  
c a p a b i l i t i e s  f rom 90K-300K. The g-value, l i n e w i d t h  (de f i ned  as t h e  
s p l i t t i n g  between peaks o f  t h e  d e r i v a t i v e  cu rve  o f  t h e  ESR a b s o r p t i o n  - 
AH ) and t h e  i n t e n s i t y  o f  t h e  carbon r a d i c a l  s i g n a l  were observed i n  each 
ca!&. 

Before d i s c u s s i n g  t h e  c o r r e l a t i o n  o f  these p r o p e r t i e s ,  it i s  
u s e f u l  t o  n o t e  a s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  response o f  carbon r a d i c a l s  
i n  d i f f e r e n t  maceral  t ypes  t o  t h e  a p p l i e d  microwave f i e l d .  A t  s u f f i c i e n t l y  
low microwave powers, t h e  r a d i c a l  i n t e n s i t y  v a r i e s  l i n e a r l y  w i t h  microwave 
f i e l d  s t r e n g t h ,  o r  e q u i v a l e n t l y  v a r i e s  as t h e  square r o o t  o f  t h e  microwave 
power. A t  h i g h e r  powers, t h i s  response i s  l e s s  than  l i n e a r ,  a phenomenon 
known as s a t u r a t i o n ,  when t h e  microwave power absorbed by t h e  carbon 
r a d i c a l s  exceeds t h e  r a d i c a l s '  a b i l i t y  t o  d i s s i p a t e  i t  t o  t h e i r  
environment.  Th i s  p rocess  i s  i l l u s t r a t e d  i n  F i g u r e  1 ,  where t h e  r a d i c a l  
i n t e n s i t y ,  d i v i d e d  by t h e  square r o o t  o f  t h e  microwave power, i s  p l o t t e d  as 
a f u n c t i o n  o f  t h e  l o g a r i t h m  o f  t h e  microwave Dower. The f l a t  resDonse a t  
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powers i n d i c a t e s  t h e  onset of s a t u r a t i o n .  It i s  c l e a r  f rom F i g u r e  1 t h a t  
v i t r i n i t e  sa tu ra tes  a t  l ow  powers, a f a l l - o f f  b e i n g  no ted  a l ready  
a t  - l o p  Watts of microwave power. A s i m i l a r  d e p j r t u r e  f rom l i n e a r  behav io r  
does no t  occur  i n  i n e r t i n i t e  u n t i l  powers o f  -10 &! a r e  app l i ed .  E x i n i t e  
i s  i n t e r m e d i a t e  i n  behavior.  To a v o i d  s a t u r a t i o n - r e l a t e d  problems, a l l  
samples were r u n  a t  microwave powers o f  3pW, i n d i c a t e d  by t h e  ar row and 
dashed- l ine  i n  t h e  f i gu re .  

EXPERIMENTAL RESULTS 

c l e a r  d i s t i n c t i o n s  between d i f f e r e n t  maceral types. F i g u r e  2 shows t h a t  
e x i n i t e  macerals have low d e n s i t i e s  and a narrow range o f  ESR l i n e w i d t h s ,  
AH -6.5 G. While v i t r i n i t e  and i n e r t i n i t e  show cons ide rab le  ove r lap  i n  
ma!!ral d e n s i t i e s ,  t h e  i n e r t i n i t e  l i n e w i d t h s  a r e  d r a m a t i c a l l y  smal le r ,  -1-2 
G, as opposed t o  -5.5-7.5 G f o r  t h e  v i t r i n i t e s .  Th is  s i g n i f i c a n t  l i n e w i d t h  
d i f f e r e n c e  may a s s i s t  i n  t h e  d i s c r i m i n a t i o n  o f  maceral types. As F i g u r e  2 
i nd i ca tes ,  two macerals which p e t r o g r a p h i c  ana lyses  i n d i c a t e d  t o  be 
i n e r t i n i t e ,  f a l l  i n t o  t h e  v i t r i n i t e  maceral f i e l d .  Since t h e  smal l  
p a r t i c l e  s i z e  r e q u i r e d  f o r  separa t i on  (-3m) compl ica tes  t h e  p e t r o g r a p h i c  
ana lys i s ,  combined ESR and p e t r o g r a p h i c  examinat ions  may prove u s e f u l  i n  
f u t u r e  maceral t y p e  de terminat ions .  It i s  a l s o  i n t e r e s t i n g  t o  n o t e  a weak 
t r e n d  i n  t h e  v i t r i n i t e  o f  decreas ing  AH w i t h  i n c r e a s i n g  maceral 
dens i ty .  
d e n s i t y  r e s u l t e d  f rom a l a r g e r  f r a c t i o n  o f  a romat i c  species,  reduc ing  
p r o t o n  broadening o f  t h e  carbon r a d i c a l  l i n e w i d t h  . 
l e s s  obvious, as F i g u r e  3 i n d i c a t e s ,  E x i n i t e  samples have r e l a t i v e l y  low 
d e n s i t i e s  and r a d i c a l  i n t e n s i t i e s ,  as migh t  be a n t i c i p a t e d  f o r  a l i p h a t i c -  

\ r i c h  macerals. V i t r i n i t e  and i n e r t i n i t e s  e x h i b i t  i n t e n s i t y  v a r i a t i o n s  i n  
excess o f  an order-of-magnitude, and t h e r e  i s  no c l e a r  v a r i a t i o n  o f  

; i n t e n s i t y  w i t h  t h e  p h y s i c a l  d e n s i t y  o f  t h e  macerals. Th i s  suggests t h a t  a 
, v a r i e t y  o f  f a c t o r s ,  i n c l u d i n g  t h e  na tu re  o f  t h e  o rgan ic  spec ies  and t h e  

d e t a i l s  o f  t h e  c o a l i f i c a t i o n  process may serve  as de terminants  o f  t h e  
number o f  carbon r a d i c a l s .  

Examinat ion of t h e  ESR l i n e w i d t h  and t h e  maceral  d e n s i t y  show 

Such a decrease might  be a n t i 8 p a t e d  i f  t h e  i nc reased  maceral  

The r e l a t i o n s h i p  between ESR i n t e n s i t y  and maceral  d e n s i t y  i s  f a r  

A d i r e c t  comparison o f  ESR l i n e w i d t h  and i n t e n s i t y ,  shown on 
, F i g u r e  4, shows a s i g n i f i c a n t  dependence on t h e  t y p e  o f  coa l  sample b e i n g  
I examined. I n  t h i s  case, o p e n - c i r c l e  symbols des igna te  PSOC 106 samples, 
, open-squares - PSOC 297, and o p e n - t r i  ang l  es PSOC 1005. 

des igna te  t h e  balance o f  t h e  v i t r i n i t e  samples examined. No obvious 
c l u s t e r i n g  o f  v i t r i n i t e  samples of a s i n g l e  t y p e  i s  observed. 
t h a t  AH i s  n e a r l y  independent of ESR i n t e n s i t y  suggests t h a t  unreso lved 
h y p e r f i g &  i n t e r a c t i o n s  w i t h  ad jacent  p ro tons ,  r a t h e r  than  d i p o l e  
i n t e r a c t i o n s  betwe n carbon r a d i c a l s ,  a r e  respons ib le  f o r  t h e  observed 
l i n e w i d t h .  

Sol i d-c i  r c l  es 

The f a c t  

The ESR 
o f  d i f f e r e n t  coa ls  
t h e  t h r e e  PSOC coa 
t h e r e  i s  a general  
dens i t y .  For PSOC 
v a r i a t i o n  observed 
1005 shows a broad 

i n e w i d t h  v a r i a t i o n  w i t h  d e n s i t y  f o r  v i t r i n i t e  macerals 
i s  p resen ted  i n  F i g u r e  5. 
s mentioned i n  F i g u r e  4. As suggested i n  F i g u r e  1, 
tendency f o r  l i n e w i d t h  t o  decrease w i t h  i n c r e a s i n g  
106 and 297, t h e r e  i s  l i t t l e  d e n s i t y  o r  l i n e w i d t h  
f o r  t h e  v i t r i n i t e s  from each coa l .  Conversely, PSOC 
range o f  d e n s i t y  v a r i a t i o n s ,  and t h e  l i n e w i d t h  

The open-symbols des igna te  

inc reases .  The source o f  t h i s  d i f f e r e n t  behav io r  i s  s t i l l  under 
i nves t  i gat  i on. 
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The i s o l a t e d  i n e r t i n i t e  macera ls  p r o v i d e  an o p p o r t u n i t y  t o  
examine t h e i r  d i s t i n c t l y  d i f f e r e n t  p r o p e r t i e s .  
t h a n  t h e  e x i n i t e  and v i t r i n i t e  ESR s i g n a l s ,  t h e  ESR a b s o r p t i o n  i s  s t i l l  
symmetric. The l i n e w i d t h  v a r i e s  d r a m a t i c a l l y ,  f rom H = 0.89 - 2.00 
Gauss, and t h e  l i n e w i d t h  i s  t empera tu re  independent. 
resonance a b s o r p t i o n  v a r i e s  app rox ima te l y  as I / T ,  t h e  C u r i e - l i k e  
s u s c e p t i b i l i t y  expected f o r  s i m p l e  magnet ic  spins.  Mot ion o f  these r a d i c a l  
spec ies c o u l d  account f o r  t h e  r e l a t i v e l y  narrow l i n e w i d t h ,  

While s t r i k i n g l y  narrower 

P Ie  i n t e n s i t y  o f  the 

CONCLUSION 

We have s u c c e s s f u l l y  examined a s u i t e  o f  very  smal l  ( d o  mg) 
samples by ESR. D i f f e r e n t  maceral t y p e s  have s t r i k i n g l y  d i f f e r e n t  
s a t u r a t i o n  behavior  and a r e  r e a d i l y  d i s t i n g u i s h e d  i n  a H / d e n s i t y  
ana lys i s .  
dens i t y .  Surveys o f  v i t r i n i t e s  f rom t h r e e  o f  t h e  PSOC coa ls  suggest t h a t  
i n t e n s i t i e s  a r e  reasonably  s i m i l a r  w i t h i n  a g i ven  coa l ,  bu t  can vary 
s i g n i f i c a n t l y  f rom one coa l  t o  t h e  next .  

Radica l  i n t e n s i t i e s  vary w i d e l y  and a r e  not  r e @ t e d  t o  phys i ca l  

A t  present ,  we a r e  c o r r e l a t i n g  ese r e s u l t s  w i t h  m ic roana lys i s  
' o f  e lemental  composi t ion and s o l i d  s t a t e  !!I C NMR es t ima tes  o f  carbon 

a r o m a t i c i t i e s .  These s t u d i e s  w i l l  be r e p o r t e d  elsewhere. 
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151 

236 

240 

268 

285 

297 

TABLE I :  MACERAL RESUkE 
( I n d i c a t e d  numbers a r e  t h e  macera l  d e n s i t i e s  i n  gm/cm3) 

PSOC #/Maceral  Type V i t r i  n i t e  E x i n i t e  

1 1.257 - 
81  WHOLE COAL - 
106 1.291 1.191 

1.330 - 
1.334 - 
1.371 

1.385 

1.278 

1 407 

1.272 

1.276 

1.264 

1.271 

1.305 

1.340 

317 

409 

/ 592 

594 

852 

975 

1005 

1.317 

1.302 

1.306 

1.332 

1.314 

1.408 

1.345 

1.382 

1.420 

1.455 

1.486 

I n e x t i n i t e  

- 
- 

1.413 

1.447 

1.475 

1.040 1.384 

1.149 1.436 

1.165 

1.200 

1.207 
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F I G U R E  3: Carbon r a d i c a l  
i n t e n s i t i e s  do n o t  depend 
e x p l i c i t l y  on rnaceral t y p e  
o r  rnaceral d e n s i t y .  
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FIGURE 4 :  A weak v a r i a t i o n  
of ESR l i n e w i d t h  o n  ESR 
r a d i c a l  i n t e n s i t y  i s  
observed. 
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PREMACERAL CONTENTS OF PEATS CORRELATED WITH "PROXIMATE AND ULTIMATE ANALYSES" 

A. D. Cohen* and M. J. Andre jko 

Department of Geology 
U n i v e r s i t y  o f  South Caro l i na ,  Columbia, South C a r o l i n a  29208 

* ( p r e s e n t l y  a t  Los Alamos Na t iona l  Labora to ry  
E a r t h  and Space Sciences D i v i s i o n ,  MS K586 

Los Alamos, New Mexico 87545) 

I. I n t r o d u c t i o n  
I n  a number o f  pub1 i c a t i o n s ,  peat  types have been d e f i n e d  p e t r o g r a p h i c a l l y  

by t h e i r  bo tan ica l  and "premacera l "  composi t ions (1, 2, 3, 4). "Premacerals" a r e  
t h e  o rgan ic  components i n  t h e  peats which, due t o  t h e i r  c o l o r ,  o p a c i t y ,  shape, and 
f luorescence, can be p r o j e c t e d  as t h e  probable p r o g e n i t o r s  o f  p a r t i c u l a r  c o r r e -  
sponding macerals i n  coals .  A l though th,e p e t r o g r a p h i c  c h a r a c t e r i z a t i o n  o f  peats  
c o n s t i t u t e s  an i m p o r t a n t  " f i r s t  s t e p  i n  u n d e r s t a n d i n g  t h e  o r i g i n  and  i n  
p r e d i c t i n g  t h e  general composi t ion o f  t h e  r e s u l t a n t  coa ls ,  it i s  impor tan t  t h a t  

t e s t s  (such as "prox imate"  and " u l t i m a t e "  analyses) .  Wi th  these r e s u l t s  i t  then 
becomes poss ib le  t o  develop a s e r i e s  o f  models w i t h  which t o  p r e d i c t  more 
p r e c i s e l y  t h e  chemical and phys i ca l  composi t ion o f  t h e  r e s u l t i n g  t h e o r e t i c a l  
coals. These p r e d i c t i v e  c h a r a c t e r i z a t i o n s  can be a p p l i e d  no t  o n l y  t o  t h e  
p r o j e c t e d  seam-wide v a r i a b i l i t y  i n  coal  q u a l i t y  f o r  c o a l s  produced i n  s i m i l a r  
d e p o s i t i o n a l  s e t t i n g s  as t h a t  o f  t he  s t u d i e d  peats ,  b u t  a l s o  t o  t h e  p r e d i c t i o n  o f  
t h e  v a r i a t i o n s  i n  i n d u s t r i a l  p r o p e r t i e s  o f  t h e  peats  themselves, such as f o r  
g a s i f i c a t i o n ,  l i q u i f a c t i o n ,  s o i l  c o n d i t i o n i n g ,  o rgan ic  chemical p roduc t i on  and so 
f o r t h .  

It i s  f o r  these reasons t h a t  we have i n i t i a t e d  t h i s  c o r r e l a t i v e  s tudy  o f  
peat pet rography and peat i n d u s t r i a l  -chemical ( coa l  qual  i t y )  p r o p e r t i e s .  Note 
t h a t  t h e  i n fo rma t ion  r e p o r t e d  he re in  rep resen ts  p r e l i m i n a r y  r e s u l t s  based on a 
l i m i t e d  numbet-, o f  d i f f e r e n t  t ypes  o f  peats t h a t  were analyzed f o r  o n l y  a few "coal  
q u a l i t y  t e s t s  (i.e., prox imate ana lys i s ,  u l t i m a t e  a n a l y s i s ,  and BTU con ten t ) .  
Fu tu re  s tud ies  w i l l  i n v o l v e  measurement o f  o t h e r  pe t rog raph ic  parameters and 
i n c l u d e  o t h e r  i n d u s t r i a l  analyses (such as, gas and l i q u i d  y i e l d s ,  p h y s i c a l  
p r o p e r t i e s ,  o rgan ic  chemical y i e l d s ,  and so f o r t h ) .  

I premaceral types and amounts i n  peats  be c o r r e l a t e d  w i t h  v a r i o u s  coa l  - q u a l i t y  

\ 

11. Ob jec t i ves  
The o b j e c t i v e s  o f  t h i s  s tudy  a r e  t o :  
A. Determine t h e  v a r i a t i o n s  i n  premaceral types and p r o p o r t i o n s  w i t h i n  a 

wide v a r i e t y  o f  peat  types. 
B. C o r r e l a t e  p r e m a c e r a l  c o n t e n t s  w i t h  c o r r e s p o n d i n g  p r o x i m a t e  ( f i x e d  

carbon, mois ture,  ash, v o l a t i l e  m a t t e r ) ,  u l t i m a t e  (C, H, 0, N, S) and 
h e a t i n g  va lue (BTU) analyses. 

C. P r e d i c t  t h e  p robab le  v a r i a t i o n s  i n  t h e  prox imate and u l t i m a t e  makeup and 
BTU l e v e l s  f o r  c o a l s  w h i c h  fo rmed  i n  s i m i l a r  v e g e t a t i o n a l  and 
d e p o s i t i o n a l  s e t t i n g s  t o  those of t h e  peats  s tud ied  i n  t h i s  p r o j e c t .  

111. Methods 
C a r e f u l l y  e x t r a c t e d  samples o f  peat  were s l o w l y  dehydrated i n  a s e r i e s  o f  

a l c o h o l  s o l u t i o n s  and then  embedded i n  pa ra f f i n .  A f t e r  embedding, t h i n - s e c t i o n s  
(15 microns i n  t h i c k n e s s )  were c u t  from these samples wi th  a s l i d i n g  microtome and 
mounted i n  Canada Balsam. D e t a i l s  of t h e  procedure f o r  t h e  embedding and 
sect 'on ing o f  peats have p r e v i o u s l y  been desc r ibed  by Cohen.(2,3). 

premaceral i d e n t i f i c a t i o n  was made i n  t r a n s m i t t e d  w h i t e  l i g h t ,  i n  p o l a r i z e d  
l i g h t  ( b i r e f r i n g e n c e )  and f l u o r e s c e n t  l i g h t .  P remacera l  p r o p o r t i o n s  were 
determined by area p o i n t - c o u n t i n g  a t  200 X. Proximate and u l t i m a t e  analyses and 
BTU were o b t a i n e d  f r o m  commerc ia l  t e s t i n g  l a b o r a t o r i e s  and a l s o  f rom t h e  
Department o f  Energy's Energy Technology Center a t  Grand Forks, Nor th  Dakota. 
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I V .  
A. 

ts and D i s c u s s i o n  _ _  - ~ - .~ _ _  . 
o t a n i c a l  Composi t ion 

F iau re  l a  shows t h e  r e l a t i v e  abundances o f  D lan t  a r o u m  observed i n  
m i c r o t o i e  s e c t i o n s  o f  t h e  peats. Note t h a t  these pests v a r i e d  consid- 
e r a b l y  i n  t h e i r  b o t a n i c a l  composi t ions.  The Minnesota peat cons is ted 
p redominan t l y  o f  Sphagnum (peat  moss) d e b r i s  w i t h  some grasses and 
con i fe rs .  The Maine peat  was composed mos t l y  of a l g a l  ma te r ia l  w i t h  
some Sphagnum and N mphaea (water  l i l y )  deb r i s .  The Nor th Caro l ina peat 
was dominated by l a y  t r e e  (Magnolia, Persea, Gordonia) and gum t r e e  
(-) d e b r i s ;  w h i l e  t h e  Georgia Nymphaea peat cons is ted  predominantly 
o f  Nymphaea d e b r i s .  

F igu re  l b  shows t h e  abundance o f  p l a n t  organs compr is ing the  peat. 
Again the  d i f f e r e n c e s  between peat  types a r e  pronounced. The Minnesota 
peat  i s  dominated by r o o t s  bu t  w i t h  l e s s e r  bu t  equal amounts o f  stem and 
l e a f  deb r i s .  On t h e  o t h e r  hand, t h e  Maine peat has t h e  h ighes t  concen- 
t r a t i o n  o f  leaves;  t h e  Nor th  C a r o l i n a  peat  has the  h i g h e s t  wood content 
(stems) and lowes t  l e a f  content ,  w h i l e  t h e  Georgia (Nymphaea) peat has 
t h e  h i g h e s t  p r o p o r t i o n  o f  roo ts .  

B. Premaceral Types and P r o p o r t i o n s  
One s i m p l i f i e d  b u t  u s e f u l  means o f  d i s p l a y i n g  pe t rog raph ic  com- 

p o s i t i o n  o f  peats  i n  t h i n  s e c t i o n  i s  by graphing t h e  area percentages o f  
i n g r e d i e n t s  o f  d i f f e r e n t  c o l o r s .  F igu re  2 shows such a po in t - coun t  f o r  
f o u r  r e p r e s e n t a t i v e  t ypes  o f  peat  from t h i s  study. Note t h a t  t he  
Minnesota S ha num and Georgia N m haea peats have approx imate ly  the  
same range%rs (peaking bet*ght-yellow and l i gh t -b rown)  bu t  
t h a t  t h e  Maine peat  peaked i n  t h e  c l e a r  t o  l i g h t - y e l l o w  range w h i l e  t h a t  
o f  t h e  Nor th C a r o l i n a  peat  had peaks i n  t h e  l i g h t - y e l l o w  t o  red-brown 
range and a l s o  i n  t h e  dark-brown and b l a c k  ca tegor ies .  

The Georg ia Nymphaea and Minnesota Sphagnum peats tended t o  have 
t h e  h ighes t  p r e v i t r i n i t e s  w h i l e  t h e  Nor th  Caro l i na  and Georgia Taxodium 
p e a t  ( n o t  shown) had t h e  h i g h e s t  p r e p h l o b a p h e n i t e s  (and p r e -  
c o r p o c o l l i n i t e s )  and a l s o  t h e  h i g h e s t  p r e i n e r t i n i t e s  ( p r e m i c r i n i t e s ,  
p r e f u s i n i t e s ,  and p r e s c l  e r o t i n i t e s ) .  

F i g u r e s  3 and 4 g i v e  t h e  a r e a  p e r c e n t a g e s  o f  b i r e f r i n g e n t  
premacerals found i n  t h e  samples s tud ied.  Since b i r e f r i n g e n c e  has been 
equated w i t h  c e l l u l o s e  con ten t ,  i t  might  t h e r e f o r e  be expected t h a t  
b i r e f r i n g e n c e  would decrease w i t h  depth i n  a d e p o s i t  as a r e s u l t  of 
c e l l u l o s e  d e c o m p o s i t i o n .  However, a s  can be seen i n  F i g u r e  3 
( r e p r e s e n t i n g  t w o  c o r e s  f r o m  t h e  Oke fenokee  Swamp o f  G e o r g i a ) ,  
b i r e f r i n g e n c e  may i n c r e a s e  o r  d e c r e a s e  w i th  d e p t h  depend ing  on 
s u c c e s s i o n s  o f  p e a t  t y p e s  and m o i s t u r e  c o n d i t i o n s  d u r i n g  i n i t i a l  
depos i t i on .  F i g u r e  4 shows t h a t  Georgia Nymphaea and Minnesota Sphagnum 
peats have t h e  h i g h e s t  p r o p o r t i o n s  o f  b i r e f r i n g e n t  c o n s t i t u e n t s .  

The c o n c e n t r a t i o n  o f  f l u o r e s c e n t  premacerals tended t o  c o r r e l a t e  
s l i g h t l y  w i t h  t h e  p r o p o r t i o n  o f  b i r e f r i n g e n t  premacerals. However, 
d i f f e r e n t  p l a n t  types were found t o  produce d i f f e r e n t  f l u o r e s c e n t  c o l o r s  
and i n t e n s i t i e s .  Fur thermore,  n a t u r a l  " s t a i n i n g "  (i.e., darkening o r  
c o l o r i n g  by n a t u r a l  impregna t ion  or chemical a l t e r a t i o n )  o f  c e l l  w a l l s  
tended t o  e f f e c t  b i r e f r i n g e n c e  and f l uo rescence  i n  very d i f f e r e n t  ways. 
Na tu ra l  s t a i n i n g  tended t o  c o r r e l a t e  s t r o n g l y  w i t h  b i r e f r i n g e n c e  (i.e., 
t he  da rke r  t h e  s t a i n i n g  t h e  l e s s  t h e  b i r e f r i n g e n c e ) ,  b u t  d i d  not  
c o r r e l a t e  we1 1 w i t h  o v e r a l l  f l uo rescence  p roper t i es .  For example, some 
t i s s u e s  t h a t  were h i g h l y  s t a i n e d  tended t o  have h ighe r  f luorescence 
i n t e n s i t i e s  t h a n  those  t h a t  were unsta ined.  
Prox imate and U l t i m a t e  Analyses and BTU 

F igu re  5 shows t h e  r e s u l t s  o f  p rox ima te  and u l t i m a t e  analyses and 
BTU measurement .  No te  t h a t  t h e  p e a t  f r o m  N o r t h  C a r o l i n a  (a  
l o w e r - c o a s t a l - p l a i n ,  woody, dark,  more i n e r t i n i t e - r i c h  sample) had the  
h ighes t  f i x e d  carbon, e lementa l  carbon and s u l f u r  content .  Woody 
Taxodium peats f rom Georg ia ( n o t  shown) and South C a r o l i n a  (no t  shown) 

C. 
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were s i m i l a r  i n  cha rac te r  t o  t h e  Nor th C a r o l i n a  samples. The Georgia 
Nymphaea peats, which had t h e  h i g h e s t  p r e v i t r i n i t e s ,  can be seen t o  have 
t h e  h ighes t  oxygen, hydrogen, and v o l a t i l e  m a t t e r  contents .  Note t h a t  
BTU va lues tended t o  c o r r e l a t e  more s t r o n g l y  wi th  ash con ten ts  than  w i t h  
maceral contents .  

V. Summary and Conclus ions 
P r e l i m i n a r y  c o r r e l a t i o n s  o f  p e t r o g r a p h i c  c h a r a c t e r i s t i c s  o f  peats  (i .e., 

peat  types, premaceral p ropor t i ons ,  and premaceral t ypes )  w i t h  p rox ima te  and 
u l t i m a t e  analyses suggest t h e  f o l l o w i n g  t rends :  

A. Peats w i t h  t h e  h i g h e s t  p r o p o r t i o n s  o f  b i r e f r i n g e n t  macera ls  tend  t o  have 
t h e  h i g h e s t  v o l a t i l e  m a t t e r  (and H and 0 c o n t e n t s ) .  

8. Fluorescence o f  macerals, on t h e  o t h e r  hand, seems t o  c o r r e l a t e  o n l y  
s l i g h t l y  w i t h  prox imate and u l t i m a t e  analyses.  

C. Higher p r e v i t r i n i t e  con ten ts  tend t o  c o r r e l a t e  w i t h  h i g h e r  v o l a t i l e  
ma t te r  contents .  

0, Pea ts  w i t h  h i g h e r  p r e i n e r t i n i t e s ,  p r e p h l o b a p h e n i t e s  (and p r e -  
c o r p o c o l l i n i t e s ) ,  and p r e s c l e r o t i n i t e s  have the  h i g h e s t  f i x e d  carbon. 

E. BTU c o r r e l a t e s  s t r o n g l y  w i t h  ash con ten t  and o n l y  s l i g h t l y  w i t h  maceral 
content .  
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Reac t iv i ty  and Charac te r i za t ion  of Coal Macerals 

Randall  E. Winans, Ryoichi Hayatsu, Robert G.  Sco t t ,  and Robert L. McBeth 
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I n  a study of t h e  organic  s t r u c t u r e s  i n  coa ls  and t h e i r  r e a c t i v i t y  i n  chemical 
and thermal processes,  i t  is  d e s i r a b l e  to reduce the  complexity of t he  ma te r i a l  
wi th  some s o r t  of phys ica l  s epa ra t ion .  One such approach i s  t h e  sepa ra t ion  of t he  
coa ls  i n t o  t h e i r  maceral groups, which are the  microscopica l ly  i d e n t i f i a b l e  organic  
po r t ions  of coa l  which have d i f f e r e n t  o r i g i n s ,  chemical and phys ica l  f e a t u r e s ,  and 
r e a c t i v i t y .  Two bituminous coa l s  have been separa ted  i n t o  t h e i r  t h r e e  main maceral 
groups: e x i n i t e ,  v i t r i n i t e ,  and i n e r t i n i t e ,  us ing  a modified f loa t - s ink  technique 
which uses  a n a l y t i c a l  dens i ty  g rad ien t  cen t r i fuga t ion  (DGC) t o  determine the  appro- 
p r i a t e  dens i ty  ranges. 
has j u s t  r ecen t ly  been repor ted  (1 ,2 ) .  

The DGC technique which e x p l o i t s  t h e  d i f f e rences  i n  d e n s i t i e s  

The chemistry of macerals separa ted  by DGC, f l oa t - s ink  and hand picking has 
been inves t iga ted  r ecen t ly  by seve ra l  techniques inc luding:  s o l i d  13C nmr (3 ,4) ,  
ox ida t ion  (5 ,6 ) ,  and mass spectrometry (5,6,7,8). Early work focused on chemical 
p rope r t i e s  (9) and e s r  spectroscopy (10).  I n  t h e  approach taken i n  t h i s  s tudy  t h e  
maceral concent ra tes  were pyrolyzed i n  a vacuum and the  r e s u l t i n g  products co l l ec t ed  
and then charac te r ized  by gas chromatography mass spectrometry and by GC microwave 
plasma emission spectroscopy. 
l i n e  pyrolysis-GCMS method f o r  two reasons .  F i r s t ,  experiments i n  t h i s  l abora to ry  
have shown t h a t  with the  vacuum technique, secondary r eac t ions  such as aromat iza t ion  
of a l i c y c l i c s  is less l i k e l y  t o  occur .  Second, b e t t e r  q u a n t i t a t i v e  d a t a  can be  
obtained wi th  a batch type r eac t ion  scheme. 

The vacuum technique w a s  chosen over t h e  t y p i c a l  on- 

I n  add i t ion  t o  c h a r a c t e r i z a t i o n  of thermal products ,  t h e  chemical r e a c t i v i t y  
of t hese  concent ra tes  has been s tud ied .  Reactive hydrogens such as benzyl ic  types  
have been determined from t h e  r eac t ion  of t he  macerals wi th  pyr id ine  and iod ine  t o  
form pyridinium iodides :  

Coal-ArCH; Coal-ArCH- + H I  

I 2  

It has been shown t h a t  t h e  number of pyridinium iodides  per 100 carbon atoms i n  t h e  
o r i g i n a l  coa l  decreases wi th  inc reas ing  rank (11). Fur ther  s t u d i e s  have shown t h a t  
these  de r iva t i zed  coa l s  a r e  ac t iva t ed  toward ox ida t ive  s o l u b i l i z a t i o n  using a 
reagent ,  a l k a l i n e  s i l v e r  oxide,  which normally is q u i t e  i n e f f e c t i v e  i n  d i s so lv ing  
raw coa l s .  I n  t h e  r e s u l t s  from the  thermal and chemical r e a c t i o n s ,  s i m i l a r i t i e s  
and d i f f e rences  have been noted which w i l l  be d iscussed  l a t e r .  Also, i t  should be  
emphasized t h a t  i n  t h i s  s tudy  w e  a r e  examining maceral concent ra tes  from the  th ree  
main groups which a r e  der ived  from t h e  same coa l .  
r ep resen ta t ive  of bituminous coa l s  and not  t o  be sap rope l i c  coa l s  where t h e  chemistry 
may be more unusual due t o  t h e  t y p i c a l l y  l a r g e  e x i n i t e  conten t .  

These coa l s  were chosen t o  be 

EXPERIMENTAL 

TWO of the  coa l s  used i n  t h i s  study were obtained from the  Penn State  Coal 
Sample Bank. They were an  HVA bituminous coa l  (PSOC 1103) from t h e  Upper Elkhorn 
13  seam i n  Eas te rn  Kentucky and an HVA bituminous coa l  (PSOC 828) from t h e  B r a z i l  
Block seam i n  Indiana.  A t h i r d  coa l  from which v i t r i n i t e  and f u s i n i t e  were hand 
picked was an I l l i n o i s  No. 2 s e a m  HVC bituminous coa l  from Northern I l l i n o i s .  A l l  
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of t h e  elemental  ana lyses ,  pe t rog raph ic  ana lyses ,  and y i e l d s  of t h e  samples a r e  
presented i n  Table 1. 
previous ly  (1). 
i n  aqueous C s C l  
added t o  d i spe r se  t h e  coa l  p a r t i c l e s .  
t h e  s ink  f r a c t i o n  i s  f u r t h e r  separa ted  i n t o  v i t r i n i t e  and i n e r t i n i t e  f r a c t i o n s  by 
repea t ing  the  procedure a t  a h igher  dens i ty .  The process y ie lded  gram q u a n t i t i e s  
of concent ra tes .  
coa l s  of s imi l a r  o r i g i n  and rank. The technique used f o r  pe t rographic  ana lys i s  has 
a l s o  been repor ted  e a r l i e r  (2 ) .  

The d e t a i l s  of t h e  s ink - f loa t  technique have been reported 
Typica l ly ,  3 micron p a r t i c l e  s i z e  demineralized coa l  i s  Centrifuged 
s o l u t i o n  of t h e  appropr i a t e  dens i ty  with a s m a l l  amount of sur fac tan t  2 The e x i n i t e s  i n  the  f l o a t  a r e  co l l ec t ed  and 

The d e n s i t y  cu to f f  po in t s  were determined from a n a l y t i c a l  DGC of 

I n  t h e  py ro lys i s  experiment, t y p i c a l l y  30 mg of sample w a s  heated i n  a quartz 
tube a t  4OO0C f o r  24 h r s  a t  2x10 
t h e  more v o l a t i l e  products a t  l i q u i d  n i t rogen  temperature.  
were analyzed by GCMPES (MPD-850) us ing  a 25m x 0.25 m i . d .  OV-101 fused s i l i c a  
column and by GCMS (Kratos MS25) us ing  a 30m x 0.25 mm i .d .  DB-5 column. 

t o r r .  Tars were trapped a t  room temperature and 
These two f r a c t i o n s  

The pyridinium iod ide  coa l s  were prepared by r e f lux ing  1 g of coa l  o r  maceral 
concent ra te  i n  60 m l  of py r id ine  w i t h  4 g of iod ine  f o r  70 h r s .  
mixture w a s  poured i n t o  10% aqueous NaHS03 and t h e  s o l u t i o n  f i l t e r e d .  
coa l  was washed f r e e  of py r id ine ,  d r i e d ,  and analyzed. Por t ions  of t h e  ac t iva t ed  
coa l  were oxidized wi th  f r e s h l y  prepared s i l v e r  oxide i n  r e f lux ing  aqueous NaOH. 
The oxida t ion  products,  which were so lub le  i n  a l k a l i n e  a h t i o n ,  were a c i d i f i e d  and 
then ex t r ac t ed  wi th  a s e r i e s  of o rgan ic  so lven t s .  
so lub le  i n  a l k a l i n e  s o l u t i o n  o r  p o l a r  so lven t s .  

The r eac t ion  
The der iva t ized  

The major products were only 

RESULTS AND DISCUSSION 

Of p a r t i c u l a r  i n t e r e s t  i n  t h i s  study is the  na tu re  of t he  non-aromatic s t r u c t u r e s ,  
i n  t h e  th ree  main maceral groups. It should be noted t h a t  t he  e x i n i t e s  i n  both 
these  coa l s  a r e  90% s p o r i n i t e .  
t h e  a l i p h a t i c s ,  are f a i r l y  mobile a t  some period during t h e  formation of coa l  
(5,6).  
r i c h  i n  e x i n i t e s  and some contained a l g i n i t e .  
work have a more normal d i s t r i b u t i o n  of macerals and y e t  t h e  py ro lys i s  r e s u l t s  
i n d i c a t e  t h a t  migra t ion  of molecules from t h e  e x i n i t e s  t o  v i t r i n i t e  and then incor- 
pora t ion  i n t o  the  macromolecular s t r u c t u r e  might have occurred. 

It has been theorized t h a t  smal l  molecules, espec ia l ly  

The s t u d i e s  which suppor t  t h i s  theory were.done on coa l s  t h a t  were very 
The two coa l s  chosen i n  the  present 

Chromatograms from t h e  GCMPES carbon channel of t he  t a r s  from two e x i n i t e s  and 
a v i t r i n i t e  a r e  shown i n  F igure  1. 
t h e  compounds i n  the  t a r  along wi th  a s e r i e s  of t r i t e r p e n e s  which are s l i g h t l y  
a l t e r e d  hopanes. A genera l  s t r u c t u r e  f o r  hopane i s  shown i n  the  upper r i g h t  of the 
f i g u r e .  F i r s t ,  we be l ieve  
t h a t  these  compounds were der ived  from t h e  macromolecular s t r u c t u r e s  i n  these  
macerals. During t h e  p repa ra t ion  of t he  concent ra tes  most of t he  so lub le  molecules 
a r e  removed. Evidence f o r  t h i s  is  found from examination of t he  e x t r a c t s  of the 
whole, un t rea ted  coa l s .  
p r i s t a n e  which has been i d e n t i f i e d  many t i m e s  p rev ious ly  i n  e x t r a c t s  (11) and coal 
l i q u i d s  (12).  
i t  is  s t a b l e  under t h e  cond i t ions  used. A t  least a po r t ion  of t he  macromolecular 
s t r u c t u r e s  i n  the  e x i n i t e  and v i t r i n i t e  could be s imi l a r .  A s  one would expect,  
t he  y i e lds  of t hese  a l i p h a t i c  and a l i c y c l i c  compounds a r e  less i n  the  v i t r i n i t e s .  
The y i e l d s  follow inve r se ly  t h e  f r a c t i o n  of aromatic carbons (4) i n  these  t h r e e  
maceral  groups. 
v i t r i n i t e )  which i s  r e f l e c t e d  i n  t h e  py ro lys i s  y i e lds .  

Long cha in  normal a lkenes  and a lkanes  dominate 

Severa l  p o i n t s  should be  made concerning these  r e s u l t s .  

One of t h e  major compounds i s o l a t e d  is t h e  biomarker 

However, t h i s  compound is absent  from the  py ro lys i s  products ,  although 

The e x i n i t e  concen t r a t e  f o r  t he  Kentucky coa l  i s  q u i t e  impure (50% 

Another s i m i l a r i t y  between v i t r i n i t e  and the  e x i n i t e  i s  t he  ex is tence  of 5 
member r ing  t r i t e r p e n e s  i n  t h e  pyro lysa tes .  
Peak a t  m/z = 191 i n  t h e i r  mass s p e c t r a ,  have been found i n  py ro lys i s  MS O f  a l g i n i t e  

These compounds, which show t h e  base 
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(5 ) .  c o a l  e x t r a c t s  (6,13),  and o i l  sha l e s  (14 )  and are usua l ly  a s soc ia t ed  wi th  some 
type  O f  a l g a l  o r ig ins .  
probably more importantly,  t h a t  they were not  aromatized. From t h e  GCMS i t  appears  
t h a t  only one of t hese  peaks may r ep resen t  a spec ie s  conta in ing  one aromatized 
r ing .  
O f  molecular mobi l i ty  dur ing  t h e  e a r l y  s t a g e s  of t h e  format ion  of t h i s  coa l .  

It i s  s u r p r i s i n g  t h a t  they were found i n  these  c o a l s  and 

Again these  r e s u l t s  sugges t  t h a t  t h e r e  could have been a s i g n i f i c a n t  amount 

There is a much l a r g e r  v a r i a t i o n  between py ro lys i s  product v o l a t i l e  f r a c t i o n s  
f o r  t h e  e x i n i t e s  and v i t r i n i t e s .  
a lkenes  up t o  approximately C19 wi th  C16 being the  most abundant product.  
low molecular weight hydrocarbons such as methane and e thane  were not  analyzed. 
Also, benzene and phenol d e r i v a t i v e s  were found as minor products .  
products were dominated by a romat ics  such as alkylbenzenes,  a lkylnaphtha lenes ,  
phenols,  and naphthols.  The smaller a lkane /a lkenes  were a l s o  found. These r e s u l t s  
are  more cons i s t en t  wi th  what w a s  found i n  py ro lys i s  MS of s p o r i n i t e s  and v i t r i n i t e s  

The s p o r i n i t e  y ie lded  mostly normal a lkanes  and 
The ve ry  

The v i t r i n i t e  

(5 ,7 ) .  

Pyro lys i s  r e s u l t s  f o r  t he  i n e r t i n i t e  concent ra tes  are f a i r l y  inconclus ive  due  
t o  t h e  high concent ra t ion  of v i t r i n i t e  except f o r  t h e  I11 1 2  f u s i n i t e  which w a s  
q u i t e  unreac t ive .  Py ro lys i s  MS of t h i s  f u s i n i t e  shows mostly a lky la t ed  naphthalenes 
and phenanthrenes. What may be i n t e r e s t i n g  i s  t h e  Kentucky i n e r t i n i t e  f r a c t i o n  
which i s  thought t o  con ta in  ~ 5 0 %  pseudo-vi t r in i te .  
ca tegor ized  with v i t r i n i t e s  w a s  placed i n  the  i n e r t i n i t e  column due t o  i t s  low 
r e a c t i v i t y  both i n  py ro lys i s  and i n  the  pyridine-iodine r eac t ion .  

This maceral  which i s  u s u a l l y  

I n  the  formation of t h e  pyridinium salts  t h e  v i t r i n i t e s  were the  most r e a c t i v e  
and gave s imi l a r  r e s u l t s  t o  those  found f o r  a series of v i t r i n i t e  r i c h  c o a l s  of 
va r ious  ranks.  I f  t he  s p o r i n i t e s  had a h ighly  c r o s s  l inked  a l i p h a t i c  s t r u c t u r e  
s i m i l a r  t o  t h a t  found i n  Type I o r  Type I1 o i l  s h a l e  kerogens one would expect 
t hese  e x i n i t e s  t o  be unreac t ive .  However, they have been found t o  be only s l i g h t l y  
l e s s  r e a c t i v e  than v i t r i n i t e .  Apparently,  t h e  y i e l d s  i n  t h i s  r e a c t i o n  cannot 
expla in  t h e  d i f f e rence  i n  r e a c t i v i t y  between s p o r i n i t e s  and v i t r i n i t e s  i n  py ro lys i s  
and SCT l i que fac t ion  (15), bu t  do r e f l e c t  t he  lower r e a c t i v i t y  of i n e r t i n i t e s .  

A t e n t a t i v e  conclus ion  is t h a t  s p o r i n i t e s  and v i t r i n i t e s  of t h e  same rank  have 
ve ry  similar s t r u c t u r e s  bu t  vary  i n  t h e  mix of a l i p h a t i c s  and aromat ics  whi le  t h e  
s t r u c t u r e s  i n  i n e r t i n i t e s  are very  d i f f e r e n t .  
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THE INFLUENCES OF MACERALS ON THE HYDROGEN-DEUTERIUM 
EXCHANGE REACTION BETWEEN TETRALIN AND DIPHENYLMETHANE 

Chol-yoo Choi and Leon M. Stock 

Department of Chemistry 
University of Chicago 
Chicago, Illinois 60637 

INTRODUCTION 

The concept that free radical reactions predominate during coal dissolution re- 
actions is quite widely accepted (1). Recent findings concerning the selective and 
reversible abstraction reactions of hydrogen atoms from tetralin by radicals formed 
during the thermal decomposition of Illinois No. 6 coal at 400°C support this in- 
terpretation (2). 
influence on the rates of the exchange reactions of aromatic, aliphatic, and benzylic 
hydrogen atoms under these conditions whereas compounds such as benzyl phenyl ether, 
benzyl phenyl sulfide, thiophenol, the BDPA radical, anthraquinone, anthrone, tetra- 
cene, and acridine actively promote the benzylic exchange reactions are also in ac- 
cord with the view that radical processes dictate the outcome of coal dissolution 
(2). Indeed, benzyl phenyl sulfide and thiophenol significantly enhance the rate 
of dissolution of Illinois No. 6 coal (3). The interactions between coals and donor 
molecules such as tetralin have been examined in several laboratories to improve the 
understanding of these reactions (2,4-6). However, no information concerning the re- 
activity of coal macerals in such situations has been available. 
have compared the influences of maceral concentrates of some selected coals on the 
exchange reactions between tetralin-dl2 and diphenylmethane. 

The fact that weak organic acids and bases have only a modest 

Accordingly, we 

EXPERIMENTAL. PART 

The macerals used in this study were obtained from G. R. Dyrkacz and R. E. 
Winans of the Argonne National Laboratory. 
density gradient centrifugation and others were prepared by float-sink techniques. 
The coal particles in all these samples were milled to three micron diameter and the 
separations were conducted in the presence of a surface active agent, polyoxyethylene 
(23) lauryl ether, in cesium chloride solutions (7) .  , 

The exchange reactions were conducted using a degassed solution of diphenyl- 
methane (0.376 mmole) and tetralin-dl2 (0.376 mmole) and the maceral material (25 mg) 
in a sealed glass vessel under an argon atmosphere at 400'C. 
carried out for different times depending upon the reactivity of the maceral. 

The products were isolated and analyzed using high field nmr spectroscopy as 
previously described (2). However, the macerals incorporate deuterium during the 
reactions and the change in the deuterium content of tetralin-dl2 is emphasized in 
this report rather than the degree of incorporation of this isotope into diphenyl- 

nor cesium chloride altered the rate of the exchange reactions between tetralin-d12 

As already 
reported (7), the PSOC 106 maceral concentrates were greater than 90% pure. For 
PSOC-828, separation I, it was found that the exinite concentrate contained 91% ex- 
inite and 9% vitrinite; the vitrinite concentrate contained 4% exinite, 90% vitri- 
nite and 6% inertinite; the inertinite concentrate contained 62.5% vitrinite and 

centrate contained 46% exinite, 50% vitrinite, and 5% inertinite; the vitrinite con- 
centrate contained 3% exinite, 93% vitrinite and 5% inertinite; the inertinite con- 
centrate contained 2% exinite, 16% vitrinite, 33% inertinite, and 50% other material-- 
either semifusinite or pseudovitrinite. The data provided by the sample bank strongly 
suggest that this material is semifusinite. 

Some of the samples were prepared by 

The reactions were 

, methane. Control experiments indicated that neither polyoxyethylene (23) lauryl ether 

7 and diphenylmethane. 

' The compositions of the macerals were determined by G. R. Dyrkacz. 

' 
\ 32.5% inertinite. For PSOC-1103, separation 11, it was found that the exinite con- 
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RESULTS AND DISCUSSION 

The exchange r eac t ions  of  t h e  macerals i s o l a t e d  from two hvB bituminous coals,  
PSOC-106 and PSOC-828, are presented  i n  Tables  1 and 2, r e spec t ive ly .  

Table 1. The in f luence  of t h e  macerals from PSOC--106 on t h e  deuterium-hydrogen ex- 
change r eac t ion  of t e t r a l i n - d l 2  and diphenylmethane a t  400°C a 

Maceral (mg) Deuterium Content of T e t r a l i n  (%) 

Aromatic Benzylic A l ipha t i c  
P o s i t i o n s  P o s i t i o n s  Pos i t i ons  

None 95.1 
Ex in i t e  (25.3) 94.7 
Ex in i t e  (24.9) 95.6 
V i t r i n i t e  (25.6) 95.4 
V i t r i n i t e  (25.4) 95.3 
I n e r t i n i t e  (25.1) 95.1 
I n e r t i n i t e  (25.2) 94.7 

92.3 
79.6 
83.8 
84.9 
84.2 
86.7 
86.9 

92.3 
89.1 
90.1 
89.9 
89.7 
89.3 
88.6 

aiphenylmethane (0.376 m o l e )  and t e t r a l i n - d l 2  (0.376 mmole) were r eac t ed  f o r  
60 minutes i n  t h e  presence of  t h e s e  macerals.  
experiments contained 96.1, 96 .8  and 93.7% deuterium a t  t h e  aromatic,  benzyl ic ,  
and a l i p h a t i c  pos i t i ons .  

Table 2 .  The in f luence  of macerals from PSOC-828 on the deuterium-hydrogen 

The t e t r a l i n - d l 2  used i n  these  

exchange r e a c t i o n  of  t e t r a l in -d l2  and diphenylmethane a t  400°C a 

Maceral (mg) D e u t e r i y  Content of T e t r a l i n  (%) 
Benzylic A l ipha t i c  

Pos i t i ons  Aromatic 
P o s i t i o n s  P o s i t  i ons  

Experimental S e r i e s  A 

None 94.7 
Demineralized coal (25.6) 94 .1  
Ex in i t e  (25.4) 94.3 
V i t r i n i t e  (25.4) 94.1 
I n e r t i n i t e  (25.8) 94.7 

Experimental S e r i e s  B 

None 95.7 
Raw whole c o a l  95 .O 
Demineralized c o a l  95.0 
Ex in i t e  94.9 
V i t r i n i t e  95.5 
I n e r t i n i t e  94.9 

91.3 
82.5 
75.9 
80.0 
82.4 

92.2 
75.8 
80.2 
80.0 
81.1 
81.5 

93.0 
90.8 
90.6 
90.9 
90.3 

92.7 
89.2 
89.6 
89.1 
88.8 
87.5 

aiphenylmethane (0.376 m o l e )  and t e t r a l in -d l  
f o r  60 minutes i n  t h e  presence of these  macerais. 
experiments conta ined  96.1,  96.8 and  93.7% deuterium a t  t h e  a romat ic ,  benzyl ic ,  
and a l i p h a t i c  pos i t i ons .  

(0.376 m o l e )  were r eac t ed  f o r  
The t e t r a l i n - d l 2  used i n  these  

The exchange r eac t ions  of t h e  macerals i s o l a t e d  from d i f f e r e n t  coa l s  are 
presented  i n  Table  3. 
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Table 3. The influences of macerals isolated from different coals on the 
deuterium-hydrogen exchange reaction of tetralin-dl2 and diphenyl- 
methane at 400°C a 

Source of Maceral (mg) Deuterium Content of Tetralin (%) 

Aroma tic Benzylic Aliphatic 
Positions Positions Positions 

Experimental Series C, Vitrinites 
None 
PSOC-828, separation I, (25.3) 
PSOC-828, separation 11 (25.3) 
PSOC-1103, separation I (25.1) 
PSOC-1103, separation 11 (25.4) 
Illinois No. 2, undemineralized (25.2) 
Illinois No. 2, demineralized (25.2) 

Experimental Series D, Exinites 
PSOC-828, separation I (25.1) 
PSOC-828, separation I1 (25.1) 
PSOC-1103, separation 11 (25.0) 

Experimental Series E, Inertinites 
PSOC-828, separation I (25.4) 
PSOC -828, separation I1 (25.4) 
PSOC-1103, separation 11 (25.2) 

94.7 
94.3 
93.9 
93.9 
93.5 
94.1 
94.0 

91.7 92.4 
81.5 89.1 
76.3 87.8 
79.2 87.4 
77.9 88.1 
78.7 90.2 
78.0 89.5 

94.7 
93.9 
94.1 

78.0 89.2 
78.4 88.6 
77.9 87.4 

94.9 
94.5 
94.3 ' 

81.7 89.7 
80.8 88.9 
76.5 89.4 

aDiphenylmethane (0.376 mmole) and tetralin-dl2 (0.376 mole) were reacted for 
60 minutes in the presence of these macerals. 
experiments contained 96.1, 96.8 and 93.7% deuterium at the aromatic, benzylic, 
and aliphatic positions. 

The tetralin-dl2 used in these 

Collins and his coworkers reported that Illinois No. 6 coal reduced benzophenone 
to diphenylmethane (8,9). 
the macerals. The results are summarized in Table 4. 

Table 4. The effectiveness of macerals isolated from different coals for the 

We have used this reaction to assay the reactivities of 

reduction of benzophenone at 400°C for 60 minutes a 

Reducing Agent (mg) Reduction ( X )  

Experimental Series F, PSOC-828, Separation I 
Tetralin (51) 
Demineralized whole coal (5.2) 
Exinite (5.2) 
Vitrinite (5.1) 
Inertinite (5.1) 
Experimental Series G ,  PSOC-1103, Separation I1 

1.0 
2.0 
3.6 
2.1 
1.9 

Tetralin (51) 1.2 
Demineralized whole coal (5.8) 3.9 
Exinite (5.7) 3.5 
Vitrinite (5.6) 3.2 
Inertinite (5.8) 1.5 

aThe reaction solutions in glass vessels were degassed prior to the introduction 
of argon and sealing. 
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The h igh ly  p u r i f i e d  macera ls  obtained from PSOC-106 s e l e c t i v e l y  enhance the  
r a t e  of t h e  exchange r e a c t i o n  a t  t he  benzylic pos i t i on  Of t e t r a l in -d l2 .  
of r e a c t i v i t y ,  e x i n i t e s  > v i t r i n i t e s  > i n e r t i n i t e s ,  i s  c l e a r l y  e s t ab l i shed  f o r  
t h e  macerals of t h i s  coa l .  The macerals a l s o  enhance the  exchange r eac t ions  a t  the 
a l i p h a t i c  p o s i t i o n s  of t e t r a l i n ,  but t o  a l e s s e r  degree.  No s i g n i f i c a n t  exchange 
occurs at t h e  aromatic p o s i t i o n s  of t e t r a l i n  or diphenylmethane under t h e  conditions 
of these experiments.  It  i s  no tab le  t h a t  t he  r a t i o  of benzyl ic  t o  a l i p h a t i c  ex- 
change decreases  as the degree of benzyl ic  exchange decreases .  The f ind ing  is  con- 
b a t i b l e  wi th  the  view t h a t  t he  r a d i c a l s  produced from the  macerals of l e s s e r  re- 
a c t i v i t y ,  t h e  i n e r t i n i t e s  i n  t h i s  i n s t ance ,  a r e  l e s s  s e l e c t i v e .  

obtained from PSOC-828 and PSOC-1103 have some f e a t u r e s  i n  common wi th  the  r e s u l t s  
f o r  the pure  macerals of PSOC-106. I n  a l l  ca ses ,  t h e  r eac t ion  occurs s e l e c t i v e l y  
a t  t h e  benzyl ic  pos i t i ons .  In  a d d i t i o n ,  t h e  same r e a c t i v i t y  sequence, e x i n i t e  > 
v i t r i n i t e  > i n e r t i n i t e ,  is a l s o  observed f o r  PSOC-828. However, t h e  d i f f e rences  i n  
r e a c t i v i t y  are somewhat less sha rp ly  def ined ,  poss ib ly  because the  i n e r t i n i t e  con- 
cen t r a t e  conta ins  a l a r g e  amount of  v i t r i n i t e .  I n  c o n t r a s t ,  t h e  i n e r t i n i t e  f r ac t ion  
obtained from PSOC-1103 e x e r t s  a g r e a t e r  a c c e l e r a t i n g  in f luence  on the  exchange re- 
ac t ion  than does t h e  v i t r i n i t e  obtained from the  same coa l .  Ana ly t i ca l  da ta  ind ica t e  
t h a t  t h i s  i n e r t i n i t e  f r a c t i o n  i s  expec ia l ly  r i c h  i n  s u l f u r .  Consequently, the  high 
r e a c t i v i t y  is not unexpected (3 ) .  

The r e s u l t s  obtained i n  the  reduct ion  of benzophenone, although not without 
anomalies, a r e  more r egu la r  than t h e  r e s u l t s  obtained i n  t h e  exchange r eac t ions .  
The r e a c t i v i t y  sequence, e x i n i t e  :> v i t r i n i t e  > i n e r t i n i t e ,  i s  observed f o r  both 
PSOC-828 and PSOC-1103. Moreover, t he  i n e r t i n i t e  concent ra tes  from these  coa ls  a r e  
both moderately more r e a c t i v e  than t e t r a l i n .  

t h e  hydrogen donor capac i ty  of t h e  d i f f e r e n t  macerals obtained from th ree  d i f f e ren t  
coa l s ,  however, t h e  d i f f e r e n c e s  i n  r e a c t i v i t y  i n  t h e  t e s t  r eac t ions  used i n  our 
study a re  not  h ighly  pronounced. 

The order 

The observa t ions  f o r  t he  exchange r eac t ions  of t he  somewhat l e s s  pure macerals 

This pre l iminary  s e r i e s  of observa t ions  r evea l  t h a t  t he re  a r e  d i f f e rences  i n  
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INTRODUCTION 

The Un i ted  S ta tes  Department o f  Energy, Laramie Energy Technology Center, (LETC) 
has conducted numerous underground coa l  g a s i f i c a t i o n  (UCG) experiments. DOE r e c o g n i -  
zes t h e  great  p o t e n t i a l  va lue o f  UCG as a means o f  e x t r a c t i n g  energy f rom coa l  beds 
which cannot o the rw ise  be u t i l i z e d .  
mined, o r  a re  u n s u i t a b l e  f o r  underground min ing,  y e t  c o n s t i t u t e  a vast  energy 
reserve.  We a re  c u r r e n t l y  deve lop ing  UCG techno logy  which should l ead  t o  an energy-  
and c o s t - e f f i c i e n t  means o f  u t i l i z i n g  such coa l  beds. 

LETC has chosen t h e  Hanna No. 1 coal  f o r  exper imenta l  UCG work. The Hanna No. 1 
l i e s  w i t h i n  t h e  Paleocene Hanna Format ion and i s  con f ined  t o  t h e  Hanna Coal B a s i n  o f  
Wyoming (F igu re  1). The No. 1 coal  has been c l a s s i f i e d  as a h i g h - v o l a t i l e  C b i t u m i -  
nous coal  (1). 

t h e  Hanna s i t e .  Whi le  these i n c l u d e  proper  i n s t a l l a t i o n  and use o f  su r face  f a c i l i -  
t i e s ,  LETC personnel have a l s o  recognized t h e  need f o r  a complete understanding o f  
t h e  coa l  i t s e l f .  Through c a r e f u l  a n a l y s i s  o f  t h e  coal ,  improved systems f o r  conver-  
s i o n  t o  h igh  q u a l i t y  gaseous f u e l  can be designed. Var ious t ypes  o f  analyses have 
been performed on samples o f  a l t e r e d  and u n a l t e r e d  coa l  and carbonaceous sha les  f rom 
t h e  Hanna s i t e .  

Many beds a r e  t o o  deeply  b u r i e d  t o  be s t r i p -  

Various approaches have been used t o  improve t h e  e f f i c i e n c y  o f  t h e  UCG process a t  

Th is  r e p o r t  d e t a i l s  t h e  r e s u l t s  of one aspect  o f  t hose  analyses. 

PURPOSE OF THE STUDY 

The purpose of t h e  s tudy has been t o  c o n s t r u c t  a geothermometer based upon v i s i b l e  
thermal  a l t e r a t i o n s  i n  t h e  o rgan ic  c o n s t i t u e n t s  o f  Hanna No. 1 coa l  and carbonaceous 
s h a l e  samples. Youngberg, a t  LETC, and Rich, a t  t h e  South Dakota School o f  Mines and 
Technology (SDSM&T) agreed t h a t  a c o r r e l a t i o n  m igh t  be made between d i s c r e t e  a l t e r a -  
t i o n  temperatures and unique p e t r o g r a p h i c  composi t ions produced by a l t e r a t i o n .  
such a c o r r e l a t i o n  c o u l d  be made, then  samples o f  coa l  and/or carbonaceous s h a l e  
taken  f rom UCG s i t e s  c o u l d  be observed m i c r o s c o p i c a l l y  and d e t e r m i n a t i o n s  made as t o  
t h e  maximum temperatures t o  which t h e  sediments had been subjected.  The o rgan ic  
c o n s t i t u e n t s  o f  t h e  samples, termed macerals, were observed, descr ibed,  and quan- 
t i f i e d  as changes occu r red  i n  t h e i r  appearances d u r i n g  h e a t i n g  a t  p r o g r e s s i v e l y  
h i g h e r  temperatures. 

If 

LABORATORY METHODS 

Sample P r e p a r a t i o n  

Crushed bu lk  samples o f  coa l  and carbonacaous sha le  f rom t h e  Hanna 170 sample 
s i t e  were sent t o  SDSM&T. 
l o w  ash sample (12.7% d r y  bas i s ) ,  w h i l e  t h e  sample i n t e r v a l  279.7-280.7 f e e t  was 

One sample from 277-278 f e e t  dep th  was chosen f o r  a 



chosen f o r  a h i g h  ash sample (63% d r y  bas i s ) .  A t h i r d  sample i n t e r v a l ,  284.2-285.2 
f e e t  was added t o  t h e  work schedule about midway th rough  t h e  p r o j e c t .  
p e t r o g r a p h i c  compos i t i on  i n d i c a t e d  i t  might  a c t u a l l y  pe r fo rm b e t t e r  as an i n d i c a t o r  
o f  thermal  a l t e r a t i o n  t h a n  t h e  o r i g i n a l  samples. 

I t s  unusual 

F i v e  gram samples were p laced i n  a p r e v i o u s l y  weighed c r u c i b l e ,  and t h e i r  com- 
The furnace, meanwhile, had been heated t o  t h e  des i red b ined we igh t  was recorded. 

temperature and tho rough ly  f l u s h e d  w i t h  he l ium.  
t o t a l l y  i n e r t  and would no t  cause a l t e r a t i o n s  i n  t h e  samples i n  and o f  i t s e l f .  
Hea t ing  was done a t  50°C i n t e r v a l s  between room temperature (-20°C) and 600'C. 

A f t e r  be ing  heated f o r  1 hour, t h e  c r u c i b l e  was removed f rom t h e  fu rnace  as 
q u i c k l y  as p o s s i b l e  and weighed t o  r e c o r d  any weight  change. Each sample was mixed 
immediate ly  wi th  APCO adhesive #5823. Th is  i s  a low v i s c o s i t y  epoxy- type embedding 
medium which i s  commonly used f o r  coal  p e l l e t  p repara t i on .  The m i x t u r e  o f  coal  or 
sha le  and epoxy was d i v i d e d  between two s t e e l  1 - i nch  i n t e r n a l  d iameter  s t e e l  molds, 
and compressed a t  7000 p s i  f o r  2 minutes. 
was labe led ,  t h e n  ground and p o l i s h e d  on a J a r r e t  Automatic Gr ind -Po l i she r .  

Hel ium was chosen because i t  i s  

A f t e r  each sample hardened (-18 hours) it 

Furnace C o n s t r u c t i o n  

The fu rnace  apparatus c o n s i s t e d  o f  two P a r r  oxygen bombs connected by a l e n g t h  of 
t e f l o n - l i n e d  s t e e l  mesh hose ( F i g u r e  2). Only one bomb was used as a furnace. The 
furnace bomb was wrapped wi th  Samox-insulated h e a t i n g  tape, which was then  covered 
w i t h  severa l  w ind ings  o f  Glaspun f i b e r g l a s s  i n s u l a t i n g  tape. The h e a t i n g  tape was 
p lugged i n t o  a v a r i a b l e  t r a n s f o r m e r  which p rov ided  c u r r e n t  f o r  hea t  generat ion.  

The l i d  o f  a Par r  oxygen bomb i s  equipped w i th  seve ra l  f i x t u r e s ,  i n c l u d i n g  one- 
way gas va l ves  which a l l o w  f l o w  e i t h e r  i n t o  o r  ou t  o f  t h e  bomb, and two e l e c t r i c a l  
t e r m i n a l s  which, under  o r d i n a r y  oxygen bomb opera t i on ,  p r o v i d e  a heat  source f o r  
sample i g n i t i o n .  The i n l e t  gas v a l v e  on t h e  fu rnace  bomb was connected t o  a he l ium 
tank ,  w h i l e  t h e  e x i t  v a l v e  was connected t o  t h e  s t e e l  mesh hose. The hose was a l so  
connected t o  t h e  second bomb, as p r e v i o u s l y  mentioned. The stream o f  hel ium, then, 
f lowed i n t o  t h e  furnace bomb, ou t  t h rough  t h e  hose, and i n t o  t h e  second bomb. From 
t h e r e ,  gases were exhausted i n t o  a fume hood. The second bomb served as a b a r r i e r  t o  
atmospheric gases which m igh t  have a c c i d e n t a l l y  en te red  t h e  fu rnace  bomb, and the re -  
f o r e  helped t o  p reven t  unwanted o r  dangerous combustion o f  samples. 

One of t h e  two e l e c t r i c a l  t e r m i n a l s  i n  t h e  f u r n a c e  bomb l i d  was removed, and a 
thermocouple i n s e r t e d  i n  i t s  place. The thermocouple was wrapped w i t h  f i b e r g l a s s  
i n s u l a t i o n  t o  p r o v i d e  a t i g h t  seal  a g a i n s t  t h e  a i r  o u t s i d e  t h e  bomb. The end o f  t h e  
thermocouple was i n s e r t e d  t o  a l e v e l  j u s t  above and t o  t h e  s i d e  o f  t h e  c r u c i b l e  
( F i g u r e  2) i n  o r d e r  t h a t  t h e  heat  sensor would measure t h e  fu rnace  temperature a t  t he  
sample l o c a t i o n  w i t h i n  t h e  bomb. Accurate temperature m o n i t o r i n g  was p rov ided  by an 
Omega d i g i t a l  c e n t i g r a d e  thermometer which was a t tached  t o  t h e  thermocouple. 

The c r u c i b l e  was p laced  w i t h i n  a c i r c u l a r  l o o p  o f  w i r e  which i s  designed t o  ho ld  
more conven t iona l  oxygen bomb samples. The c r u c i b l e  r e s t e d  i n  about t h e  m idd le  o f  
t h e  furnace chamber and was, presumably, heated even ly  f r o m  a l l  s ides.  

A t y p i c a l  sample r u n  c o n s i s t e d  o f  t h e  f o l l o w i n g  steps: 

1. h e a t i n g  o f  f u rnace  bomb t o  p r e s e l e c t e d  tempera tu re  

2. f l u s h i n g  o f  b o t h  bombs wi th  he l i um 

3. r e c o r d i n g  o f  sample weight  

142 



4. i n s e r t i o n  o f  c r u c i b l e  i n t o  fu rnace  bomb 

5. secu r ing  furnace bomb l i d  

6. 

7. removal of furnace bomb l i d  and sample 

8. weighing o f  sample 

9. 

h e a t i n g  i n  a he l i um stream f o r  1 hour  

immediate m i x i n g  o f  sample w i t h  epoxy 

10. p e l l e t  p ress ing  and p o l i s h i n g  

Sample Ana lys i s  

Methods o f  ana lyz ing  p o l i s h e d  p e l l e t s ,  o r  b r i q u e t t e s  o f  coa l  a r e  f a i r l y  w e l l  
es tab l i shed .  Stach ( 2 )  presents  a conc ise  rev iew  o f  techniques.  The method o f  
microscope a n a l y s i s  employed i n  t h i s  s t u d i e d  i n v o l v e d  i n c i d e n t  i l l u m i n a t i o n  o f  
p o l i s h e d  p e l l e t  su r faces  and obse rva t i on  a t  500 X m a g n i f i c a t i o n  i n  o i l  immersion. 
B l u e - l i g h t  ( a c t u a l l y  b lue-and u l t r a v i o l e t  wavelengths) was employed i n i t i a l l y ,  though 
one t y p i c a l l y  observes samples u s i n g  i n c i d e n t  "wh i te "  l i g h t .  Such "wh i te "  l i g h t  ana- 
l y s e s  were prov ided by LETC, however, and so were no t  d u p l i c a t e d  by R ich  f o r  unheated 
samples. The average maceral composi t ions o f  108 u n a l t e r e d  samples o f  Hanna No. 1 
coa l  a r e  shown i n  Table 1. 

TABLE 1. Average Maceral Composit ion (minera l  -ma t te r  f r e e  b a s i s )  
o f  108 Una l te red  Coal Samples f rom t h e  Hanna UCG s i t e  (1). 

MACERAL GROUP VOLUME % MACERAL VOLUME % 

V i  tri n i  t e  

L i  p t i n i  t e  
( E x i n i  t e )  

I n e r t i  n i  t e  

91.8 V i t r i n i t e  90.3 
P s e u d o v i t r i n i t e  1.5 

6.1 

2.1 

E x i n i t e  5.5 
R e s i n i t e  0.6 

Semi -Fus in i t e  1.0 
Semi -Macr i  n i t e  0.1 
F u s i n i t e  0.3 
M a c r i n i  t e  0.1 
M i c r i n i  t e  0.5 
Scl  e r o t i n i  t e  0.1 

The a p p l i c a t i o n  o b l u e - l i g h t  was done a t  f i r s t  mere ly  t o  see how many o f  t h e  
macera ls  i n  t h e  Hanna 170 samples would f l uo resce .  
t i n i t e  macerals (waxes, r e s i n s ,  spores, e t c . )  t o  f l u o r e s c e  b r i g h t l y ,  e s p e c i a l l y  i n  
low-rank coa ls .  As t h e  l i p t i n i t e s  f l u o r e s c e  they  can be e a s i l y  i d e n t i f i e d  and quani -  
t i f e d .  

s u a l l y  common i n  t h e  Hanna 170 co re  samples. 
o i l -  o r  r e s i n - l i k e  l i p t i n i t e  which has been recognized o n l y  i n  r e c e n t  y e a r s  (3). 
occupies open spaces w i t h i n  t h e  coa l ,  and t h e r e f o r e  tends t o  be found i n  f r a c t u r e s  o r  

I n c i d e n t  b l u e - l i g h t  causes l i p -  

Sample surveys revea led  a p a r t i c u l a r  t y p e  o f  l i p t i n i t e ,  e x u d a t i n i t e ,  t o  be unu- 
E x u d a t i n i t e  i s  a m o b i l e  o r  semi-mobile 

It 
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t h e  lumens o f  c o a l i f i e d  c e l l s .  
common i n  s t r u c t u r e d  woody t i s s u e  ( t e l i n i t e )  and funga l  bodies ( s c l e r o t i n i t e ) .  
Inasmuch as e x u d a t i n i t e  i s  r a t h e r  mobi le ,  and may a c t u a l l y  m i g r a t e  o u t  o f  samples 
i n t o  t h e  immersion o i l  (4)  R i c h  dec ided  t o  emphasize e x u d a t i n i t e  analyses. 
r a t i o n a l e  was t h a t ,  i f  any substances i n  t h e  Hanna samples would r e a c t  q u i c k l y  t o  
thermal  a l t e r a t i o n ,  e x u d a t i n i t e  would c e r t a i n l y  be among them. E x u d a t i n i t e  i s  con- 
f i d e n t l y  i d e n t i f i e d  o n l y  i n  b l u e - l i g h t ,  as i t  f l u o r e s c e s  b r i g h t l y ,  b u t  i s  n e a r l y  
i n v i s i b l e  i n  "wh i te "  l i g h t .  In v iew o f  those f a c t s ,  and because e x u d a t i n i t e  i s  
b e l i e v e d  t o  be o f  g r e a t  p o t e n t i a l  v a l u e  i n  geothermometry, R ich  concen t ra ted  on 
b l u e - l i g h t  analyses. 

ces o f  macerals. 
pressed onto t h e  c l a y  so t h a t  t h e  observed s u r f a c e  l a y  p a r a l l e l  w i t h  t h e  microscope 
stage. Counts were performed a long  p a r a l l e l  t r a n s e c t s  which d i d  n o t  over lap.  
P e l l e t s  were moved l a t e r a l l y  by d i s c r e t e  u n i t s  so t h a t  no ad jacen t  f i e l d s  o f  v iew 
overlapped. One p o i n t  was counted p e r  f i e l d  o f  view, t h a t  p o i n t  l y i n g  a t  t h e  i n t e r -  
s e c t i o n  o f  an o c u l a r  c r o s s - h a i r  r e t i c l e .  F i v e  hundred p o i n t s  were counted Per 
p e l l e t ,  and bo th  p e l l e t s  p e r  sample were observed, p r o v i d i n g  1000 p o i n t s  pe r  sample. 

TABLE 2 

E x u d a t i n i t e  i n  t h e  Hanna 170 samples i s  e s p e c i a l l y  

The 

Two p e l l e t s  f rom each sample i n t e r v a l  were counted t o  determine r e l a t i v e  abundan- 
Each p e l l e t  was a t t a c h e d  t o  a g lass  s l i d e  w i t h  model ing c l a y  and 

CHANGES I N  LIPTINITE COMPOSITION FOR 
SAMPLES FROM 277-278 FEET 

Temyeqrature'C 
~. 

50 
100 
150 
200 
2 50 
300 
350 
400 

Tem;;rature"C 

50 
100 
150 
200 
250 
300 
350 
400 

# L i p t o d e t r i n i t e  
% L i p t i n i t e s  # E x u d a t i n i t e  & B i t u m i n i t e  

4.4 10 17 
4.9 12 22 
3.6 14 14  
2.8 
3.7 
4.0 
2.8 
1.0 
0.0 

8 
22 
17 
13 

7 
0 

TABLE 3 

CHANGES I N  LIPTINITE COMPOSITION FOR SAMPLES 
FROM INTERVAL 284.2-285.2 FEET 

# L i p t o d e t r i n i t e  
% L i p t i n i t e s  # E x u d a t i n i t e  & B i t u m i n i t e  

7.7 1 58 
8.5 3 67 

11.5 4 87 
9.3 7 68 
8.3 4 69 
8.5 2 67 

38 
6 
0 

5.2 
0.8 
0.0 

1 
0 
0 

# E x i n i t e  
10 
B 
4 
5 
5 
5 
6 
0 
0 

# E x i n i t e  
10 
9 

12 
14 
5 
7 
8 
2 
0 
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RESULTS 

Tables 2 and 3 i l l u s t r a t e  severa l  of t h e  changes which took  p l a c e  d u r i n g  h e a t i n g  
The f o l l o w i n g  o f  samples from t h e  277-278 and 284.2-285.2 f o o t  l e v e l s  r e s p e c t i v e l y .  

obse rva t i ons  may be made: 

I n  samples from b o t h  l e v e l s  t h e r e  was a gradual decrease i n  percentages o f  
t o t a l  l i p t i n i t e s  as temperatures increased.  

A t  bo th  sample i n t e r v a l s ,  f l uo rescence  e s s e n t i a l l y  ceased a t  400°C. 

Reac t ion  v e s i c l e s  devel oped w i t h i n  v i t r i n i t e  p a r t i c l e s  between 250-300°C. 
V i t r i n i t e  which con ta ined  spores o r  p o l l e n ,  r e s i n  bodies,  e t c .  became espe- 
c i a l l y  ves i cu la r .  E x u d a t i n i t e  showed d i s t i n c t  r e a c t i v i t y  w i th  consequent 
evacuat ion f rom s c l e r o t i n i t e  bodies and i n t e r s t i c e s  among c r y s t a l s  i n  p y r i t e  
framboids. Cracks developed i n  v i t r i n i t e .  

Between 300-350°C v i t r i n i t e  became o b v i o u s l y  cracked and v e s i c u l a r .  
R e s i n i t e s  c l e a r l y  showed a l t e r a t i o n  r ims  as t h e y  reacted.  

Between 350-400°C v i t r i n i t e  became i n c r e a s i n g l y  v e s i c u l a r ,  w i t h  v e s i c l e  s i z e  
and abundance inc reas ing .  
many ves i c les .  E x u d a t i n i t e  and r e s i n i t e  n e a r l y  vanished. 

W i t h i n  t h e  400-500°C range r e f l e c t i v i t y  o f  v i t r i n i t e  p a r t i c l e s  appeared t o  be 
much more uni form.  
i n  e i t h e r  "wh i te "  o r  b l u e  l i g h t .  

A t  5OO-60O0C, eve ry  coal  p a r t i c l e  developed a m u l t i t u d e  o f  v e s i c l e s ,  and many 
were i n t e n s e l y  cracked, almost b recc ia ted .  Coal p a r t i c l e s  were o f  u n i f o r m  , 
c o l o r  and compos i t i on  except f o r  t h e  v e s i c l e s  and cracks. 

Glassy o r  p i t c h e y  appear ing d e p o s i t s  occu r red  i n  

R e s i n i t e ,  e x i n i t e ,  c u t i n i t e ,  e t c .  were no l onger  v i s i b l e  

Samples from t h e  279.7-280.7 f o o t  i n t e r v a l  were no t  p o i n t  counted i n  b l u e  l i g h t .  
The abundant c l a y  p a r t i c l e s  were f i l l e d  w i t h  d e t r i t a l  l i p t i n i t e s  and were s a t u r a t e d  
w i t h  b i t u m i n i t e .  
t o  e x u d a t i n i t e ,  which f r e q u e n t l y  i n f i l t r a t e s  t h e  l a y e r s  o f  c l a y  m ine ra l s .  
causes t h e  c lays  and i n t e r s t i c e s  among c l a y  p a r t i c l e s  t o  f l uo resce .  It i s  a lmost  
imposs ib le  t o  ge t  an accurate q u a n t i f i c a t i o n  of  b i t u m i n t e  i n  such c l a y e y  samples as 
v i r t u a l l y  e v e r y t h i n g  f l uo resces ,  y e t  c l e a r l y  t h e  samples a r e  n o t  pu re  b i t u m i n i t e .  
A l t e r a t i o n  i n  shale samples proceeded as l i s t e d  f o r  t h e  o t h e r  samples, however. 

B i t u m i n i t e  i s  another  semi-mobile maceral, s i m i l a r  i n  some respec ts  
It t h u s  

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

D i s t i n c t  pe t rog raph ic  changes d i d  t a k e  p l a c e  i n  t h e  Hanna No. 1 samples as t h e y  
were heated. Decreasing abundances of f l uo rescence  macerals, i n c r e a s i n g  v e s i c u l a r i t y  
and c r a c k i n g  i n  v i t r i n i t e s ,  and eventual  e l i m i n a t i o n  o f  a l l  macera ls  except v i t r i n i t e  
can be c o r r e l a t e d  w i t h  temperature ranges. It should, then, be f e a s i b l e  t o  t a k e  
samples of carbonaceous sha le  and coa l  f rom UCG bu rn  s i t e s  and de te rm ine  t h e  thermal 
g r a d i a n t  away f rom t h e  s i t e s .  

d i f f e r e n t  r a t e s  when heated. 
t i n i t e s ,  though e v e n t u a l l y  a l l  t h e  macerals become i n v o l v e d  i n  t h e  phys i ca l  a l t e r a -  
t i o n s .  The f a c t  t h a t  l i p t i n i t e s  r e a c t  e a r l i e r  t han  v i t r i n i t e s  may c a r r y  impor tan t  
i m p l i c a t i o n s  as f a r  as m a i n t a i n i n g  optimum gas compos i t i on  and p r o d u c t i o n  a r e  con- 
cerned. 

T h i s  work has a l s o  shown t h a t  macerals i n  t h e  Hanna No. 1 coa l  r e a c t  a t  q u i t e  
L i p t i n i t e s  a re  a l t e r e d  b e f o r e  v i t r i n i t e s  and i n t e r -  
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L i p t i n i t e s ,  f o r  example, a r e  en r i ched  i n  hydrogen as compared t o  t h e  o t h e r  
maceral groups. As l i p t i n i t e s  decompose t h e r m a l l y ,  then,  one would expect  
gases wi th  a h i g h  hydrogen/carbon r a t i o  t o  be produced. 
Hanna No. 1 which c o n t a i n s  an abundance o f  e a s i l y  a l t e r e d  l i p t i n i t e s  (e.g. t h e  
r e s i n i t e - r i c h  B l i n d  Canyon seam o f  Utah) convers ion o f  coa l  t o  gas c o u l d  occur  
a t  a compara t i ve l y  low tempera tu re  and y e t  y i e l d  a gaseous product  en r i ched  i n  
hydrogen. 
m igh t  r e q u i r e  h i g h e r  convers ion  temperatures which would i n v o l v e  more v i t r i n i t e  
i n  the convers ion  r e a c t i o n s  i n  o r d e r  t o  produce gases w i t h  a h i g h  hydrogen content .  

An a d d i t i o n a l  obse rva t i on  i s  t h a t  a t  h i g h e r  temperatures, i.e., 400% and above 
where p a r t i c l e s  become v e s i c u l a r  and f r a c t u r e d  t h e  r e a c t i v e  su r face  area w i t h i n  coal 
f ragments i s  much g r e a t e r  t han  a t  c o o l e r  temperatures. The abundance o f  v e s i c l e s  and 
t h e  eventual  b r e c c i a t i o n  o f  t h e  p a r t i c l e s  should a l l o w  t h e  coa l  t o  r e a c t  more r e a d i l y  
w i t h  hot gases w i t h i n  t h e  g a s i f i c a t i o n  chamber. B r e c c i a t e d  coa l  p a r t i c l e s  would, of 
course, a l s o  a l l o w  product  gases t o  move more r e a d i l y  t h rough  t h e  coa l  bed than  i f  
t h e  coal f ragments were l e s s  e x t e n s i v e l y  broken. 

w i l l  be those where c a r e f u l  c o n s i d e r a t i o n  has been g i v e n  t o  t h e  pe t rog raph ic  com- 
p o s i t i o n  o f  t h e  coals .  Petrography can be  used bo th  as a geothermometer and as a 
techn ique  t o  p r e d i c t  coa l  r e a c t i v i t y  d u r i n g  underground g a s i f i c a t i o n .  

I n  a coal ,  such as t h e  

On t h e  o t h e r  hand, c o a l s  which do n o t  have such an abundance o f  l i p t i n i t e s  

We b e l i e v e  t h e  r e s u l t s  o f  t h e  work show t h a t  t h e  most successfu l  UCG opera t i ons  

1. 

2. 

3. 

4. 
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HYDROUS METAL OXIDE ION EXCHANGERS AS 
HYDROGENATION CATALYSTS FOR DIRECT COAL LIQUEFACTION* 

H. P. Stephens, R. G. Dosch and F. V. Stohl 

Sandia National Laboratories, Albuquerque, NM 87185 

INTRODUCTION 

Interest in efficient conversion of coal to liquid fuels has 
encouraged exploration of promising catalytic systems for direct 
coal liquefaction. We have identified a group of hydrous oxide ion 
exchange compounds of Ti, Zr, Nb, and Ta which can be used to 
prepare hydrogenation catalysts by a novel synthesis route involving 
exchange of active metals into these compounds. Hydrous oxide ion 
exchange compounds have previously been investigated at Sandia 
National Laboratories for use in decontamination of aqueous nuclear 
waste (1,2) and as precursors for ceramic materials (3). A number 
of properties of the compounds suggested their use as substrates f o r  
catalyst preparation: 1) any metal or mixture of metals can be 
atomically dispersed in the materials over a wide concentration 
range by a simple process; 2 )  the materials have high surface areas; 
3) they exhibit good chemical stability; 4) solution chemistry or 
high temperature reactions can be used to provide active metal 
oxidation state control; and 5 )  acidity and basicity of the 
substrate can be modified by ion exchange. 

may exhibit wide versatility for catalyst preparation, it was not 
known if catalysts synthesized by exchanqing ions of active metals 
into the material would exhibit hydrogenation activity. The purpose 
of the experiments reported here was to explore the hydrogenation 
activity of these materials for  slurry phase catalysis of direct 
coal liquefaction. It is also possible that hydrous metal oxide ion 
exchangers may be used to prepare multifunctional catalysts and 
catalysts for other reactions such as oxidation or dehydrogenation. 

Although these properties suggested hydrous oxide ion exchangers 

EXPERIMENTAL 

Preparation and Characterization of Catalysts 

of the hydrous oxides, was chosen for exploratory testing. Titanate 
catalysts were prepared by exchanging the sodium ions of a hydrous 
oxide titanium compound, generically called sodium titanate (ST), 
with the desired metal ions in aqueous solution. ST was prepared by 
reacting tetraisopropyl titanate with sodium hydroxide in methanol, 
hydrolyzing the solution in a water acetone mixture and drying the 
resulting precipitate at ambient temperature under vacuum. The 
preparation steps may be illustrated as follows: 

(1) Ti(OC3H7)4 + NaOH -Soluble Intermediate 

The titanate system, the best characterized and least expensive 

CH30H 

acetone H?O -[NaTi 0 K] 2 5  x (2) Soluble Intermediate 

(3) 2[NaTi205HIx + XNi(aq)-2xNa + [Ni(Ti205H)2Ix 

* This work supported by the U. S. Dept. of Energy, Contract NO. 
DE-AC04-76DP00789. 
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A typical ST product is an amorphous fluffy powder, which 
contains approximately 20% residual volatile constituents, 
predominately water and minor amounts of alcohols. The titanates of 
other metals, formed by exchange of the sodium ions, were found to 
have the same morphology and volatile content as the starting ST 
material. Drying the titanates at elevated temperature resulted in 
loss of volatiles. Approximately 90% of the volatiles were removed 
at 20OoC and greater than 95% were removed after heating to 40OOC. 
X-ray diffraction and SEM work indicated that a transition from an 
amorphous to a crystalline form (rutile) occurs at approximately 
60OOC. This is supported by DTA and TGA studies, which showed a 
large exotherm with no corresponding weight change at the same 
temperature. 

Surface areas and pore volumes for several titanates have been 
measured by nitrogen BET and adsorption-desorption techniques. 
Surface areas for the material ranged from 150 to 300 m2/g and the 
desorption pore volumes from 0.24 to 0.41 cc/g. All of the 
titanates had bimodal pore volume distributions similar to the 
distribution illustrated for Ni titanate (total pore volume = 0.31) 
in Figure 1. For comparison, the unimodal pore volume distribution 
for a Ni/Mo on alumina catalyst, Shell 324, (total pore volume = 
0.44) is also shown. 

Materials, Apparatus and Procedure 

Liquefaction reactions were performed with Illinois No. 6 
(Burning Star) coal, SRC-I1 heavy distillate solvent from the Ft. 
Lewis Pilot Plant (1 :2  coal:solvent, by weight) and high purity 
hydrogen. Shell 324, a 2.7% Ni/13.2% Mo on alumina catalyst, 
currently used in integrated two stage liquefaction pilot plant 
studies (4), was ground to -200 mesh and used as a reference for 
comparison of catalytic activity. Control experiments were also 
performed without catalyst addition. 

of titanates, including Cr+?, Fe+31 Fe+2, NiP2, Pd+2, Mo*, 
Rh+3, R u + ~ ,  Cof2, Mn+2 and E u + ~ ,  three were chosen to test 
the effects of active metal, metal loading and post-preparation 
treatment on catalytic activity. 

duplication) was used to test the effect of active metal and metal 
loading on liquefaction activity. For these experiments, Nil Mo and 
Pd titanates with metal loadings of 1% and lo%, by weight of 
titanate, were used. Catalyst weight added to the reactor was 
adjusted so that liquefaction reactions with the 1% titanates were 
performed with 4 x moles of active metal and reactions with 
the 10% titanates with 4 x moles. To test the effects of 
catalyst post-preparation treatments, which result in loss of 
volatiles and surface area, and oxidation or reduction of the Ni, 
duplicate experiments were performed with the 10% Ni titanate heated 
for two hours at six conditions--300, 450 an6 700OC in air and 
hydrogen. Reference experiments with Shell 324 were performed with 
the same number of moles of active metal (Ni + Mo) as the 10% 
loading experiments. 

microreactors which were charged with 2.67 g of coal, 5.33 g SRC-11, 

As a result of screenin liquefaction ex eriments with a number 

A randomized factorial experimental plan (3 x 2 with 

All liquefaction reactions were performed in 40 cm3 

* Oxidation state not determined. 
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and powdered catalyst, pressurized to 800 psi9 (cold) with hydrogen, 
then heated to 425OC for 30 minutes and shaken at a150 cycles/min. 
during the heating period. Temperatures and pressures were 
accurately recorded with a digital data acquisition system during 
the course of the experiments. Following the heating period of each 
experiment, the reaction vessel was quenched to ambient temperature, 
the resulting pressure was recorded, a gas sample was taken, and the 
product slurry was subsampled for analysis. 

Product Analyses 

Gas samples were analyzed for mole percentages of CO, C02, 
H2S and C1-C4 hydrocarbons with a Hewlett-Packard 5710A gas 
chromatograph, which was calibrated with standard mixtures (Matheson 
Gas Products) of hydrocarbon gases in hydrogen. Hydrogen in the 
samples was obtained by difference as the remainder of the product 
gas mixture. The quantity of each gas produced was calculated from 
the mole percent in the gas sample and the post-reaction vessel 
temperature and pressure using an ideal gas law calculation. 
Hydrogen consumed during the reaction, obtained as the difference 
between the initial charge and hydrogen remaining after the reactor 
was quenched, was reported on a percent dmmf coal basis. 

The reaction product slurry was analyzed for insols, high 
molecular weight (mw) product, intermediate mw product and low mw 
product by tetrahydrofuran (THF) solubility and high performance 
liquid chromatography (HPLC). A 0.2 g subsample was mixed with 
about 50 ml of THF, filtered to obtain the weight of insols, and 
brought to 100 ml with additional THF. Chromatograms of 5 Uk 
aliquots of the filtrate were obtainei with a Waters Assoc. Model 
6000A solvent delivery system, a 100 A microstyragel gel permeation 
column, and a Model 440 uv absorbance detector. The uv absorbance 
response factors for the product groups were determined using 
calibration samples prepared by dissolving known weights of high 
(a 1000 g/mole), intermediate ( s  500 g/mole) and low (250 g/mole) mw 
coal-derived products obtained by preparative scale liquid 
chromatographic (gel permeation) separation of whole liquid product 
from liquefaction reactions performed under similar conditions with 
the same coal and solvent. Chromatogram area measurements and 
response factors were used to calculate the percentages of high, 
intermediate and low* mw products for the THF soluble product. r 

Conversion data were calculated on a dmmf coal basis, and included 
corrections for the conversion of the pyrite content of the coal to 
pyrrhotite and the loss of volatiles, if any, from the catalyst. 

I 

RESULTS AND DISCUSSION 

Previous statistical analysis of experiments with oil soluble 
catalysts (5) has shown that hydrogen consumption and conversion to 
low mw product may be used as quantitative measures of catalyst 
activity for coal liquefaction. Figures 2 and 3 illustrate the 
conversion to low mw product and hydrogen comsumption for the 
experiment with the 1 and 10% Ni, Mo and Pd titanates without 
post-preparation treatments. The values represented in the figures 
are the averages of duplicate experiments. Standard deviations were 
statistically determined to be 1.4% for conversion 

* % conversion to low mw product is approximately equivalent to 
pentane soluble product. 
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to low mw product and 0.13% for hydrogen consumption. As can be 
Seen from Figures 2 and 3, the ranking for metals effect with 
respect to both low mw conversion and hydrogen consumption is Pd > 
MO > Ni and with respect to metals loading is 10% > 1%. 

Results of a two way analysis of variance were used to make a 
quantitative comparison of performance. The effect of active metals 
(1 and 10% loadings averaged), were as follows: 

low mw product: 
Pd (47.7%) > Mo (45.3%) > Ni (43.0%) F = 10.8, P < .01; 

hydrogen consumption: 
Pd (1.86%) > Mo (1.65%) > Ni (1.35%) F = 22.4, P < .005, 

where F is the variance ratio and P is the probability of a chance 
occurrence of the result. These values may be compared with the 
results of experiments without catalyst addition (low mw product = 
26.8% and hydrogen consumption = 0.69%) and experiments with Shell 
324 (low mw product = 42.8% and hydrogen consumption = 1.88%). It 
was found that the 10% titanates averaged 3.2% qreater conversion (F 
= 10.8, P <  0.01) and 0.37% greater hydrogen consumption (F = 35.0, 
P <  .005) than the 1% titanates. 

Only one post-preparation treatment of the 10% Ni titanates was 
found to have a significant effect on catalytic activity. 
Experiments with the titanate heated to 7OOOC in air produced a 
conversion of 33.6% to low mw product and had a hydrogen consumption 
of 0.71% which was significantly lower than the values for the other 
treatments (45.2 1% and 1.5 +_ 0.2%). X-ray diffraction analysis 
of the post-preparation treated materials shows formation of 
NiTi03 for only the material heated to 7OOOC in air. The NiTi03 
formed probably cannot be reduced to Ni under liquefaction 
conditions and therefore is not available for catalysis of 
hydrogenation reactions. This has been supported by preliminary 
oxygen chemisorption experiments which show that the 700°C/air 
treatment produces a catalyst that has less than half the active 
nickel of the other materials. 

Although this preliminary study was brief in its scope, the, 
results indicate that catalysts prepared using hydrous metal oxide 
exchange compounds show promise for potential application to coal 
liquefaction processes. The initial activities of the titanates 
appear to be at least comparable to a commercial catalyst currently 
used in pilot plant liquefaction studies. Considering the 

, versatility of the hydrous oxide ion exchangers with respect to 
1 their potential for preparation of multi-metal loadings and 

adjustment of substrate acidity or basicity, it is possible that 
these materials can be used to produce improved catalysts for direct 
coal liquefaction and other hydrogenation processes. 
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INTEGRATED TWO-STAGE LIQUEFACTION PROCESS - SOLVENT QUALITY EFFECTS 
Eneo C. Moroni, Frank P. Burke*, Richard A. Winschel* and Bary W. Wilson** 
U.S. Department of Energy, Fossil Energy/Coal Liquefaction Technology Division, 
FE-34, E-338 Germantown, Washington, D.C. 20545 

**Pacific Northwest Laboratory, Battelle, Richland, Washington 99352 
*Conoco Inc., Coal Research Division, Library, PA 15129 

Introduction 

For the majority of the developed coal liquefaction processes the solvent 
is a portion of a selected liquefaction process stream, and not supplied 
from external sources, consequently a strict process control is needed to 
produce the required solvent balance and desired solvent quality. 

Problems in maintaining both solvent balance and solvent quality has been 
particularly associated with the development of the SRC I process. With 
the introduction of the Two-Stage Liquefaction process in which SRC I is 
upgraded and converted to a distillate product the solvent balance does not 
constitute a problem anymore and the solvent quality has been improved. 

Several modifications to the Two-Stage Liquefaction, which were dictated by 
important experimental results involving both the dissolution/hydrogenation of 
coal and the upgrading of the coal extract, led to a new process configuration 
in which first and second stages are interlocked in one integrated processing 
scheme. The major experimental results leading to these modifications are 
listed below: 

Coal extract produced at lower operating seve ty than SRC I is more 
responsive to subsequent catalyzed reactions. f i  
Coal extracts produced at low severity can be upgraded to fuel products and 
a recycle process solvent of consistantly high quality. 

Hydrogenated high boiling polyaromatics are syyerior hydrogen "donors" than 
compared to lower molecular weight tetralins. 

Nitrogen compounds inhibit catalytic hydrogenation of romatics and 
deoxygenation of oxygen containing compounds in coal. 

Phenols inhibih/catalytic denitrogenation of nitrogen compounds in coal or 
coal extracts. f 

Heteroatom compounds, are not easily recovered since they form strong I 

"adducts" with coals. 

Hydrogenated polyaromatics, which also form "adducts" with coals are readily 
produced in the course of coal liquefaction/coal extract upgrading operations, 
providing a constant supply of steadily high quality recycle process solvent. 

37 

The first Integrated Two-Stage Liquefaction (ITSL) process configuration included 
Short Contact Time (SCT) coal extraction to maximize low severity operation in 
the first stage and LC-Fining using Shell 324 NiMo supported catalyst to 

fTsL Process operating conditions were prompted by data obtained during actual 
rovide extensive removal of heteroatom compounds. Further modifications of the 
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operation in the 3/4 ton coal/day ITSL process development unit at C-E 
Lummus, Engineering Development Center in New Brunswick, N.J., and by 
computed data and refining requirement as ascertained by upgrading coal- 
derived distillates from other processes. The major conclusions from all 
these sources can be summarized as follows: 

- In a continuous operation the solvent fraction below 340-360°C is in vapor 
phase and participate little, if any, in the liquefaction of coal and also 
depresses the hydrogen partial pressure. Computed Vapor/Liquid equilibrium 
data confirm this fact. 
The -34OoC fraction constitutes the most valuable refinery feedstock, being 
within the boiling range of gasoline, jet and diesel fuels. 
The +34OoC fraction constitutes the best solvent quality for both dissolution 
of coal and hydrogen "shuttling." 

- 

- 

The most recent ITSL process configuration, which is described below, attempts 
to exploit modifications indicated by these experimental results. 

ITSL Process Flow Sheet 

The current flow scheme of the ITSL operation is shown in Figure 1. Coal, 
hydrogen and recycle solvent (the +343OC fraction) react in the SCT reactor 
which is actually the SRC I preheater operated at higher outlet temperature 
(45OOC). The gases and light oil are flashed off and the heavy oil (+343OC 
solvent/coal adduct) goes to the deasher. The deasher underflow containing 
virtually all of the ash and insoluble organic matter (IOM) goes to a vacuum 
flash, where the distillate portion goes overhead and combines with the deasher 
overflow. The ash/IOM containing flashed bottoms are drummed. Commercially 
this stream would go to a gasifier to generate the hydrogen for the process. 
The deasher overflow (cleaned +343OC solvent/coal adduct) combines with the 
vacuum flash overhead as feed to a continuous distillation column where the 
antisolvent is recovered overhead and the bottoms constitute the feed to the 
LC-Finer (LCFF) along with make-up hydrogen. 
Product:TLP) is atmos herically flashed to collect the -343 C high quality 
product, and the +343 C bottoms are recycled to the SCT solvent pool. In this 
manner, the only product leaving the process is the -343OC fraction which has 
petroleum refinery feedstock quality superior to some petroleum crudes (Table 1). 

The LC-Finer groduct (Total Liquid 

8 

Table 1 

Elemental Analysis 
ITSL - PRODUCTS AND RECYCLE SOLVENT 

C H 0 N S - - - -  
Naphtha (C -177OC) 86 13 0.4 0.08 Traces 

Recycle Solvent (+343Oc) 86 8 3.0 0.50 0.50 

phenols and nitrogen compounds are minor constituents of the process solvent 
compared to the level of polyaromatic hydrocarbons and they do not appear to 

Fuel Oil (177-343OC) 88 11 0.3 0.08 0.01 
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provide much contribution to the process solvent quality. 
several ITSL recycle operations, as the coal-derived solvent replaces the 
hydrogenate creosote oil initial solvent, reveal the decrease of heteroatom 
compounds and at the same time the increase of the solvent quality. It is 
difficult to correlate these two experimental evidences since the more powerful 
the solvent becomes the more phenols and nitrogen compounds, present in the coal, 
are dissolved and in turn they can contribute to further the dissolution of the 
coal. 

Bench-scale vacuum fractionation of the +343OC fraction of the recycle process 
solvent revealed that the heteroatom compounds, particularly nitrogen, are 
heavily concentrated in the +56OoC distillation bottoms. 

Data examination of 

Boiling Point versus Solvent Quality (Conoco Inc.) 

Relationship between boiling point and solvent quality was studied on a sample 
of ITSL recycle process solvent taken during steady state operation and in 
material balance. 
collected and analyzed by 
was used for kinetic and equilibrium microautoclave tests. 

Proton distribution of the distillate fractions are given in Table 2 along with 
the weight percent hydrogen for those fractions used in the microautoclave tests. 

Twenty-fwo distillate fractions of ca. 100 ml. each were 
H-NMR for proton distribution. Every third fraction 

Table 2 
Proton Distribution of Distillate Fractions 

OC WtHf Aromatics al + $  d( +o 8 
Fraction Boiling Point Condensed Cyclics Alkyls Alkyl 

-- - 
1 
4 
7 
10 
13 
16 
19 
22 

203 
323 
349 
383 
410 
423 
49 8 
514 

10.26 9.6 30.4 36.3 15.0 
9.33 15.7 34.3 29.7 12.6 
8.86 20.8 36.4 26.9 10.8 
8.20 26.8 34.4 24.3 9.4 
7.81 31.0 31.0 23.6 8.9 
7.32 35.8 29.3 21.7 7.7 
7.20 36.6 30.4 21.0 6.5 
6.70 36.2 30.6 20.5 5.5 

As the boiling point of the fractions increases the concentration of condensed 
aromatics increases from 8 to 39 percent. The results of the concentration of 
uncondensed aromatics are not shown since it decreases from 10 to 6 percent by 
the third fraction then remains fairly constant. 
alpha and beta (naphthenic) protons, which provide one measure of donor 
concentration, increases for the first ten fractions, then decreases continuously 
to 31 percent. The concentration of alkyl alpha, beta and gamma protons which 
provide a measure of paraffins content decreases over the range with boiling 
point. 
point. 

Microautoclave tests were carried out at 1000 psig (cold) nitrogen pressure, and 
are shown in Figure 2. At kinetic conditions, conversion increases sharply with 
boiling point to approximately 35OoC (fraction 7) then the rate of increase 
lessens to 514OC (fraction 22). 

The concentration of cyclic 

Weight percent hydrogen decreases monotonically with increasing boiling 
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The increase in kinetic conversion is attributed to €he increase in aromaticity 
of the solvent with increasing boiling point as the H-NMR data have shown. At 
the equilibrium conditions, conversions increase with boiling point to about 
87 percent at 40O0C, then decrease to 83 percent at 50OoC. 
lest is designed to give a measure of donor content of  the solvent and the 
H-NMR data on the cyclic/alkyl aliphatic proton ratio gives a relative 
measure of donor content in solvents with comparable hydrogen contents. 
cyclic/alkyl ratio increases from 0.56 to 1.18 as the boiling points of the 
solvents increase. 
fractions decrease from 10.26 to 6.70 percent (Table 2). 
of equilibrium test conversions vs. boiling point is caused by two opposing 
factors, i.e., increasing cyclic/alkyl ratio and decreasing total hydrogen 
content. The net effect of these opposing factors is to produce a maximum 
conversion at about the 375-425OC boiling point range. 

The equilibrium 

The 

On the other hand the total hydrogen contents of the 
The shape of the curve 

ITSL Process Solvent Components (Battelle PNL) 

Total ion GCMS chromatograms show the unusual configuration of the ITSL recycle 
process solvent at steady state operation. The chromatogram of the deashed SCT 
extract which is also known as LC-Finer feed (LCFF) represented in Figure 3 shows 
that the solvent has donated a large portion of his hydrogen to the coal, as few 
large peaks of distinguishable aromatic compounds have appeared. 
peaks identified were phenanthrene, pyrene, chrysene and also benzo(a) pyrene and 
anthathrene. These compounds seem to grow dominant as the solvent recycles and 
its hydrogen donor quality improves. 
second stage LC-Finer and converted to Total Liquid Product (TLP). 
chromatogram of TLP is shown in Figure 4 in which the major peaks disappear, more 
likely due to conversion of the parent hydrocarbons to a variety of hydrogenated 
derivatives, except for the pyrene peak, which is only slightly hydrogenated. 

Conclusion 

The peculiar behaviour of  polyaromatic hydrocarbons under catalytic hydrogenation/ 
hydrocracking condition, leads to a variety of speculative thoughts on the role 
of each individual variety in coal liquefaction. 

On the basis of preliminary data some tentative statements and speculative thoughts 
are presented below with the particular objective of guiding further experimental 
studies on the nature of the ITSL process recycle solvent at equilibrium: 

o 

o 

Among major 

The LCFF stream is hydrotreated in the 
The GCMS 

The ITSL equilibrium process solvent is largely constituted by a few major 
polyaromatic hydrocarbons and related hydrogenated moieties. 
The possibility exists now to reproduce the ITSL equilibrium process solvent by 
using few model compounds, i.e., hydrogenated phenanthrenes, chrysene and 
perhaps pyrene and their alkyl derivatives. 
Reacting the above model solvents of different hydrogen contents with aromatic 
model compounds representing coal as hydrogen acceptor e.i., anthathrene and 
pyrene and their alkyl derivatives, a researcher can better simulate the 
reaction between the actual solvent and the coal. 
practically all the hydrogen is very rapidly donated by the process solvent and 
very little, if any, via hydrogen gas. Consequently, the SCT coal extraction 
should not be affected by gas-slurry flow-dynamics and in turn bench-scale and 
scale-up operations should have excellent correlation, as one of the major 
differences is removed. 

o 

o 
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Figure 1 
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THE EFFECT OF SOLVENT PRETREATMENT ON COAL LIQUEFACTION 

Nand K. Narain,  Herber t  R. Appel l ,  and Bruce R. Utz 

U. S. Department of Energy 
P i t t s b u r g h  Energy Technology Center  

P. 0. Box 10940 
P i t t s b u r g h ,  PA 15236 

This  paper desc r ibes  r e s e a r c h  on t h e  chemical and phys ica l  phenomena o c c u r r i n g  
between coa l  and s o l v e n t s  p r i o r  t o  t h e  onse t  o f  t h e  major l i q u e f a c t i o n  (bond 
b reak ing)  s t e p .  This  r e p o r t  i s  l i m i t e d  t o  those  phenomena t h a t  occur  r e a d i l y  
a t  t empera tures  nea r  200% and have an  e f f e c t  on t h e  subsequent l i q u e f a c t i o n  
r e a c t i o n s .  

A s e r i e s  of microautoc lave  exper iments  w i th  Bruceton Coal and W. Kentucky 9 /14  
Coal, us ing  c r e o s o t e  o i l  o r  SRC-I1  heavy d i s t i l l a t e  as s o l v e n t s ,  showed t h a t  
smal l  b u t  expe r imen ta l ly  s i g n i f i c a n t  i n c r e a s e s  i n  convers ion  can be  ob ta ined  
by h e a t i n g  t h e  coa l - so lven t  s l u r r y  f o r  one hour a t  2OO0C p r i o r  t o  a s h o r t  
c o n t a c t  time l i q u e f a c t i o n  test  (Table  1 ) .  (The presence  of hydrogen a t  2OO0C 
d i d  no t  appear  t o  be  e s s e n t i a l  f o r  t h i s  i n c r e a s e  t o  occur . )  

In  o rde r  t o  o b t a i n  a b e t t e r  unders tanding  of t h e  f a c t o r s  t h a t  cause  t h i s  
i n c r e a s e  i n  convers ion ,  and thus  propose a means t o  enhance t h e  e f f e c t ,  
s e v e r a l  experiments were conducted wi th  c o a l  and model s o l v e n t  compounds. 
Quinol ine ,  1-methylnaphthalene,  and b l ends  o f  t h e s e  two compounds were chosen 
a s  so lven t  models. The r e s u l t s  of t h e s e  experiments show t h a t  t h e s e  compounds 
are inco rpora t ed  i n t o  t h e  c o a l  w i th  p re t r ea tmen t  a t  2OO0C, b u t  no 
inco rpora t ion  occurs  wi th  s i m i l a r  p re t r ea tmen t  a t  room tempera ture .  

A t e t r ahydro fu ran  (THF) soluble-cyclohexane i n s o l u b l e  f r a c t i o n  was i s o l a t e d  
> from the  qu ino l ine  t r e a t e d  c o a l  and p u r i f i e d  by t h r e e  success ive  d i s s o l u t i o n  
, and r e p r e c i p i t a t i o n  s t e p s  i n  THF and cyclohexane. Nitrogen a n a l y s i s  o f  t h e  

products  showed t h a t  t h e  o r i g i n a l  v a l u e  o f  3.3 pe rcen t  was reduced t o  1.9 
pe rcen t  a f t e r  t h r e e  r e p r e c i p i t a t i o n  s t e p s .  F u r t h e r  r e p r e c i p i t a t i o n .  r e s u l t e d  
i n  no f u r t h e r  dec rease  i n  t h e  amount of n i t r o g e n  p resen t .  Comparing these  
va lues  wi th  t h e  1.5 pe rcen t  n i t r o g e n  i n  t h e  o r i g i n a l  c o a l  shows two- th i rds  of 
t h e  o r i g i n a l  q u i n o l i n e  inco rpora t ed  i n t o  t h e  c o a l  was removed by the  
dissolution/precipitation s t e p s .  This  f r a c t i o n  o f  t h e  i n i t i a l l y  r e t a i n e d  
qu ino l ine  is cons idered  t o  b e  p h y s i c a l l y  inco rpora t ed  i n t o  t h e  pore  s t r u c t u r e  
of t h e  c rude  qu ino l ine -coa l  adduct .  This  q u i n o l i n e  i s  no t  r e a d i l y  removed by 
e x t r a c t i o n  bu t  i s  removable by d i s s o l u t i o n  followed by r e p r e c i p i t a t i o n  i n  
excess  cyclohexane. 

The q u i n o l i n e  remaining in t h e  t h r i c e - r e p r e c i p i t a t e d  product  i s  be l i eved  t o  be 
bound by hydrogen bonds t o  a c i d i c  s i t e s ,  presumably phenol ic .  A comparison of 
t h e  microautoc lave  l i q u e f a c t i o n  behavior  of  t h i s  adduct  w i th  a cor responding  
f r a c t i o n  o f  t h e  c o a l  ob ta ined  by analogous t r ea tmen t  of t he  c o a l  w i th  1- 
methylnaphtha lene  d i d  not show any s i g n i f i c a n t  d i f f e r e n c e .  Inasmuch as t h e  1- 
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methylnaphthalene treatment of coal at 200OC could not result in acid-base 
adduct formation it was concluded that the coal quinoline adduct has no 
significant effect on subsequent liquefaction. 

The possibility of a beneficial effect of the physically incorporated solvent 
was considered. Physical incorporation of the l-methylnaphthalene as well as 
quinoline and blends of these compounds occurs readily at 20OoC. These 
physically incorporated solvents are not removable by extraction, apparently 
because they enter the fine pore structure of the coal when the coal swells 
and are then locked into the pores when cooling of the coal solvent slurry 
causes the pore structure to shrink to near its original dimensions. 

The beneficial effect of the solvent pretreatment is therefore believed to be 
a result of a greater extent of solvent aided liquefaction in contrast to the 
pyrolytic decomposition of some of the coal that reaches liquefaction 
temperatures before it is contacted by solvent. 

Table 1. Effect of Solvent Pretreatment 

(lg coal ,  5g solvent, 2000 psig, 425OC) 

Coal - 
Bruceton 
Bruceton 
Bruce ton 
Bruceton 
W. KY 9/14 
W. KY 9/14 
w. KY 9/14 
W. KY 9/14 
W. KY 9/14 

Solvent 

Creosote Oil 
Creosote Oil 
SRC-11, H.D.a 
SRC-11, H.D. 
SRC-11, H.D. 
SRC-11, H.D. 
SRC-11, H.D. 
Creosote Oil 
Creosote Oil 

Pretreatment 
Time Temper a tu r e - 
None -- 
1 hour 200% 
None 
1 hour 200% 
None 
1 hour 200% 
15 rnin. 32OOC 
None 
1 hour 200% 

-- 

-- 

-- 

Run Time 

15 min. 
15 min. 
15 min. 
15 min. 
5 min. 
5 min. 
5 min. 
5 min. 
5 min. 

THF 
Solub les 

( X I )  

61.5 
66.7 
75.6 
78.2 
85.7 
88.1 
88.2 
79.5 
81.8 

aH.D. = Heavy Distillate 
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ANALYSIS OF LIGNITE LIQUEFACTION PRODUCTS 
PROCESSED WITH SYNGAS AND HYDROGEN SULFIDE 

Bruce W. Farnum, Sylv ia A. Farnum 
and Edward F. Bi tzan 

Grand Forks Energy  Technology Center 
Box 8213, Un ivers i ty  Station 

Grand Forks,  ND 58202 

T h e  Grand Forks Energy Technology Center has successful ly processed low- 
rank  coals in the i r  continuous processing unit (CPU) in t h e  bottoms recycle mode 
both w i th  and without added H2S. The addi t ion o f  H2S has been shown to  enhance 
operabi l i ty  and to  increase the  y ie ld  and improve the  qua l i t y  o f  t h e  dist i l lable oi ls 
(1 -3). 

Products f rom fou r  runs  which compared t h e  ef fect  o f  added H2S and d i f f e r -  
en t  s ta r tup  solvent were analyzed f o r  H-donor content as a measure o f  recycle 
l iqu id  qua l i t y  and f o r  incorporat ion o f  su l fu r  in to  organic compounds. The  coal 
processed was a Beulah Nor th  Dakota l ign i te  (63) .  

The  run conditions are  shown in Table I and t h e  coal analysis in Table 1 1 .  
S ta r tup  solvents included a hydrogenated anthracene oil d ist i l late (HAODI), and 
surrogate recycle solvent (SS) formulated f rom an anthracene oi l  and SRC I I  
middle dist i l late (4). Syngas was a 1 : l  mole mix tu re  o f  CO and H2. 

TABLE I 

CONTINUOUS PROCESS UNIT-SLURRY RECYCLE TEST 
RUN CONDITIONS 

CPU Run No. 
S ta r t  UD Solvent 
Coal 
Gas 
Temperature, OC 
Pressure, ps i  

A d d e d  H2S 

41 65 72 
HAODI ss ss 

6 3  6 3  6 3  
Syngas H2 Syngas 
460 460 460 

4000 2600 2600 
No No Yes 

79 
ss 
6 3  

460 
2600 

No 

H2 
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TABLE I I  

ANALYSIS OF BEULAH NORTH DAKOTA LIGNITE (83) 

Proximate Analysis 
As- recei ved  

Moisture 28.84 
Volatile matter 28.99 
Fixed carbon 30.76 
Ash 11.70 
Heating value 
B tu / l b  6,731 

Ultimate Analysis 
Moisture-f  ree  

Ash 

Moisture and ash-free 

16.44 

Carbon 69.49 
Hydrogen 4.43 
N i t rogen 0.99 
Oxygen (diff) 22.26 
Su l fu r  2.81 

RESULTS AND DISCUSSSION 

Separations o f  t h e  light oi ls and recycle s l u r r y  ASTM D-1160 dist i l lates were 
carr ied ou t  b y  extract ion and sil ica gel column chromatography as described pre-  
v iously (5). T h e  ex t rac t ion  f rac t ions  included two phenolic f ract ions,  a basic 
f ract ion and a hydrocarbon f rac t ion .  The  hydrocarbon fract ions were analyzed b y  
quant i tat ive 13C NMR spectroscopy (6) and t h e  phenols were determined by capil l- 
a r y  gas chromatography on a 60m DE5 fused sil ica column (7). No signi f icant 
differences in concentrations o f  phenols were noted, and no su l fu r  was detected in 
t h e  phenolic f ract ions.  

All o f  t h e  extracted f rac t ions  were tested f o r  mutagenic i ty (Arnes tes t ) .  The 
resu l ts  showed no detectable response t o  t h e  hydrocarbon and phenolic f ract ions 
f rom ei ther Run 72 (w i th  H2S) o r  Run  79 (w i thout  H2S). The  ac t i v i t y  o f  t he  basic 
f ract ions was w i th in  t h e  expected response region usual ly associated w i th  coal- 
der ived  l iqu ids .  

An additional separation of t h e  light oi ls and recycle s l u r r y  ASTM D-1160 
dist i l lates was effected by sil ica ge l  column chromatography (5). The  twelve f rac- 
t ions were analyzed b y  cap i l la ry  GC (DB5 60m column) us ing  a post-column spl i t ter  
w i th  a flame ionization detector (F ID)  and a flame photometric detector (FPD) 
specific fo r  su l fu r  compounds. T h e  concentrat ion o f  t he  main sul fur-containing 
organic compound, dibenzothiophene was essentially t h e  same f o r  t he  D-1160 ASTM 
dist i l lates fo r  two  of t he  r u n s  (Runs 72 and 79) which were car r ied  o u t  w i th  and 
w i thout  HzS, 0.28 and 0.31% respect ively.  A typ ica l  chromatogram is  shown in 
F igure  1. The  presence o f  dibenzothiophene and two  C,-dibenzothiophene isomers 
was confirmed by cap i l la ry  GC-MS analysis. The  comparative analyses o f  the  light 
oi l  column fractions from Runs 72 and  79, w i th  and w i thout  HzS, showed tha t  the  
light oil from Run 72, t o  which H2S was added contained a much la rger  var ie ty  of 
organic su l fu r  compounds and  also contained elemental su l fu r .  Elemental su l fu r  
elutes from t h e  sil ica gel column w i t h  pentane in fract ions 3 and 4 and gives an 
excellent response w i th  the  FPD b u t  no  response w i th  the  FID. 

Analyses of the  ASTM 0-1160 d is t i l l a te  column fract ions f o r  H-donors indica- 
ted  t h a t  t he  dist i l lates obtained f r o m  Run 72 (H2S added) yielded the  same o r  
h igher  levels of H-donors even though t h e  par t ia l  p ressure  o f  hydrogen, PH , was 
on ly  about ha l f  t ha t  of Run 79 w i thout  H2S. Since the re  is  usual ly a s t rong  de- 
pendence of H-donor concentrations on  the  P (Table I l l ) ,  t h i s  resu l t  i s  appar- 
en t l y  due t o  the  presence o f  H2S. HZ' 
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TABLE I l l  

COMPARISON OF H-DONOR CONCENTRATIONS A T  VARIOUS P 
WITH AND WITHOUT H,S, 45OoC, P 

D-1160 DISTILLATE).  
= 2600 PSI, (% IN  RECYCLE S L U k k Y  ASTM 

LlQUETACTlON OF BEULAH ( 8 3 )  LIGNITE. 

Run No. 
H2S 
P (psi)  H t  

H-Donors (0s) 
Te t ra l in  
6-Methyl tetral in 
Dihydrophenanthrene 
Tetrahydrophenanthrene 
Octahydrophenanth rene 
Dihydropyrene 
Tet rahydropyrene 

65 
No 

2582 

0.85 
0.65 
0.41 
0.19 
0 
0.12 

no t  determined 

79 
No 

1986 

0.17 
0.10 
0.25 
0.09 
0 
0.02 
0.20 

72 
Yes 

1199 

0.10 
0.64 
0.40 
0.28 
0.06 
0.09 
0.34 

T h e  presence and va r ie t y  o f  organic su l fu r  compounds present  in t h e  pro-  
duc ts  depends on  su l fu r  compounds present  in the  s ta r t ing  solvent d u r i n g  the 
f i r s t  12-14 passes. Two CPU runs  w i th  83 coal started up w i th  d i f f e ren t  solvents 
showed d i f fe ren t  amounts and var iet ies o f  organic su l fu r  compounds in t h e i r  d is-  
t i l lable oils. Run 40 started up w i th  AODI (1.4%) gave a much more complex FPD 
su l fu r  t race  fo r  many o f  the  silica gel column fract ions than fract ions f rom CPU 
runs  started up  w i th  SS (0.4%S). The  pa t te rn  noted is  reproduced in t h e  coal 
l iqu ids  formed (F igure  2). 

1. 

2. 

3.  

4 .  

5. 

1. 

CONCLUSIONS 

A method f o r  monitor ing the  presence o f  elemental and organic su l fu r  com- 
pounds in  dist i l lable low-rank coal l iquefact ion produc ts  u t i l i z ing  column 
chromatography and dual detection (FID/FPD) capi l lary GC has been devel- 
oped. 

The  addition o f  H2S t o  t h e  continuous processing o f  Beulah, Nor th  Dakota 
l ign i te  does no t  increase the  amount o r  va r ie t y  o f  sul fur-containing organic 
compounds in t h e  recycle s l u r r y  ASTM-D116O vacuum dist i l late products.  It 
does, however, introduce su l fu r  and a va r ie t y  o f  volati le sul fur-containing 
organics in to  the  l i g h t  o i ls  condensed f rom the  vapor phase in the  reactor. 

The  presence and va r ie t y  of su l fu r  compounds af ter  12-14 reactor passes 
ref lects the in t roduc t ion  o f  these components in the  s ta r tup  solvent. 

No increased mutagenic i ty was observed w i t h  t h e  coal l iqu ids  processed with 
HzS. 

T h e  product ion o f  H-donors in t h e  recycle s l u r r y  ASTM D-1160 dist i l lates was 
enhanced b y  the  presence o f  H2S. 
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ANALYSIS OF THE n-HEPTANE SOLUBLE FRACTION OF COAL 
HYDROGENOLYSIS PRODUCTS BY HPLC 

David M .  Bodily, Jason W .  Miller  and Mark J .  England 

Department of Fuels Engineering, University of Utah, S a l t  Lake City, Utah 84112 

Liquid products from the hydrogenolysis of coal a r e  very complex and time and 
cos t  cons t ra in ts  l i m i t  the d e t a i l  t o  which they can be character ized.  
been developed t o  separa te  the complex l i q u i d s  i n t o  c lasses  of chemical compounds 
and average proper t ies  of such f r a c t i o n s  a re  of ten  reported. Many of the separat ion 
schemes a re  adapted from methods appl ied t o  petroleum. 
widely used t o  separa te  the l i q u i d  in to  hexane-soluble o i l s ,  asphal tenes  and pre- 
asphaltenes (1) .  Liquid chromatography using ion exchange and c lay  columns has been 
used t o  separa te  coal l iqu ids(2 ,3) .  
packed w i t h  s i l i c a  and alumina t o  produce s a t u r a t e ,  1-r ing aromatic, 2-ring aromatic 
and polynuclear aromatic f r a c t i o n s .  
i n t o  a l a r g e r  number of f r a c t i o n s  (4,5). 

High performance l i q u i d  chromatography (HPLC) o f f e r s  the poten t ia l  f o r  de ta i led  
y e t  rapid separat ion of complex l i q u i d  mixtures. 
can be var ied t o  give the d e s i r a b l e  separat ion.  
f r a c t i o n s  from the  heavy o i l  produced by hydrogenolysis of  coa ls  have been separated 
by HPLC and character ized by var ious ana ly t ica l  

Methods have 

Solvent ex t rac t ion  has been 

Neutral o i l s  were f u r t h e r  f rac t iona ted  on columns 

Sequential e l u t i o n  by so lvents  allows separat ion 

Both so lvent  and column packing 
In this research,  the  heptane soluble  

methods. 

Expc r i  menta 1 

The coal-derived l i q u i d  samples were obtained from the hydrogenolysis of coals  
i n  an entrained-flow reac tor  (6 ,7) .  The reac t ion  was catalyzed with 6% ZnC12 a t  
approximately 500" C and 12.4 MPa hydrogen pressure.  The residence time varied from 
20 seconds t o  12 minutes depending on the proper t ies  of t h e  coal .  Seven samples 
from the study o f  Garr (6 )  were se lec ted ,  as well as  one medium v o l a t i l e  bituminous 
coal .  Propert ies  o f  the coals  a r e  l i s t e d  i n  Table 1 (6,8). Coals were selected 
which showed a range of r e a c t i v i t y  during hydrogenolysis. The y i e l d  of products 
and the proper t ies  of the heptane-soluble f r a c t i o n  a r e  found i n  Table 2. 
i s  defined a s  one minus the  toluene insoluble  f r a c t i o n .  The heavy o i l  is defined 
as  t h e  mater ia l  co l lec ted  i n  the f i rs t  condenser of the l iquefac t ion  reactor .  I t  
cons is t s  of the l i q u i d s  t ranspor ted  i n  the  vapor phase from the hot catch tank, 
boi l ing above approximately 100" C.  
tus t o  obtain the  heptane so luble  f r a c t i o n .  

Conversion 

The heavy l i q u i d  was ex t rac ted  i n  Soxhlet appara 

The heptane soluble  f r a c t i o n  was separated by two HPLC schemes. A Waters 
modular HPLC system was used w i t h  two solvent  de l ivery  systems, a solvent  programmer, 
an automated sample i n j e c t o r ,  a UV absorbance de tec tor ,  a d i f f e r e n t i a l  refractometer 
de tec tor ,  and a data  module. The f i r s t  scheme employed an NH2 -11Bondapak column. 
Saturates  and non-polar aromatics were e lu ted  with heptane a t  a flow r a t e  of 2.0 
ml/min. After  15 minutes, flow was reversed and a polar  f r a c t i o n  was e lu ted .  After  
45 minutes, a 90/10 mixture o f  C H Z C ~ ~ / C ~ H ~ O H  was introduced t o  e l u t e  a more polar  
f rac t ion .  This method i s  s i m i l a r  t o  tha t  employed by Dark and McFadden (9) .  The 
second scheme employed a phenyl-UBondapak column and a non-linear gradient .  The 
i n i t i a l  solvent  was n-heptane. The gradien t  involved a 90/10 mixture of CH2C12/ 
CzH50H mixed w i t h  the heptane up t o  75% over 36 minutes. 
e lu ted  by the heptane and a polar  f r a c t i o n  was e lu ted  by the  gradient .  

The heptane-soluble f r a c t i o n s  were analyzed by carbon, hydrogen and nitrogen 
analysis  and by vapor pressure osmometry ( V P O ) .  A Perkin-Elmer Model 240 CHN 
analyzer was used f o r  elemental ana lys i s .  The VPO measurements were performed i n  
d i l u t e  pyridine so lu t ions .  

A non-polar f r a c t i o n  was 
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The f r a c t i o n s  c o l l e c t e d  by HPLC separations were analyzed by gas chromatography/ 
mass spectrometry. A 3% Dexsi l  300 on Supelcoport was used f o r  the separation. 
Approximately 300 mass spect ra l  scans were recorded f o r  each sample. To ta l  i o n  
chromatograms were obtained. 
masses. 

Mass chromatograms were obta ined f o r  se lected fragment 
The f r a c t i o n s  were a l s o  analyzed by Four ier  Transform i n f r a r e d  techniques. 

Resul t s  and O i  scussi on 

The conversion o f  t he  coal t o  to luene-solub le l i q u i d s ,  water and gases v a r i e s  
from 26% t o  86%. The low conversion sample 7 i s  a lower rank coal and the conversion 
i s  mostly due t o  p y r o l y s i s  r a t h e r  than hydrogenolysis. The res idence t ime of t h i s  
sample was only 20 seconds, i n d i c a t i n g  t h a t  the sample was blown through the reac to r  
w i t h  l i t t l e  react ions.  Samples which so f ten  and agglomerate are re ta ined  i n  the 
reac to r  for  longer t imes and show greater  conversion. A sample w i t h  h igh  conversion 
w i l l  Pass through the reac to r  i n  2-5 minutes w h i l e  sample 6 requ i red  12 minutes. 

The molecular weight o f  the heptane-soluble f r a c t i o n s  i s  about 285 and i s  
independent o f  the degree o f  conversion o r  the p roper t i es  o f  the s t a r t i n g  coals. 
The hydrogen-to-carbon r a t i o s  vary from 1.08 t o  1.41. 
t o  the medium v o l a t i l e  coal ,  which has a lower H/C r a t i o  than the o the r  coals. These 
values are averages f o r  the e n t i r e  f r a c t i o n  and do n o t  i n d i c a t e  the range covered 
by the sample. More d e t a i l e d  analys is  o f  a sample s i m i l a r  t o  No. 3 i nd i ca ted  a range 
o f  molecular weights o f  from 200 t o  700 and the H/C r a t i o  va r ied  from 0.8 t o  1.5 (10). 

HPLC separation w i t h  the NH2-VBondapak column produces a non-polar f r a c t i o n  
t h a t  i s  e lu ted  w i t h  heptane, a p o l a r  f r a c t i o n  t h a t  i s  adsorbed on the column and 
i s  e l u t e d  w i t h  heptane by reve rs ing  the d i r e c t i o n  o f  f l ow  and a more s t rong ly  adsorbed 
f r a c t i o n  t h a t  i s  on l y  removed by a p o l a r  so lvent .  Only the f i r s t  f r a c t i o n  shows 
chromatographic separation. 
very s im i la r ,  d i f f e r i n g  on ly  i n  the r e l a t i v e  amounts o f  the th ree  f r a c t i o n s .  

The lower  number corresponds 

P 

The e l u t i o n  p a t t e r n  f o r  each o f  the e i g h t  samples i s  

HPLC separation w i t h  the phenyl-Bondapak column produces a non-polar f r a c t i o n  
1 which e l u t e s  w i t h  heptane and a so la r  f r a c t i o n  t h a t  e lu tes  w i t h  the i nc reas ing l y  

po la r  so lvent  gradient. Samples 4, 6 and 8 showed considerable ma te r ia l  e l u t i n g  
between the two f rac t i ons .  
The phenyl-Nondapak column o f f e r s  the p o t e n t i a l  f o r  improved separations o f  the 
1 iqu ids.  

OH s t r e t c h i n g  near 3400 cm-T and some C=O s t r e t c h i n g  a t  1700 cm-1. The aromatic 
C-H s t r e t c h  i s  weak bu t  there are bands due t o  aromatic species a t  1600 cm-1 and 
800 cm-1 and a l i p h a t i c  compounds a t  1455 cm-1. 
OH absorpt ion and lower carbonyl i n t e n s i t i e s .  The spectra o f  a l l  p o l a r  f r a c t i o n s  
are s i m i l a r .  

The other  samples showed on ly  the .two, r a t h e r  d i s t i n c t  peaks. 

The i n f r a r e d  spectra o a l l  non-polar f r a c t i o n s  are s i m i l a r  They show moderate 

The po la r  compounds show a s t ronger  

The GC/MS r e s u l t s  demonstrate t h a t  the non-polar f r a c t i o n s  con ta in  a1 k y l  
The aromatic systems are h i g h l y  subs t i t u ted  w i t h  a l k y l  chains and 

The p o l a r  groups con ta in  phenols and diphenols i n  add i t i on .  
I aromatics. 

saturated r ings.  
These r e s u l t s  agree w i t h  previous s t r u c t u r a l  cha rac te r i za t i on  o f  coal  l i q u i d s  (10, 
11,121. 

The HPLC separation o f f e r s  the p o t e n t i a l  f o r  separat ing and cha rac te r i z ing  coa l -  
der ived l i q u i d s .  
dif ferences, even though they were produced from d i f f e r e n t  coals  w i t h  d i f f e r e n t  
degrees o f  conversion. 

However, the samples analyzed i n  t h i s  study d i d  n o t  show major 
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Sample 
No. 

1 
2 
3 
4 
5 
6 
7 
8 

Table 1 
Propert ies  of  Coalsa 

Vi t r i n i t e  
Vola t i le  r e f l e c -  

mat ter ,  tance,  
Coal, Field HJ % % mafb 

Beehive, Wasatch Plateau 
Swisher, Wasatch Plateau 
Hiawatha, Wasatch Plateau 
Kaiser, Book Cl i f f  
Soldier  Creek, Book C l i f f  
Convulsion Canyon, Sal ina 
Morby Seam, Coalv i l le  
Coal Basin (Colorado) 

53.6 0.93 
52.3 0.90 
50.3 0.93 
43.9 0.84 
49.2 0.82 
45.3 0.85 
59.0 0.84 
26.0 0.71 

0.556 
0.533 
0.547 
0.714 
0.658 
0.502 
0.527 -- 

I n e r t  
macerals, 

% 

8.5 
4.5 
4.1 
6.7 

20.7 
35.5 
18.1 -- 

Rank 

HVAB 
HVAB 
HVAB 
HVAB 
HVAB 
HVAB 
HVCB 

MVB 

Data f o r  Samples 1-7 from Reference 6. 
Sample 8 from Reference 8. 

Table 2 
Hydrogenolysi s Products 

Sample Conversion,a Heavy o i l  , a  Heptane Soluble Fraction 
% coal % coal % of Heavy o i l  Molecular weight H/C 

l b  
2 
3 
4 
5 

’, 6 
7 
8 

86.2 
71 .O 
79.6 
73.5 
37.3 
53.3 
26.3 
47.5 

67.4 
53.4 
55.3 
60.0 
20.3 
37.8 

7.1 
28.9 

59.0 
47.1 
71.3 
43.3 
49.7 
65.8 
66.7 
53.9 

298 1.34 
280 1.32 
289. 1.30 
284 1.39 
293 1 .28  
280 1 . 2 2  
286 1.41 
273 1.08 

a Data from Reference 6. 
3% ZnC12. 

171 



IRON CARBONYL 'CATALYZED REDUCTIONS OF MODEL COAL 
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and 
C l i f f o r d  R. P o r t e r  

P e n t a n y l  T e c h n o l o g i e s ,  I n c . ,  11728 Highway 9 3 ,  Boulder ,  CO 80303 

INTRODUCTION 

L i q u e f a c t i o n  and h e t e r o a t o m  removal a re  of  impor tance  i n  
a d a p t i n g  c o a l  i n t o  f u e l s  and chemica l  f e e d s t o c k s  which now depend on 
pe t ro leum.  S o l u b l e  r e a g e n t s  and c a t a l y s t s  a r e  needed t o  d e a l  with 
coal s o l i d s .  I r o n  p e n t a c a r b o n y l  h a s  been found t o  b e  a n  economica l ly  
v i a b l e  r e a g e n t  and/or  c a t a l y s t  f o r  up-grading c o a l ;  s t u d i e s  of i ts 
u s e  i n  d e s u l f u r i z a t i o n  and h y d r o g e n a t i o n  have been r e p o r t e d  (1). In  
fundamenta l  s t u d i e s  a t  UCLA o u r  o b j e c t i v e  i s  t o  e l u c i d a t e  t h e  
r e a c t i v i t y  of  i r o n  c a r b o n y l  under  water g a s  s h i f t  (WGS) c o n d i t i o n s  
towards  o r g a n i c  s u b s t r a t e s  t h a t  model c o a l  s t r u c t u r e .  O u r  work i s  
p a r a l l e l e d  by s imilar  s t u d i e s  u s i n g  a v a r i e t y  of  o t h e r  metal  
c a r b o n y l s ,  ( 2 )  and is preceded  by s t u d i e s  o f  Wender and Orchin  and 
t h e i r  co-workers  u s i n g  c o b a l t  c a r b o n y l  ( 3 , 4 ) .  

EXPERIMENTAL 

Glass r e a c t i o n  v e s s e l s ,  f i t t e d  t o  a 0.3 L copper  l i i r e d  a u t o c l a v e  
or a 0 . 1  L s t a i n l e s s  s t e e l  a u t o c l a v e  were used  f o r  a l l  s t u d i e s .  
R e a c t i o n s  were a n a l y z e d  by e x t r a c t i n g  t h e  g l a s s  l i n e r  c o n t e n t s  with 
C C 1  , d r y i n g  w i t h  MgS04 and removing s o l v e n 5  on a r f f a r y  e v a p o r a t o r .  
C h a f a c t e r i z a t i o n  was perfomed by I R ,  GC, H and C NMR and mass 
s p e c t r a l  methods. Gas sarppl ing above t h e  r e a c t i o n  m i x t u r e  shows both 
H and CO (by g a s  chromatography)  i n d i c a t i n g  t h a t  t h e  water gas  
sifift r e a d i o n  had t a k e n  p l a c e .  C o n t r o l  e x p e r i m e n t s  i n  which no i r o n  
complex was p r e s e n t  were per formed f o r  a l l  r e p o r t e d  r e a c t i o n s .  
A c r i d i n e  i s  t h e  o n l y  compound t h a t  i s  s i g n i f i c a n t l y  hydrogenated 
under t h e  c o n t r o l  c o n d i t i o n s ;  t h e  o t h e r  substrates  a r e  u n a f f e c t e d  
u n l e s s  i r o n  c a r b o n y l  is a l s o  p r e s e n t .  

RESULTS AND DISCUSSION 

R e a c t i o n s  i n  methanol ,  water and baBe under  carbon monoxide 
p r e s s u r e  were i n i t i a l l y  per formed a t  150 C t o  o p t i m i z e  t h e  i r o n  
c a r b o n y l  c a t a l y z e d  water g a s  s h i f t  r e a c t i o n  (5,6) see T a b l e  I. 
N i t r o g e n  h e t e r o c y c l e s  a re  r e a d i l y  hydrogenated  under  t h e s e  
c o n d i t i o n s .  Q u i n o l i n e ,  1, is 100% hydrogenated  i n  t h e  n i t r o g e n -  
c o n t a i n i n g  r i n g .  I s o q u i n o l i n e ,  3 ,  is b o t h  hydrogenated  and N- 
f o r m y l a t e d  t o  4 (71,  s i m i l a r l y  i n  100% y i e l d .  Hydrogenat ion  of only  
one of t h e  t w o  n i t r o g e n  c o n t a i n i n g  r i n g s  of  t h e  p h e n a n t h r o l i n e s ,  i s  
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Table I. 

Substrate 

Quinoline 

1 - 

Isoquinoline 

3 - 

Acridine 

5 - 

Reductions with Iron Carbonyl Catalyzed Water Gas 

Shift System 

Product Yieldatb 

q ?  100% 

6 100% - 

4.7-phenanthroline wy 
7 ,H 

1,lO-phenanthroline 

9 

anthracene 

It  

10 -- 

15% 

50% 

-- 12 25% 

aReaCtiOn conditions are as follows: 15OoC, 42 kgcm-2, 

15 h in CH30H ( 7 5  ml) H20 (25 ml) KOH (4.8 g), 

substrate (5.0 mol) and Fe(CCI5 (2.5 m~ol). 

bunder the a6ove conditions but without Fe(CO)5, no 

reactions are observed. 
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observed .  The y i e l d - o f  1 0  i s  s i g n i f i c a n t l y  reduced  s i n c e  it forms 
i r o n  complexes as i n d i c a t f d  by a b r i g h t l y  c o l o r e d  aqueous phase 
p a r t i a l l y  c h a r a c t e r i z e d  by H NMR of acetone-d.6 e x t r a c t s .  Anthracene 
is r e l a t i v e l y  u n r e a c t i v e  under  t h e s e  c o n d i t i o n s .  W e  have however 
found ways i n  which i t s  h y d r o g e n a t i o n  may b e  s i g n i f i c a n t l y  incrgased ,  
see below. Compounds which we found t o  be u n a f f e c t e d  a t  150 C a r e  
n a p h t h a l e n e ,  p h e n a n t h r e n e ,  d i b e n z y l ,  a n i s o l e ,  d i p h e n y l  e t h e r  and 
d i b e n z t h i o p h e n e .  

I n  l i g h t  of t h e  100% y i e l d s  o b s e r v e d  i n  t h e  c o n v e r s i o n s  of 1, 3 
and 5 t h e s e  r e a c t i o n s  were performed u s i n g  c a t a l y t i c  amaunts of i r o n  
c a r b o n y l ;  t h e  r e su l t s  a re  l i s t e d  i n  T a b l e  11. A t  1 5 0  C ,  22 and 24 
molar e q u i v a l e n t s  e a c h  of  3 and 5 ,  r e s p e c t i v e l y ,  a re  hydrogenated.  
A t  s l i g h t l y  h i g h e r  t e m p e r a t u r e s ,  Fe (CO) c a t a l y z e s  t h e  hydrogenat ion 
o f  1 w i t h  an a c t i v i t y  of 4 3  t u r n o v e r s .  

TABLE I 1  
REDUCTIONS OF NITROGEN CONTAINING HETEROCYCLES 

USING CATALYTIC ~ O U N T S  OF FE(CO)5 

SUBSTRATE  RATIO^ T/OC - -  

mN 55 : 1 150 

?? 

PRODUCT AND T N ~  

A 
n 

ap 250 : 1 180 

AjRATIO OF SUBSTRATE TO FE(CO)~ 
B) MOL OF PROD./ MOL OF FE(CO)5 
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R e a c t i o n s  were n e x t  u n d e r t a k e n  a t  300 OC t o  p a r a l l e l  c o a l  
l i q u e f a c t i o n s  which are  o b s e r v e d  i n  h i g h e r  y i e l d  a t  t h e  h i g h e r  
t e m p e r a t u r e  ( 8 ) .  Using c a t a l y t i c  amounts o f  Fe(C0I5 ,  i s o q u i n o l i n e  is 
a g a i n  N-formylated and hydrogenated  w i t h  a t o t a l  of  35 t u r n o v e r s  
(Table  11). Dibenzoth iophene ,  on t h e  o t h e r  hand, remains  u n r e a c t i v e .  
Other  s t u d i e s  a t  300 OC a re  summarized i n  T a b l e  111. The f i r s t  e n t r y  
shows t h a t  a n t h r a c e n e ,  t h e n  t r e a t e d  by i t s e l f  i s  less c o n v e r t e d  (19%) 
t h a n  it was a t  150 c .  I t  o c c u r r e d  t o  us t h a t  some of  t h e  
c o n s t i t u e n t s  i n  c o a l ,  i t s e l f ,  might a f f e c t  t h e  c a t a l y t i c  p r o p e r t i e s  
Of Fe(C0I5. W e  t h e r e f o r e  c a r r i e d  o u t  e x p e r i m e n t s  i n  which t h e  
r e d u c t i o n  of a n t h r a c e n e  was i n v e s t i g a t e d  i n  t h e  p r e s e n c e  of t h e  
s u b s t a n c e s  l i s t e d  i n  t h e  n e x t  f o u r  e n t r i e s  i n  T a b l e  111. PLj=Lh Lkusse 
Q areater dearee Q€ conversion pf anLtuacp n e  h 12 is b b d .  The 

TABLE I 1 1  
NITROGEN HETEROCYCLES ENHANCING THE HYDROGENATION OF ANTHRACENE 

TO ~,~O-DIHYDROANTHRACENE, L ,  AT 30OoC. A 

HETEROCYCLE 

IlONE 

YIELD  OF^/ MOL FE(CO)~ 

19% 

259 

372 

62% 

2961 

A) 

B) 

REACTION CONDITIONS AT 3OO0C : CO, 70 K G C M - ~  , 1 H IN H20 (2.5 ML), KOH ( 2 . 8 ~ ) .  
SUBSTRATE (3.0 MMOL), HETEROCYCLE (3.0 MMOL) AND F ~ ( c O l ~ ( 3 . 0  MMOL), 

OTHER CONSTITUENTS, FE(C015 (1.5 MMOL); TERPYRIDINE (1.5 MMOL); ANTHRACENE (15 MMOL), 

co, H20 AND KOIi AS ABOVE BUT WITH PHASE TRANSFER CATALYST ADDED: F'IE~NCL (1,5 M M O L ) ~  
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n i t r o g e n  h e t e r o c y c l e s  a re  t h u s  b e n e f i c i a l  t o  r e d u c t i o n s  c a t a l y z e d  by 
i r o n  p e n t a c a r b o n y l  w h i l e  q u i n o l i n e  and p h e n a t h r o l i n e  are  themselves  
under going  c o n v e r s i o n  t o  p a r t i a l l y  hydrogenated  (and/or  N-f ormylated)  
products .  Notably ,  t h e  n i t r o g e n  h e t e r o c y c l e s  p h e n a t h r o l i n e ,  
d i p y r i d y l  and t e r p y r i d y l  which may p a r t i c i p a t e  a s  c h e l a t i n g  l i g a n d s  
on i r o n  were more e f f e c t i v e  f o r  h y d r o g e n a t i o n  of  a n t h r a c e n e  than 
q u i n o l i n e .  

The e f f e c t  on t h e  r e d u c t i o n  o f  a n t h r a c e n e  of  a phase t r a n s f e r  
c a t a l y s t  added e i t h e r  by i t s e l f  or t o g e t h e r  w i t h  d i p y r i d y l  is 
summarized i n  T a b l e  IV. I n  such  a d d i t i o n s ,  d r a m a t i c  i n c r e a s e s  a r e  
observed  i n  t h e  r e d u c t i o n .  Such r e s u l t s  a t  3OO0C c o n t r a s t  t h e  work 
of  Alper and co-workers who a t  room t e m p e r a t u r e  o b s e r v e d  no b e n e f i t  
of a phase  t r a n s f e r  a g e n t  i n  t h e  r e d u c t i o n  o f  a r o m a t i c  n i t r o  
compounds by Fe(C0) (or Fe (CO)  1 (9). The p r e s e n c e  of 
te t rabutylammonium i 2 d i d e  in&-ease% t h e  y i e l d  o f  9 ,lo- 
d i h y d r o a n t h r a c e n e  4 4  times. Combining Bu N I  and d i p y r i d y l  with 
Fe(C0) , g i v e s  t h e  g r e a t e s t  r e d u c t i o n  of anth$acene,  17.1 t u r n o v e r s .  

Tge  r o l e  of  t h e  p h a s e  t r a n s f e r  c a t a l y s t s  is most l i k e l y  t o  
i n c r e a s e  t h e  base  c o n c e n t r a t i o n  i n  t h e  v i c i n i t y  of  t h e  i r o n  c a t a l y s t  
and f u r t h e r ,  t o  s o l u b i l i z e  t h e  a n i o n i c  i r o n  i n t e r m e d i a t e s  i n  t h e  
o r g a n i c  p h a s e .  The l a s t  e n t r y  i n  T a b l e  I V  r e p r e s e n t s  an experiment  
where t h e  te t raa lkylammonium phase  t r a n s f e r  c a t a l y s t  and t h e  base a r e  
combined i n  t h e  form o f  Me NOH. With t h i s  r e a g e n t  t h e  p r o d u c t  y i e l d  
i s  comparable  t o  t h a t  o r i g A a l l y  a c h i e v e d  w i t h  42 e q u i v a l e n t s  of KOH. 

TABLE I V  
.EFFECT OF PHASE TRANSFER AGENTS AND 

PHASE TRANSFER AGENTS WITH DIPYRIDYL FOR ENHANCING THE 

HYDROGENATION OF ANTHRACENE TO ~ , ~ ~ - D I H Y D R O A N T H R A C E N E ,  iA 

PHASE TRANSFER TURN- TURNOVER 
AGENT WE2 w/DlevRrDvL 

NONE 0.32 0.62 

B u ~ N  I 14.2 17.1 

M E ~ N O H ~  0.54 

A C ~ ~ ~ ~ ~ ~ ~ ~ ~  A S  BEFORE AT 300°C 

B~~~ OF ~ / M M O L  OF F E ( C O ) ~  

c~~~ EXCLUDED FROM THIS REACTION, 
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Some p r e l i m i n a r y  e x p e r i m e n t s  t o  e l u c i d a t e  t h e  p r i n c i p a l  c a t a l y s t  
s p e c i e s  i n  S o l u t i o n  and m e c h a n i s t i c  f e a t u r e s  of t h e  r e d u c t i o n s  were 
under taken .  To d e t e r m i n e  t h e  p r i n c i p l e  i r o n  c a r b o n y l  s p e c i e s  a t  
r e a c t i o n  c o n d i t i o n s ,  a l i q u o t s  were withdrawn from t h e  a u t o c l a v e  a t  
175' c. IR spectra -of t h e s e  o b t a i n e d  w i t h i n  3 min Of Sampling 

S i n c e  t h e  p r i n c i t a l  s p e c i e s  may n o t  b e  t h e  c a t a l y t i c a l l y  a c t i v e  
species Some o t h e r  p o s s i b l e  c a n d i d a t e  complexes were t e s t e d  as 
c a t a l y s t s ;  t h e s e  a r e  shown i n  T a b l e  V. A l l  p roved  i n f e r i o r  t o  
Fe(C0I even i n  t h e  p r e s e n c e  of d i p y r i d y l .  Of special s i g n i f i c a n c e  
i s  t h &  c l u s t e r  compounds, which are  known t o  c o n s t i t u t e  t h e r m a l  
d e g r a d a t i o n  p r o d u c t s  of metal c a r b o n y l s ,  were e q u a l l y  less e f f e c t i v e  
as  t h e  loaded  forms of t h e  c a t a l y s t  t h a n  i r o n  p e n t a c a r b o n y l .  

' i n d i c a t e  t h a t  HFe(C0) is the p r i n c i p a l  i r o n  c a r b o n y l  species ( 1 0 ) .  

TABLE V 
COMPARISON OF IRON(O)  COMPLEXES FOR THE 

HYDROGENATION OF ANTHRACENE TO ~ ,~~-D IHYDROANTHRACENE,  IA 

CoMPLEX 

F E K O )  j 

TURN- TURNOVER 
d W/DIPYRIDYL 

14.2 17,l 

3 . 4  

11.2 

A CONDITIONS A S  BEFORE A T  300°C 
B MOL EQUIV OF ~ / E Q U I V  OF IRON(O) 

F i n a l l y ,  we t e s t e d  d i m e t h y l a n t h r a c e n e  t o  e l u c i d a t e  whether  a 
&-concerted a d d i t i o n  o r  some o t h e r  p r o c e s s  were t a k i n g  p l a c e  i n  t h e  
hydrogenat ion  (11). Our r e s u l t s  are shown i n  r e a c t i o n  1. 
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We o b s e r v e  a 48%:52% m i x t u r e  o f  t h e  and k a u i  isomers  
s u g g e s t i n g  t h a t  e i t h e r  an e l e c t r o n  t r a n s f e r  or hydrogen atom t r a n s f e r  
is t h e  i n i t i a l  s tep  of r e d u c t i o n .  The r e d u c t i o n  p o t e n t i a l s  of a 
number o f  t h e  compounds s t u d i e d  and t h e i r  a b i l i t y  t o  be  reduced  under 
i r o n  c a r b o n y l  c a t a l y z e d  WGS c o n d i t i o n s  is shown i n  T a b l e  V I .  A 
c o r r e l a t i o n  i s  s e e n  among t h e s e  d a t a ,  (121 ,  s u p p o r t i n g  an e l e c t r o n  
t r a n s f e r  p r o c e s s  as t h e  i n i t i a l  s t e p  i n  t h e  r e d u c t i o n  of t h e  
a r o m a t i c s .  

TABLE V I  
CORRELATION OF HYDROGENATIONS UNDER F E ( C O ) ~  CATALYZED 

WGSR WITH Eq VS SCE 
SuesTRnTE Lj/v 

\ 

PYRIDINE -2 I52 NOT REDUCED 

NAPHTHALENE -2.50 " 

-2.32 I1 

-2 I11 I, 

ANTHRACENE -1,94 REDUCED IN MIDDLE RING 

QUINOLINE w 
L10-PHENANTHROLINE 1.06 @% 
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CONCLUSION 

I r o n  p e n t a c a r b o n y l  c a t a l y z e s  t h e  h y d r o g e n a t i o n  Of n i t r o g e n  
h e t e r o c y c l e s  r e g i o s e l e c t i v e l y  i n  t h e  n i t r o g e n  c o n t a i n i n g  r i n g  and 
a n t h r a c e n e  is hydrogengted i n  t h e  middle  r i n g  under  water g a s  s h i f t  
c o n d i t i o n s  above 150 c. C h e l a t i n g  n i t r o g e n  h e t e r o c y c l e s  a c t i v a t e  
t h e  Fe(C0) toward  a n t h r a c e n e  hydrogenat ion .  Phase t r a n s f e r  
c a t a l y s t s  h s o  have a pronounced enhancement e f f e c t  On all 
r e d u c t i o n s .  There i s  t h u s  h i g h  p o t e n t i a l  i n  use of  i r o n  
p e n t a c a r b o n y l  i n  h y d r o g e n a t i o n s  when a c t i v a t e d  by a p p r o p r i a t e  
s y n e r g i s t i c  a g e n t s .  P r e l i m i n a r y  s t u d i e s  s u g g e s t  t h a t  t h e s e  
r e d u c t i o n s  proceed  by an i n i t i a l  e l e c t r o n  t r a n s f e r  p r o c e s s  from 
H F e ( C 0 ) 4  . 
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THE ORGANIC CHEMISTRY OF CALCIUM: A NEW PHENOL SEPARATION/RECOVERY APPROACH 

R ichard  H. Schlosberg and Char les  G. Scouten 
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Exxon Research and Eng ineer ing  Company 
P.O. Box 45, L inden, New Je rsey  07036 

INTRODUCTION 

Phenols (e.g. phenol ,c reso ls ,  x y l e n o l s )  comprise a s i g n i f i c a n t  f r a c t i o n  
o f  most coal  l i q u i d s .  
products from such d i r e c t  c o a l  l i q u e f a c t i o n  processes as H-Coal , Solvent-  
Ref ined Coal (SRC) and t h e  Exxon Donor So lvent  (EDS) process. The t o x i c ,  
c o r r o s i v e  and chemica l l y  r e a c t i v e  na tu re  o f  phenols i s  a p o t e n t i a l  source of 
problems i n  t h e  d i r e c t  u t i l i z a t i o n  o f  coa l  l i q u i d s  as s y n t h e t i c  f u e l s .  

i nvo l ves  t rea tment  w i t h  aqueous c a u s t i c  t o  produce wa te r -so lub le  sodium 
phenates. A f t e r  separa t i on  o f  t h e  r a f f i n a t e ,  t rea tmen t  o f  t h e  sodium phenate 
s o l u t i o n  w i t h  an ac id ,  such as carbon d i o x i d e ,  can be used t o  r e c o n s t i t u t e  t h e  
pheno ls . ( l )  
non-phenol ic o rgan ic  m a t e r i a l s  i n t o  t h e  aqueous phase a long w i t h  t h e  phenols. 
These co-ex t rac ted  o rgan ics  can subsequent ly appear as i m p u r i t i e s  i n  t h e  
recovered phenols,  t he reby  render ing  t h e  pheno l i c  stream s u f f i c i e n t l y  impure 
t o  p rec lude i t s  use as a chemical  feeds tock  f o r  t h e  p roduc t i on  o f  polymers 
o r  polymer i n te rmed ia tes .  T h i s  paper desc r ibes  new organocalc ium chemistry 
which a1 lows separa t i on  and recove ry  o f  phenols from hydrocarbon streams, and 
which avo ids  t h e  d i f f i c u l t i e s  descussed above. 

A l ky lpheno ls  a lone comprise up t o  20 w t %  o f  t h e  l i q u i d  

One o f  t h e  more common schemes f o r  separa t i ng  phenols f rom coal  l i q u i d s  

One major  d i f f i c u l t y  w i t h  t h i s  method i s  t h e  c o - e x t r a c t i o n  o f  

EXPERIMENTAL SECTION 

A l l  man ipu la t i ons  were c a r r i e d  ou t  under a n i t r o g e n  atmosphere t o  
T rans fe rs  o f  s o l i d s  were performed i n  a exclude carbon d i o x i d e  and oxygen. 

glove box. 
h a l f - s a l t  p repara t i ons ,  us ing  a m ine ra l  o i l  bubb ler  as a p ressure  r e l i e f .  
A Perkin-Elmer Model TGS-2 Thermograv imet r ic  System, o r  a comparable u n i t  
assembled from components, was used f o r  TGA s tud ies .  Under argon, t h e  TGA 
oven was programmed from ambien t  t o  850°C a t  10"C/min, then hea t ing  was 
cont inued a t  850°C under a i r  f o r  res idue  combustion. Elemental  analyses 
were performed by personnel  o f  t h e  ER&E A n a l y t i c a l  and In fo rma t ion  D iv i s ion .  

Ma te r ia l s .  

A smal l  p o s i t i v e  p ressure  o f  n i t r o g e n  was main ta ined d u r i n g  

Commercial ly ob ta ined  s o l v e n t s  and reagents were o f  a n a l y t i c a l  reagent 
q u a l i t y  and were used as-recieved. Sodium phenate and potassium phenate 
were prepared from phenol and t h e  cor respond ing  hydrox ide ,  as descr ibed by 
Kornblum and Lu r ie . (7 )  
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Prepara t i on  of Calcium H a l f - S a l t  o f  Phenol i n  Aqueous S lu r r y .  

A t w o - l i t e r  f l a s k  was charged w i t h  37.0 g o f  ca l c ium hydrox ide  (0.50 mole), 
47.0 g of phenol (0.50 mole) and 1 l i t e r  o f  carbon d i o x i d e - f r e e  water. 
f l a s k  was f i t t e d  w i t h  a magnet ic s t i r r i n g  bar,  and a condenser which was 
connected t o  a low-pressure n i t r o g e n  source. 
heated a t  85-90°C f o r  16 h r ,  then f i l t e r e d  w h i l e  s t i l l  hot .  The produc t  was 
i s o l a t e d  by evapora t ing  t h e  f i l t r a t e  t o  dryness under reduced pressure,  then 
d r y i n g  t h e  s o l i d  t o  cons tan t  we igh t  under vacuum. 
s a l t  was e s s e n t i a l l y  q u a n t i t a t i v e ,  74.4 g ( t h e o r e t i c a l  y i e l d :  75.1 9). 

The 

The s t i r r e d  r e a c t i o n  s l u r r y  was 

The y i e l d  of  ca l c ium ha l f -  

The elemental  compos i t ion  o f  t h e  produc t  i s  g i ven  i n  Tab le  I. 

Prepara t i on  o f  Calcium H a l f - S a l t  o f  Phenol i n  Benzene. 

The r e a c t i o n  o f  ca l c ium hydrox ide  w i t h  excess phenol i n  benzene i s  
descr ibed t o  i l l u s t r a t e  t h e  general  procedure used t o  p repare  h a l f - s a l t s  i n  
o rgan ic  media. 

A 500-1111 Erlenmeyer f l a s k  was charged w i t h  9.919 o f  ca l c ium hydrox ide  
(134 mmol) , 25.2 g o f  phenol (268 m m o l ,  2 - f o l d  mo lar  excess) and 450 m l  o f  
benzene, then  a t tached  t o  a low-pressure n i t r o g e n  source. 
s l u r r y  was s t i r r e d  f o r  72 h r  a t  ambient tempera ture  then  f i l t e r e d ,  washing 
t h e  f i l t e r  cake tho rough ly  w i t h  benzene t o  remove unreac ted  phenol. The 
r e s u l t i n g  s o l i d  was d r i e d  t o  cons tan t  we igh t  a t  50°C under vacuum t o  g i v e  
18.8 g o f  t h e  ca l c ium h a l f - s a l t  (93% o f  t h e  t h e o r e t i c a l  y i e l d ,  20.1 g) as a 
f l u f f y ,  w h i t e  powder (Found: 47.39% C y  3.97% H, 25.94% Cay 22.13% 0 by NAA; 
Ca lcu la ted :  47.98% C, 4.03% H ,  26.69% Ca, 21.31% 0). 

The TGA o f  t h i s  p roduc t  i s  shown i n  F igu re  1. An X-ray a n a l y s i s  
(powder p a t t e r n )  i n d i c a t e d  t h a t  no s i g n i f i c a n t  amount o f  ca l c ium hydrox ide  
remained. No weight was l o s t  when a 5-9 sample o f  t h e  s o l i d  was e x t r a c t e d  
f o r  72 h r  w i t h  e t h e r  i n  a Soxh le t  apparatus,  and no phenol was found by GC 
a n a l y s i s  o f  t h e  e t h e r  e x t r a c t s .  

' 

The r e a c t i o n  

P y r o l y s i s  o f  Calcium H a l f - S a l t  o f  Phenol. 0 

\ 

The p y r o l y s i s  o f  t h e  ca l c ium h a l f - s a l t  o f  phenol a t  650°C f o r  60 min. i s  
\ descr ibed t o  i l l u s t r a t e  t h e  general  procedure used f o r  py ro l yses  i n  t h e  

m i n i p y r o l y z e r  ( F i g u r e  2). 

I n  a n i rogen- f l ushed  g love  box, t h e  q u a r t z  r e t o r t  was charged w i t h  
1.55 g o f  t h e  phenol h a l f - s a l t  (10.3 mmol) and a gas bag was a t tached t o  the  
condenser vent. Dry  I c e  was added t o  coo l  t h e  condenser, and t h e  r e t o r t  was 
plunged i n t o  t h e  preheated b l o c k  which was main ta ined a t  650°C. A f t e r  1 hr,  
t h e  r e t o r t  was removed from t h e  b lock  and t h e  condenser was a l lowed t o  warm 
t o  room temperature.  
gas was removed and discarded. The r e t o r t  con ta ined 0.61 g o f  res idue 
(39% o f  t h e  charge, t h e o r e t i c a l  amount o f  CaO: 0.59 9).  
0.93 g o f  l i q u i d s  (60% o f  t h e  charge, t h e o r e t i c a l  amount o f  phenol :  0.97 g) 
was recovered us ing  a small amount o f  methylene c h l o r i d e  so lvent .  Ana lys i s  
b y  GC i n d i c a t e d  t h a t  phenol (97%) and a t r a c e  o f  d ipheny l  e t h e r  comprised 
t h e  l i q u i d  products.  Thus, a 94% phenol recovery  and a n e a r l y  q u a n t i t a t i v e  
mass balance were ob ta ined i n  t h i s  experiment. 

\ 

+ 

The gas bag, which conta ined o n l y  a smal l  amount o f  

From t h e  condenser, 
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Prepara t i on  o f  Calc ium Diphenate  i n  Toluene. 

To a o n e - l i t e r ,  round-bo t tomed  f l a s k  was charged 7.41 g o f  ca lc ium 
hydrox ide  (100 mmol), 23.5 g o f  phenol (250 mmol) and 700 m l  o f  to luene.  The 
f l a s k  was f i t t e d  w i t h  a magnet ic  s t i r r i n g  ba r  and a Dean-Stark t r a p  t o  which 
was f i t t e d  a r e f l u x  condenser connected t o  a low-pressure  n i t r o g e n  source. 
The s t i r r e d  r e a c t i o n  m i x t u r e  was heated under r e f l u x  f o r  72 h r ,  t hen  f i l t e r e d .  
So lvent  was evaporated under reduced pressure ,  and t h e  r e s u l t i n g  brown s o l i d  
was d r i e d  t o  cons tan t  we igh t  under vacuum a t  50°C. 
d iphenate  was 15.14 g (70% o f  t h e  t h e o r e t i c a l  y i e l d  o f  22.63 g; Found: 61.86% 
C, 4.48% H; Ca lcu la ted :  

The y i e l d  o f  ca lc ium 

63.70% C, 4.45% H, 17.71% Ca, 14.14% 0). 

RESULTS AND DI SCUS~ION 

When a n a l y t i c a l  reagent  grade phenol was t r e a t e d  w i t h  an equ imolar  amount 

Ins tead,  t he  data 
o f  ca lc ium hydrox ide  i n  a water  s l u r r y  a t  85-90°C, a s a l t  was formed which 
was not ca lc ium diphenate,  PhO-Ca-OPh, as shown i n  Table I. 
are  c o n s i s t e n t  w i t h  fo rma t ion  o f  t h e  ca l c ium h a l f - s a l t ,  PhO-Ca-OH (Eq. 1). 
T h i s  compound had p r e v i o u s l y  been prepared by  t r e a t i n g  ca l c ium d iphenate  
w i th  a m i x t u r e  o f  carbon monoxide and hydrogen a t  105 - 110°C.(2) 

25 - 100°C 
Ph-OH + Ca(OH)2 + Ph-0-Ca-OH + H20 

Calcium h a l f - s a l t s  can a l s o  be prepared i n  o rgan ic  media. The products 
ob ta ined by r e a c t i n g  a t w o - f o l d  excess o f  phenol w i t h  ca l c ium hydrox ide  i n  
benzene, to1  uene, xylene, pentane o r  cyclohexane s l u r r i e s  a t  25°C were 
i d e n t i c a l  t o  those o f  t h e  h a l f - s a l t  ob ta ined  i n  water. Thus, f o rma t ion  o f  
ca l c ium h a l f - s a l t s  i s  a genera l  r e a c t i o n ,  and i s  n o t  s p e c i f i c  t o  t h e  aqueous 
m e d i  um. 

Under t h e  m i l d  c o n d i t i o n s  d iscused above, t h e  ca l c ium phenol h a l f - s a l t  
i s  not s u f f i c i e n t l y  b a s i c  t o  r e a c t  w i t h  a d d i t i o n a l  phenol t o  form ca lc ium 
diphenate.  I n  a t o l u e n e  s l u r r y ,  ca l c ium d iphenate  could,  however, be 
ob ta ined under f o r c i n g  c o n d i t i o n s :  72 h r  under r e f l u x  w i t h  cont inuous  
separa t i on  o f  water  (Dean-Stark t r a p ) . ( 3 )  The produc t  was i s o l a t e d  by 
evapora t ing  t o  dryness under reduced pressure.  
produced was r e a d i l y  s o l u b l e  i n  a v a r i e t y  o f  o rgan ic  so l ven ts  i n c l u d i n g  
benzene, to luene ,  xy lene  and e ther .  I n  c o n t r a s t ,  t h e  ca l c ium h a l f - s a l t  of 
phenol was i n s o l u b l e  i n  these  so l ven ts ,  and i n  d i p o l a r  a p r o t i c  so l ven ts ,  
such as t e t r a h y d r o f u r a n ,  N ,N-dimethyl formamide and N-methyl p y r r o l  idone. 
Fu r the r  suppor t  f o r  t h e  proposed ha1 f - s a l t  s t r u c t u r e  was ob ta ined  from 
X-ray d i f f r a c t i o n  (powder p a t t e r n )  exper iments,  which i n d i c a t e d  t h e  absence 
of  ca lc ium hydrox ide  i n  t h e  produc t .  
e t h e r  i n  a Soxh le t  apparatus f a i l e d  t o  remove phenol, t he reby  r u l i n g  ou t  
t h e  p o s s i b i l i t y  o f  p h y s i c a l l y  adsorbed phenol and c o n f i r m i n g  t h e  h a l f - s a l t  
s t r u c t u r e .  

Calc ium d iphenate  so 

E x t r a c t i o n  o f  t h e  p roduc t  s a l t  w i t h  
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The thermal chemis t ry  o f  t h e  ca l c ium h a l f - s a l t  of  phenol i s  most 
i n t e r e s t i n g .  When t h e  m a t e r i a l  was heated a t  a programmmed r a t e  o f  10"C/min 
i n  a thermograv imet r ic  ana lyze r  (TGA) under argon, it was s t a b l e  t o  about 
450°C (F igu re  1).(1) Upon cont inued heat ing ,  d e v o l a t i l i z a t i o n  o f  t h e  sample 
occur red  (450-650°C) w i t h  a we igh t  l o s s  cor respond ing  t o  t h e  l o s s  of  phenol. 
An X-ray d i f f r a c t i o n  a n a l y s i s  of t h e  650°C res idue  revea led  t h a t  ca l c ium 
ox ide  and some ca lc ium hydrox ide  were present.  F u r t h e r  hea t ing  t o  850°C 
i n  t h e  presence o f  a i r  l e d  t o  a very  smal l  a d d i t i o n a l  weight l o s s  and t o  a 
res idue  which X-ray a n a l y s i s  showed t o  be e s s e n t i a l l y  pure ca l c ium oxide. 
Both a t  550°C and 650°C i n  a smal l ,  ba tch  p y r o l y s i s  apparatus ( m i n i p y r o l y z e r ,  
F i g u r e  2) t h e  ca lc ium h a l f - s a l t  o f  phenol y i e l d s  phenol as t h e  major  v o l a t i l e  
o rgan ic  product (Equat ion  2). Table I 1  summarizes t h e  p y r o l y s i s  data. 

P y r o l y s i s  a t  550-650°C 
P h-0-Ca-OH + Ph-OH + CaO (2) 

I n  a s i m i l a r  manner, t h e  ca l c ium h a l f - s a l t  o f  p -c reso l  was prepared. 
Thermal s t a b i l i t y  o f  t h e  p-c reso l  h a l f - s a l t  i s  comparable t o  t h a t  o f  t h e  
phenol h a l f - s a l t ,  bu t  t h e  presence o f  t h e  s i d e  cha in  a l t e r s  t h e  d i s t r i b u t i o n  
o f  p roduc ts  on p y r o l y s i s ,  as shown i n  Tab le  111. A t  t h e  lower  p y r o l y s i s  
temperature o f  55OoC, c r e s o l s  a r e  t h e  o n l y  s i g n i f i c a n t  p roduc ts ,  though 
convers ion  i s  slow. A t  650°C however, thermal c rack ing  r e a c t i o n s  become 
impor tan t .  I n  t h i s  case, bo th  hydrogen and methane were found i n  t h e  gas 
produc t .  
t h e  l i q u i d s ,  a long w i t h  t h e  c reso ls .  

and potassium phenate, wh ich  under comparable c o n d i t i o n s  y i e l d  a char  and 
gas, bu t  e s s e n t i a l l y  no v o l a t i l e  l i q u i d  o rgan ic  products.(2,4) 

The unexpected r e s u l t s  w i t h  t h e  organocalc ium system suggested a new 
phenol separa t ion  and recovery  approach based on t h e  r e a c t i o n s  shown i n  
Equat ions 1 and 2. We have demonstrated phenol recovery  v i a  t h i s  h a l f - s a l t  
technique, us ing  bo th  model compounds and raw naphtha from t h e  EDS coal  
1 i q u e f a c t i  on process. (5.6) 

Phenol , presumably produced by  thermal deal  k y l  a t i o n ,  was found i n  

These r e s u l t s  a re  i n  sharp c o n t r a s t  t o  t h e  py ro l yses  o f  sodium phenate 

i 

' 

CONCLUSIONS 

The r e a c t i o n  of  ca l c ium hydrox ide  w i t h  phenols i n  aqueous o r  o rgan ic  
media p rov ides  a s imp le  method fo r  p repar ing  t h e  cor respond ing  ca l c ium phenol 
h a l f - s a l t s .  I n  sharp c o n t r a s t  t o  py ro l yses  o f  a l k a l i  metal  phenates which 
y i e l d  gas and char,  py ro l yses  of ca l c ium phenol h a l f - s a l t s  y i e l d  ca l c ium ox ide  
and phenols. The unexpected r e s u l t s  w i t h  t h e  organocalc ium system suggested 
a new phenol separa t ion / recovery  approach. 
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Ca (OP h )  PhO-Ca-OH Calcium S a l t  

Element Ca lcu la ted ,  W t %  Ca lcu la ted  , W t %  Found, W t %  

Carbon 63.7 48.0 46.0 (+0.4) - 

---_----------_ ---- ------- -- - - - - -_____ --------------- 

Hydrogen 4.4 4.0 3.89 (20.04) 

Calcium 17.7 26.7 26.8 (+0.4) 
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Wg~rw-~. The weight lost during TGA of the calcium half-salt of phenol - - - - -- - - 
corresponds to loss of phenol. 
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Rapid D e t e r m i n a t i o n  o f  B i  tumeri, V a r s o l  and Other S o l v e n t s  
Using P r o t o n  N.M.R. 

A. M A J I D  and J. WOODS 

D i v i s i o n  o f  Chemis t ry ,  N a t i o n a l  Research Counci l  of Canada 
O t t a w a ,  K1A OR6 

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

The e x t e n s i v e  Athabasca  o i l  s a n d s  are assuming a n  i n c r e a s i n g  
role i n  s u p p l y i n g  C a n a d a ' s  l i q u i d  h y d r o c a r b o n  needs .  One commercial 
p l a n t ,  Suncor I n c . ,  h a s  o p e r a t e d  s i n c e  1967.  I t  e x t r a c t s  b i tumen 
from the o i l  sands  and s u b s e q u e n t l y  u p g r a d e s  t o  synthetic c r u d e  o i l .  
Syncrude Canada Ltd. which i s  d e s i g n e d  t o  p r o d u c e  109 ,000  barrels o f  
s y n t h e t i c  c r u d e  p e r  d a y ,  began p r o d u c t i o n  i n  1978. Fundamental  t o  
the s u c c e s s f u l  u t i l i z a t i o n  o f  t h i s  o i l  s a n d  resource and t o  the 
economic o p e r a t i o n  o f  the  e x t r a c t i o n  p l a n t  i s  a reliable a n a l y t i c a l  
method f o r  the a n a l y s i s  o f  b i tumen r ich f r o t h  c o l l e c t e d  from the h o t  
water e x t r a c t i o n  p r o c e s s .  This f r o t h  must be f u r t h e r  t r e a t e d  t o  
remove s o l i d  p a r t i c l e s  and water. The p u r i f i c a t i o n  p r o c e s s  c o n s i s t s  
of  a d i l u e n t  a d d i t i o n  s t ep  t o  l i g h t e n  the hydrocarbon d e n s i t y ,  t w o  
c e n t r i f u g i n g  s t a g e s  t o  remove s o L i d s  and water, and a d i l u e n t  
r e c o v e r y  s tep.  A n a l y t i c a l  i n s p e c t i o n  o f  these process streams 
i n c l u d e s  a n a l y s i s  f o r  b i tumen,  d i l u e n t ,  w a t e r  and s o l i d s .  The 
a n a l y s e s  a re  needed f o r  process c o n t r o l  and  m a t e r i a l  b a l a n c e  
c a l c u l a t i o n s .  

The c u r r e n t  d e t e r m i n a t i o n  o f  b i tumen,  d i l u e n t ,  w a t e r  a n d  
s o l i d s  i s  performed by s e p a r a t i n g  the sample i n t o  t h e  i n d i v i d u a l  
components. The s o l v e n t / h y d r o c a r b o n  s o l u t i o n  must b e  f u r t h e r  
a n a l y z e d  f o r  d i l u e n t  ( n a p h t h a )  and b i tumen c o n t e n t .  Bitumen i s  
u s u a l l y  d e t e r m i n e d  s p e c t r o p h o t o m e t r i c a l l y  w h i l e  d i l u e n t  ( n a p h t h a )  i s  
e i ther  d e t e r m i n e d  by d i E f e r e n c e  or  by  G.C. ( 2 ) .  The m o s t  common 
problems w i t h  t h e s e  methods are t h e  g r e a t e r  s o u r c e s  of e r r o r s  
i n v o l v e d  ( 2 ) .  I f  the  n a p h t h a  i s  d e t e r m i n e d  by d i L f e r e n c e  a l l  t h e  
errors w i l l  accumula te  i n  the  r e s u l t s  f o r  t h i s  component. I n  the 
G.C. method errors w i l l  a r i s e  from d i l u t i o n  and the  s m a l l  volume 
r e q u i r e d  f o r  i n j e c t i o n  (1 u l )  ( 2 ) .  A l s o  the  a d s o r p t i o n  o f  a s p h a l t -  
e n e s  from bi tumen on t h e  column p a c k a g i n g  mater ia ls  l i m i t s  the  u s e  
of G.C. f o r  the  e s t i m a t i o n  of the  d i l u e n t  i n  the p r e s e n c e  O C  
bitumen.  

I n  t h i s  p a p e r  we r e p o r t  the  p r o t o n  nmr r e s u l t s  f o r  t he  
q u a n t i t a t i v e  e s t i m a t i o n  o f  b i tumen a n d  a d i l u e n t  ( n a p h t h a  or v a r s o l )  
i n  t h e  p r e s e n c e  o€ t o l u e n e ,  benzene  or  methylene  c h l o r i d e ,  th ree  
commonly u s e d  s o l v e n t s  €or the  e x t r a c t i o n  of b i tumen from o i l  sands .  

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

a )  P r o t o n  nmr measurements w e r e  per formed on  a V a r i a n  EM-360 nmr 
s p e c t r o m e t e r  ( 6 0  MHz); 500 u1 of s o l u t i o n  w a s  used  i n  each case i n  a 
5 mm i n t e r n a l  d i a m e t e r  t u b e .  Carbon t e t r a c h l o r i d e  o r  t e t r a c h l o r o -  
e t h y l e n e  w a s  used a s  s o l v e n t .  Gain and a m p l i t u d e  w e r e  a d j u s t e d  t o  
g i v e  i n t e g r a t i o n s  w i t h i n  the r a n g e  o f  the char t  p a p e r  u s i n g  l o w e s t  
and  h i g h e s t  c o n c e n t r a t i o n s .  Once a d j u s t e d  a l l  the  p a r a m e t e r s  were 
k e p t  c o n s t a n t  f o r  s u b s e q u e n t  measurements .  I n t e g r a t i o n  l i m i t s  f o r  
the  aromatic r e g i o n  o f  benzene ,  CHp-group of methylene  c h l o r i d e  and 
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the CH3-group o f  t o l u e n e  are w e l l  d e f i n e d  and c a n  be e a s i l y  
measured. However, it i s  d i f f i c u l t  t o  d e c i d e  the s t a r t i n g  p o i n t  f o r  
the i n t e g r a t i o n  f o r  the  methyl  r e g i o n  o f  bi tumen,  v a r s o l  or n a p h t h a  
a t  ca-  1.0 ppm d o w n f i e l d  from t e t r a m e t h y l s i l a n e .  T h i s  i s  because o f  
the  o v e r l a p  of  the methylene  and  methyl  r e g i o n s .  It w a s  t h e r e f o r e  
d e c i d e d  t o  t a k e  t h e  mid p o i n t  o f  the  t w o  p e a k s  (methyl  and  
methylene)  as the s t a r t  f o r  the i n t e g r a t i o n .  The i n t e g r a t i o n  l i m i t s  
f o r  methyl  r e g i o n s  w e r e  t h e r e f o r e  as  i l l u s t r a t e d  i n  f i g .  0.3. 
P r o t o n  nmr s p e c t r a  f o r  bi tumen,  v a r s o l ,  b i tumen + v a r s o l ,  t o l u e n e ,  
benzene ,  methylene c h l o r i d e ,  b i tumen + v a r s o l  + t o l u e n e  and  b i tumen 
+ v a r s o l  + benzene a r e  shown i n  f i g u r e s  6-8 t o  i l l u s t r a t e  the  
p o r t i o n s  i n t e g r a t e d  f o r  c a l i b r a t i o n  c u r v e s .  

b )  P r e p a r a t i o n  o f  S t a n d a r d  Bitumen S o l u t i o n :  Bitumen w a s  e x t r a c t e d  
from a sample o f  h i g h  g r a d e  o i l  s a n d  u s i n g  t o l u e n e  i n  a S o x h l e t  
a p p a r a t u s  ( 2 ) .  N o n - f i l t e r e d  s o l i d s  were removed f r o m  t h e  b i tumen 
s o l u t i o n  by passage  t h r o u g h  a 0 .45  pm m i l l i p o r e  f i l t e r  p a p e r .  The 
s o l v e n t  was removed i n  a Brinkmann r o t a r y  e v a p o r a t o r  a t  100°C u n d e r  
reduced  p r e s s u r e .  The t o t a l  t i m e  r e q u i r e d  t o  remove the s o l v e n t  
from a 100 gram sample w a s  less t h a n  one h o u r .  The r e s i d u a l  s o l v e n t  
w a s  t h e n  measured u s i n g  i n f r a r e d  s p e c t r o s c o p y  ( 3 )  and p r o t o n  nmr. 

c)  C a l i b r a t i o n  Curves: (1) Bitumen: - A s t a n d a r d  sample o f  the  
bi tumen r e q u i r e d  f o r  t h e  c a l i b r a t i o n  c u r v e  w a s  p r e p a r e d  a s  o u t l i n e d  
above.  The amount o f  the  r e s i d u a l  t o l u e n e  q u a n t i t a t i v e l y  d e t e r m i n e d  
b y  i n f r a r e d  and p r o t o n  nmr, was a p p l i e d  a s  a c o r r e c t i o n  t o  the 
b i tumen c o n t e n t .  A s t o c k  s o l u t i o n  (35.0% w/v) o f  b i tumen i n  c a r b o n  
t e t r a c h l o r i d e  and a n o t h e r  i n  t e t r a c h l o r o e t h y l e n e  w e r e  p r e p a r e d  f rom 
the s t a n d a r d  bi tumen a c c u r a t e l y  weighed t o  the n e a r e s t  0.0001 gram. 
S e r i a l  d i l u t i o n s  o f  bi tumen,  r a n g i n g  i n  c o n c e n t r a t i o n  from 3-35%, 
w e r e  p repared  and the areas o f  the methyl  p e a k s  were d e t e r m i n e d  from 
t h e  i n t e g r a t i o n  of the p e a k s  a t  ca. 1 .0  ppn d o w n f i e l d  from tetra- 

b i tumen vs area of  the methyl  peak  produced a s t r a i g h t  l i n e  p a s s i n g  
through t h e  o r i g i n ,  w i t h  a s l o p e  o f  0.51. 

1 m e t h y l s i l a n e  i n  the p r o t o n  nmr spec t rum.  A p l o t  o f  the  p e r  c e n t  

% Bitumen = A r e a  of the  methyl  peak  
0.51 

j ( 2 )  D i l u e n t :  Measurements w e r e  made f o r  t w o  b i tumen d i l u e n t s ,  namely 
naphtha  and Varsol ( S t o d d a r d  s o l v e n t ) .  S o l u t i o n s  o f  b o t h  n a p h t h a  a n 9  

, Varsol r a n g i n g  i n  c o n c e n t r a t i o n s  from 3 4 0 %  w/v w e r e  p r e p a r e d .  Areas 
o f  the methyl peaks  a t  ca. 1.0 ppm downf ie ld  from t e t r a m e t h y l s i l a n e  
w e r e  de te rmined  as d e s c r i b e d  above  f o r  bi tumen.  The p l o t s  o f  the per 
c e n t  naphtha  and  Varsol vs a r e a  o f  the methyl  peak  produced  s t r a i g h t  
Lines  p a s s i n g  t h r o u g h  the o r i g i n .  S l o p e s  f o r  t h e  t'wo p l o t s  w e r e  1 .17  
and 0.95 for 8 w/v c o n c e n t r a t i o n s  and 0.85 and  0.75 r e s p e c t i v e l y  f o r  
% v / v  c o n c e n t r a t i o n s .  The c o n c e n t r a t i o n  o f  the d i l u e n t  w a s  
de te rmined  as f o l l o w s :  

, 

% Diluent = A r e a  of  methyl  peak 
S l o p e  

( 3 )  Toluene,  Benzene and Methylene C h l o r i d e :  Carbon t e t r a c h l o r i d e  
s o l u t i o n s  o f  t o l u e n e ,  benzene  and methylene c h l o r i d e  w e r e  p r e p a r e d  
r a n g i n g  i n  c o n c e n t r a t i o n s  from 1-20% (10% i n  t h e  case o f  b e n z e n e ) .  
Areas of the methyl  peak f o r  t o l u e n e ,  CH2-peak f o r  methylene  
c h l o r i d e  and aromatic peak  of  benzene  were measured from t h e i r  p r o t o n  
nmr s p e c t r a .  P l o t s  Of p e r  Cent  c o n c e n t r a t i o n  V s  areas w e r e  s t r a i g h t  
l i n e s  i n  each case. The c o n c e n t r a t i o n s  were c a l c u l a t e d  u s i n g  the 
f o l l o w i n g  e q u a t i o n s .  
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(v /v )  of Toluene = Area of the methyl  peak  
5 .64  

% ( v / v )  of Benzene = Area o f  the peak  from p r o t o n  nmr 
13.75 

Area o f  -CH2 peak  
% ( v / v )  o f  Methylene C h l o r i d e  = 

5.64 

( d )  D e t e r m i n a t i o n  o f  Varso l /Bi tumen i n  a m i x t u r e .  
A r e a  o f  the methyl  peak ,  measured as o u t l i n e d  i n  1 or 2 

above, r e p r e s e n t s  the t o t a l  a r e a  due t o  c o n t r i b u t i o n s  from b o t h  
d i l u e n t  and b i tumen.  Bitumen c o n c e n t r a t i o n  w a s  s e p a r a t e l y  determined 
p h o t o m e t r i c a l l y  by  measurements  o f  a b s o r p t i o n  a t  530 nm. Knowing 
the c o n c e n t r a t i o n  of b i tumen the  area o f  the methyl  p e a k s  due t o  
b i tumen c a n  b e  d e t e r m i n e d  from the e q u a t i o n  i n  1 above. 

A r e a  o f  t h e  methyl  p e a k s  i n  b i tumen = 0.51  x 8 (w/v) Bitumen 

C o n c e n t r a t i o n  o f  the d i l u e n t  c a n  t h e n  be c a l c u l a t e d  as f o l l o w s :  

T o t a l  Area of the methyl  peak  - Area due t o  b i tumen C H 3  g r o u p  

s l o p e  

R e s u l t s  and D i s c u s s i o n  

The c a l i b r a t i o n  c u r v e s  f o r  benzene ,  toLuene ,  methylene  
c h l o r i d e ,  b i tumen and d i l u e n t s  (Suncor  naphtha  and  Varsol)  a r e  shown 
i n  f i g u r e s  1, 2 and 3. All plots  a r e  good s t r a i g h t  l i n e s  w i t h  zero  
i n t e r c e p t s .  This i s  i n d i c a t i v e  o f  the e x i s t e n c e  o f  a l i n e a r  c o r r e l a -  
t i o n  be tween t h e  p e r  c e n t  c o n c e n t r a t i o n s  and  the area o f  t h e  p r o t o n  
nmr s i g n a l s  e tnphasis ing the u s e f u l n e s s  of p r o t o n  nmr i n  the q u a n t i t a -  
t i v e  e s t i m a t i o n  o f  c o n c e n t r a t i o n s .  

The measurements i n v o l v i n g  b i tumen and d i l u e n t  w e r e  performed 
i n d e p e n d e n t l y  i n  t w o  s o l v e n t s ,  c a r b o n  t e t r a c h l o r i d e  and t e t r a c h l o r o -  
e t h y l e n e .  R e s u l t s  w e r e  found t o  be i n d e p e n d e n t  o f  the  s o l v e n t  
i n d i c a t i n g  n o  loss due t o  e v a p o r a t i o n  o f  the  c a r b o n  t e t r a c h l o r i d e  
d u r i n g  the p e r i o d  o f  measurement. Benzene, t o l u e n e  and methylene  
c h l o r i d e  w e r e  o n l y  s t u d i e d  i n  c a r b o n  t e t r a c h l o r i d e .  

Procurement  o f  u n a l t e r e d  s t a n d a r d  samples  o f  b i tumen from o i l  
sands  i s  a ser ious  problem r e c o g n i s e d  by C l a r k  i n  1950 (1).  O i l  does  
n o t  separate from the n a t i v e  s a n d s  and  water w i t h o u t  the u s e  o f  
e i t h e r  chemica l  a g e n t s ,  s o l v e n t ,  hea t  or ex t reme mechanica l  f o r c e ,  
a l l  o f  which may s i g n i f i c a n t l y  a l t e r  the o i l .  S i n c e  no method o f  
s e p a r a t i o n  e x i s t s  t h a t  c a n  g u a r a n t e e  a n  o i l  sample f r e e  from a l t e r a -  
t i o n ,  the  f i r s t  p roblem e n c o u n t e r e d  i n  o b t a i n i n g  a s t a n d a r d  sample 
o f  bi tumen is t h e  deve lopment  of a n  a c c e p t a b l e  s e p a r a t i o n  procedure .  
Of t h e  v a r i o u s  s e p a r a t i o n  methods,  s o l v e n t  e x t r a c t i o n  o f  b i tumen from 
o i l  sands  has  been  recommended as the m o s t  s u i t a b l e  method f o r  t h i s  
p u r p o s e  ( 3 ) .  

The major drawback of s o l v e n t  e x t r a c t i o n  methods i s  the  f a c t  
that  it is n o t  p r a c t i c a l  t o  c o m p l e t e l y  remove a l l  r e s i d u a l  s o l v e n t  
f r o m  the  b i tumen.  Hence a n a l y t i c a l  t e c h n i q u e s  are r e q u i r e d  t o  d e t e r -  
mine the  r e s i d u a l  s o l v e n t  c o n c e n t r a t i o n .  Again p r o t o n  nmr i s  found 
t o  be v e r y  u s e f u l  f o r  d e t e r m i n i n g  commonly used  p r o t o n a t e d  s o l v e n t s  
s u c h  as t o l u e n e ,  benzene  and methylene  c h l o r i d e s .  

d e t e r m i n e d  f r o m  p r o t o n  nmr compare r e a s o n a b l y  w e l l  w i t h  the a c t u a l  
C o n c e n t r a t i o n s  of t o l u e n e ,  benzene and methylene  c h l o r i d e  
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\ 
v a l u e s .  Accuracy o f  the nmr ne thod  i s  e v i d e n t  from the  v a l u e s  o f  the 
s t a n d a r d  d e v i a t i o n s  o f  i 0.116, r 0.177 and  i 0.318 r e s p e c t i v e l y .  A 
p l o t  Of Actua l  v s  Found c o n c e n t r a t i o n s  i s  shown i n  f i g .  4. I n  t he  
case Of benzene or t o l u e n e  the z e r o  i n t e r c e p t  and s l o p e  o f  1 are 
i n d i c a t i v e  of good a c c u r a c y .  I n  the case o f  methylene  c h l o r i d e  
s i g n i f i c a n t  e r r o r s  a r e  i n t r o d u c e d  because o f  the h i g h  v o l a t i l i t y  o f  
t h i s  s o l v e n t  (b.p. 39.8'C) which makes i t  d i f f i c u l t  t o  p r e p a r e  
s t a n d a r d  s o l u t i o n s  b e c a u s e  of e v a p o r a t i v e  losses. Hence a much 
h i g h e r  r e l a t i v e  s t a n d a r d  d e v i a t i o n  of f 1 . 0 3 3  w i t h  r e s p e c t  t o  l ea s t  
s q u a r e s  p l o t s  of  d a t a  a t  d i f f e r e n t  c o n c e n t r a t i o n s .  To remedy the  
problem of e v a p o r a t i o n  o f  t h e  s o l v e n t s  from the nmr t u b e s  w e  f i n d  it 
h e l p f u l  to  use t e E l o n  s t o p p e r s  r a t h e r  t h a n  r e g u l a r  p l a s t i c  caps. 
B e s i d e s  reducing  e v a p o r a t i o n  the  t e f l o n  caps a re  more r e s i s t a n t  t o  
s o l v e n t  a t t a c k ,  p a r t i c u l a r l y  by the c h l o r i n a t e d  s o l v e n t s .  

Rapid and re l iab le  d e t e r m i n a t i o n  o f  d i l u e n t  ( V a r s o l / N a p h t h a )  
i n  b i t u m e n / d i l u e n t  m i x t u r e s  i s  e s s e n t i a l  f o r  p r o c e s s  c o n t r o l  and  
material b a l a n c e  c a l c u l a t i o n s  both i n  hot w a t e r  p r o c e s s  and s o l v e n t  
e x t r a c t i o n  s p h e r i c a l  a g g l o m e r a t i o n  process f o r  the  e x t r a c t i o n  o f  
bi tumen E r o m  o i l  s a n d s .  The t r a d i t i o n a l  methods for the d e t e r m i n a t i o n  
o f  d i l u e n t  do n o t  g i v e  t h e  r e q u i r e d  d e g r e e  o f  a c c u r a c y .  The concent -  
r a t i o n s  o f  Varso l  as  d e t e r m i n e d  from p r o t o n  nmr measurements a re  
shown i n  f i g .  5 as  a p l o t  o f  the a c t u a l  c o n c e n t r a t i o n s  a g a i n s t  c a l c u -  
l a t e d  c o n c e n t r a t i o n s .  Zero i n t e r c e p t  and a s l o p e  of 1 i n d i c a t e s  a 
v e r y  good l i n e a r  c o - r e l a t i o n .  A s t a n d a r d  d e v i a t i o n  o f  f 0 . 2 8 1  (wt .S)  
w a s  c a l c u l a t e d  f o r  these r e s u l t s .  This a g a i n  d e m o n s t r a t e s  the  a c c u r -  
a c y  of the nmr method. Advantages o f  the nmr method i n c l u d e  h i g h e r  
p r e c i s i o n ,  s h o r t e r  a n a l y s i s  t i m e  ( a c t u a l  a n a l y s i s  t i m e  ca.  2 m i n u t e s ) ,  
b r o a d e r  range  of a p p l i c a b l e  c o n c e n t r a t i o n s  (0.2-7006) and s m a l l  
q u a n t i t y  o f  the non-consumable sample  needed f o r  a n a l y s i s  (500 ~ 1 ) .  

, 
Bitumen and d i l u e n t  c a n  he d e t e r m i n e d  s e p a r a t e l y  by p r o t o n  

I nmr, i n  a l l  the common s o l v e n t s ,  e . g .  benzene,  t o l u e n e ,  methylene  
c h l o r i d e ,  carbon t e t r a c h l o r i d e  and  other non-pro tona ted  s o l v e n t s .  
The r e s u l t s  a r e  a t  l ea s t  a s  accurate  a s  o b t a i n e d  by other methods. 

One o f  the peaks  o f  t h e  d i l u e n t  spec t rum o v e r l a p s  w i t h  t h e  
methyl  peak for  t o l u e n e .  Also, there i s  a n  o v e r l a p  be tween the 
a r o m a t i c  r e g i o n  o f  the  benzene and d i l u e n t .  Hence, a n  a c c u r a t e  d e t e r -  
m i n a t i o n  o f  the c o n c e n t r a t i o n s  o f  benzene  or  t o l u e n e  i n  p r e s e n c e  o f  
d i l u e n t  i s  n o t  p o s s i b l e  u s i n g  t h i s  method. However, t h e  p r e s e n c e  o f  
t o l u e n e  or benzene d o e s  n o t  e f f e c t  the  d e t e r m i n a t i o n s  o f  the  concent -  
r a t i o n s  of bi tumen or d i l u e n t .  
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Fig .  1. C a l i b r a t  

t h e  lH nmr peaks .  

A .  

V on Curves .  C o n c e n t r a t i o n s  (;%) vs  a r e a  of 

B e n z e n e 0  : Toluene 0 : methylene  c h l o r i d e  

F ig .  2 .  C a l i b r a t i o n  Curves .  C o n c e n t r a t i o n s  (E%) vs a r e a  of  

t h e  methyl p r o t o n  nmr peaks .  

Suncor  Naphtha A . 

V 

Bitumen 0 : Stodda rd  s o l v e n t  0 : 
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V Fig. 3. Calibration Curves. Concentration (7%) vs area of 
the methyl proton nmr peaks. Varsol 0; Suncor Naphtha A. 

CONCENTRATION (actual) O/O v/v 
V Fig. 4. Plot of the concentrations (;%), Actual vs Found. 

Benzene 0 ; Toluene 0 : methylene chloride h . 
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VARSOL CONCENTRATION (actual) O/O w/v 

Fig. 5 .  P l o t  o f  t he  V a r s o l  c o n c e n t r a t i o n  a c t u a l  vs  Varsol 

c o n c e n t r a t i o n  found.  

- C 

a - 

Fig. 6 .  lH n.m.r. s p e c t r a  of a )  Bitumen b) Stoddard  s o l v e n t  

c)  Bitumen + S t o d d a r d  s o l v e n t .  19 4 



i 1 - 
6 5  

Fig .  7. lH n.m.r. s p e c t r a  of a )  Bitumen + Toluene  

b) Bitumen + methylene  c h l o r i d e  c )  Bitumen + Benzene. 

u 
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3 - ia 2 I 0 
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Fig .  8. l H  n.m.r. s p e c t r a  of a) Bitumen + Toluene  + Stoddard  

s o l v e n t  b , c )  Bitumen + Benzene + Stodda rd  s o l v e n t .  
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Storage S t a b i l i t y  S tud ies  o f  Fuels Der ived  from Shale and Petroleum 
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INTRODUCTION 

I n  cons ide r ing  sha le  o i l  as an a l t e r n a t i v e  and complement t o  
petroleum as a feeds tock  f o r  p roduc t i on  o f  l i q u i d  f u e l s ,  impor tan t  
compos i t iona l  d i f f e rences  i n  t h e  heteroatom components must be taken i n t o  
account. Some heteroa tomic  compounds, c o n t a i n i n g  N, S, o r  0, i n f l u e n c e  bo th  
t h e  thermal s t a b i l i t y  and s to rage  s t a b i l i t y  o f  t h e  l i q u i d  fue l s .  Thermal 
s t a b i l i t y  i s  t h e  r e s i s t a n c e  of a fue l  t o  fo rma t ion  o f  depos i t s  on sur faces  
w i t h i n  t h e  f u e l  system o f  an opera t i ng  v e h i c l e ,  and s to rage  s t a b i l i t y  i s  t h e  
res i s tance  o f  a f u e l  t o  fo rma t ion  o f  gums (bo th  s o l u b l e  gums and i n s o l u b l e  
sediments) under f u e l  s to rage  cond i t i ons .  Thermal depos i t s  can f o u l  
f u e l / l u b r i c a t i n g  heat  exchangers causing decreased e f f i c i e n c y  and s to rage  
depos i ts  can p l u g  f i l t e r s .  

depos i t  f o rma t ion  i n  j e t  and d i e s e l  f u e l s  and t o  c h a r a c t e r i z e  t h e  depos i ts .  
I n s o l u b l e  sediments a re  t h e  undes i rab le  m a t e r i a l s  f o r  these f u e l s  s i n c e  they  
a r e  i n j e c t e d  i n t o  engines as l i q u i d s .  The r a t e  o f  sediment fo rma t ion  can be 
determined by t r a d i t i o n a l  q u a n t i t a t i v e  g r a v i m e t r i c  procedure,  u s u a l l y  a t  
temperatures o f  4 3 O C  o r  h ighe r .  
weeks or  months, depending on s t r e s s  temperature,  t o  develop amounts o f  . 
sediments which can be measured r e l i a b l y .  However, f u e l  s to rage  degradat ion  
can be mon i to red  i n  t h e  e a r l y  stages by l a s e r  l i g h t  s c a t t e r i n g  o f  deve lop ing  
p a r t i c l e s  a t  ambient temperature.  
exper iments,  i n  t h e  presence o f  c e r t a i n  he teroa tomic  compounds, we hope t o  
f i n d  out q u i c k l y  which o f  these compounds a r e  d e l e t e r i o u s  t o  f u e l  s t a b i l i t y .  
S t a b i l i t y  i n f o r m a t i o n  of t h i s  k i n d  i s  u s e f u l  i n  t h a t  r e f i n i n g  process 
cond i t i ons  can then be s e l e c t e d  which w i l l  m in imize  f u e l  degradat ion  th rough 
removal of t h e  d e l e t e r i o u s  compounds. U l t i m a t e l y ,  i t  w i l l  be impor tan t  t o  
know the  t r a d e - o f f s  betwen processes o f  v a r y i n g  s e v e r i t y  f o r  removing these 
compounds and mod i fy ing  t h e  f u e l  s t a b i l i t y .  

EXPERIMENTAL 

The purpose o f  t h i s  research  i s  t o  f i n d  mechanisms o f  s to rage 

These procedures r e q u i r e  s to rage t imes  of  

By c a r r y i n g  ou t  e x t e n s i v e  l i g h t  s c a t t e r i n g  

Laser l i g h t  s c a t t e r i n g  measurements were c a r r i e d  ou t  w i t h  a 
photometer desc r ibed  by Ber ry  (1) m o d i f i e d  by i n t r o d u c t i o n  o f  a l a s e r  l i g h t  
source. 
were used. The Pyrex c e l l s  were i n  t h e  form o f  t r u n c a t e d  cones, i n  order  t o  
reduce t h e  s t r a y  l i g h t  p i ckup  by the  de tec to r .  
of s u b s t i t u t e d  qu ino l i nes ,  p y r i d i n e s  and i n d o l e s  on depos i t  fo rmat ion ,  we 

Small l i g h t - s c a t t e r i n g  c e l l s  o f  t h e  design by Dand l iker  and Kraut (2)  

I n  o r d e r  t o  study t h e  e f f e c t s  
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adapted the  method of Dah l i n  e t  a l .  (3)  o f  o b t a i n i n g  t h e  amount of "depos i ted  
gum" from t h e  weight ga in  of a g lass  cover s l i p  (22 x 40 mm) p laced i n  a 150- 
m l  Pyrex beaker (bo t tom su r face  area 21.61 cm ) c o n t a i n i n g  50 m l  of l i q u i d  
fue l .  

Degradat ion produc ts  ob ta ined by heat s t r e s s i n g  (80-120°C) f u e l s  
enr iched w i t h  s p e c i f i c  he teroa tomic  compounds (500 ppm n i t r o g e n  concen t ra t i on )  
were analyzed by nuc lea r  magnet ic resonance technique. For depos i t s  which a re  
so lub le  i n  CDC13, bo th  90 MHz and 600-MHz spec t rometers  were used. The l a t t e r  
ins t rument  operates a t  magnet ic f i e l d  o f  140.9 kgauss, t h e  h ighes t  magnet ic 
f i e l d  poss ib le  today, and has been used by Hara e t  a l .  (4)  t o  study t h e  very  
complex coa l -der ived  l i q u i d s .  
magic-angle sp inn ing ,  s o l  i d - s t a t e  carbon-13 NMR spec t ra  were ob ta ined on a 

t h e  carbon n u c l e i  was done under Hartman-Hahn match ing  c o n d i t i o n s .  
was packed i n t o  a b u l l e t  r o t o r  and spun a t  approx imate ly  2500 Hz, and 
sidebands were suppressed u s i n g  t h e  Dixon Sideband Suppression technique. 

For depos i ts  which are  i n s o l u b l e  i n  CDC13, 

XL-200 superconduct ing spectrometer a t  50.3 MHz. Cross p o l a r i z a t i o n  o f  
The sample 

RESULTS AND DISCUSSION 

(A) Laser L i g h t  S c a t t e r i n g  and Deposi t  Formation i n  L i q u i d  Fuels 

Storage techn iques  f o r  de te rm in ing  t h e  s t a b i l i t y  o f  l i q u i d  f u e l s  
r e q u i r e  weeks o r  months o f  s to rage,  even a t  e leva ted  temperatures.  
techn ique which has g r e a t e r  s e n s i t i v i t y  f o r  i n i t i a l  d e p o s i t  f o rma t ion  c o u l d  
shor ten  the  s to rage t i m e  and/or reduce t h e  s t r e s s  temperature.  
examined one such techn ique,  l i g h t - s c a t t e r i n g .  As a f u e l  ages, p a r t i c l e s  grow 
i n  s i z e  and s c a t t e r  l i g h t .  
s c a t t e r i n g  ang le  as a f u n c t i o n  o f  s to rage t i m e  a t  room tempera ture  f o r  sha le  
11-derived JP-5 ( j e t  f u e l ,  sample 522) c o n t a i n i n g  va r ious  concen t ra t i ons  o f  
2 ,5 -d imethy lpyr ro le  (DMP), w h i l e  Figure 2 i s  a cor respond ing  p l o t  f o r  
pe t ro leum-der ived  JP-5 ( j e t  f u e l ,  sample 80-8). 
absence o f  DMP, which i s  e s p e c i a l l y  d e l e t e r i o u s  t o  f u e l  s t a b i l i t y ,  t h e  l i q u i d  
f u e l  i s  s t a b l e  and l i t t l e  l i g h t - s c a t t e r i n g  occurs. As t h e  concen t ra t i on  o f  
DMP increases, t h e  ex ten t  o f  l i g h t - s c a t t e r i n g  inc reases ,  i n  accordance w i t h  
t h e  i nc rease  i n  tendency t o  form depos i t .  
techn ique as a mon i to r  o f  ag ing  has the  advantages t h a t  room tempera ture  i s  
adequate and t h a t  a much s h o r t e r  t ime  o f  exper imen ta t i on  i s  requ i red .  The 
smal l  p a r t i c l e s  which are  formed on ag ing  a r e  b e l i e v e d  t o  be precursors  o f  
sediments. Comparison o f  Figures 1 and 2 shows t h a t  t h e  s t a b i l i t y  o f  t h e  
pe t ro leum-der ived  JP-5 i s  l e s s  than  t h e  sha le -de r i ved  JP-5. 

F igure  3 i s  a p l o t  o f  s c a t t e r i n g  i n t e n s i t y  a t  d i f f e r e n t  ang les  vs. 
t ime  a t  room tempera ture  f o r  pe t ro leum JP-5. For t h e  bo t tom l i n e ,  where no 
DMP i s  added, t h e  i n t e n s i t y  remains smal l  and cons tan t ,  and independent o f  t h e  
measuring angle. The uper l i n e s  a r e  f o r  d i f f e r e n t  ang les  f o r  pe t ro leum JP-5 
w i t h  105 ppm N, DMP. The da ta  show t h a t  s c a t t e r i n g  a t  45" i s  much g r e a t e r  
than a t  90" o r  135". As t h e  p a r t i c l e s  get l a r g e r ,  t hey  tend  t o  s c a t t e r  l i g h t  
more i n t e n s e l y  i n  a fo rward  d i r e c t i o n ,  r e s u l t i n g  i n  a l a r g e r  va lue  o f  
'45"135. 

O f  a l l  t h e  he teroa tomic  compounds t e s t e d ,  DMP i s  e a s i l y  t h e  most 
powerful  promotor o f  depos i t  f o rma t ion  i n  bo th  pe t ro leum-  and sha le -der ived  
j e t  f ue l s .  Among some o the r  n i t r o g e n - c o n t a i n i n g  compounds tes ted ,  t h e  

A 

We have 

F igure  1 i s  a p l o t  o f  s c a t t e r i n g  i n t e n s i t y  a t  90" 

The da ta  i n d i c a t e  t h a t  i n  t h e  

The use o f  l i g h t - s c a t t e r i n g  



d e l e t e r i o u s  e f f e c t  on sha le  j e t  f u e l  s t a b i l i t y ,  as measured by t h e  amount of 
"depos i ted  gum" (3) formed, decreases i n  t h e  order :  2,6-dimethyl-  
qu ino l i ne ,  s u b s t i t u t e d  p y r i d i n e s  ( 2 - e t h y l p y r i d i  ne, 2,4,6-tr imethyl-  
p y r i d i n e  , 2,6-di methyl  p y r i  d i  ne, 2-methyl py r i  d i  ne), 7-met h y l  i ndol e. 
f o l l o w i n g  compounds do n o t  f o rm depos i ted  gum i n  t h e  sha le -de r i ved  j e t  f u e l  
even when s t ressed  a t  80°C f o r  8 weeks: 2-methyl indo1ey 2,5-dimethyl indole,  
and 1,2,3,4-tetrahydroquinoline. The DMP sediment i s  i n s o l u b l e  i n  t h e  usual 
o rgan ic  so l ven ts ,  
CDC13? and t h e r e f o r e  have been s t u d i e d  by s o l u t i o n  NMR and i n f r a r e d  
techniques. 

The 

The gums ob ta ined  f rom use o f  o t h e r  dopants a r e  so lub le  i n  

( B )  L i q u i d  S ta te  NMR 

The JP-5 f u e l s  f rom sha le  I 1  and pe t ro leum have e s s e n t i a l l y  
i d e n t i c a l  p r o t o n  and carbon-13 NMR spectra.  
cons ide rab le  amount of l ong  unbranched a l k y l  groups i s  p resen t  i n  both. 
Figure 4 g ives  t h e  600-MHz PMR spec t ra  o f  sha le -de r i ved  JP-5 and 2,6- 
d i m e t h y l q u i n o l i n e  (DMQ), 500 ppm N, 25 days, 80°C: t o p  spectrum, t h e  stressed 
l i q u i d  phase i n  CDC13; bo t tom spectrum, t h e  sediment d i s s o l v e d  i n  CDC13. ,Many 
NMR s igna ls  appear i n  t h e  lower  f i e l d  reg ions  o f  t h e  a l i p h a t i c  and aromat ic 
ranges. These i n d i c a t e  t h e  p o l y c y c l i c  n a t u r e  o f  t h e  sediment, 3-4 a romat ic  
r i n g s .  Elemental  a n a l y s i s  o f  t h e  gum g ives  t h e  formula:  C H701.3. The 
n i t r o g e n  con ten t  i s  o n l y  1%. 
t h e  composi t ion o f  t he  depos i t .  

The a r o m a t i c i t y  i s  0.10 and a 

Thus, DMQ (wh ich  has 8.9% N) 8oes no t  dominate 

( C )  S o l i d  S t a t e  NMR 

Magic ang le  sp inn ing ,  carbon-13 spec t ra  o f  t h e  DMP sediments formed 
i n  shale JP-5 and i n  sha le -de r i ved  d i e s e l ,  show t h a t  oxygen i s  i nco rpo ra ted  i n  
t h e  depos i t  i n  t h e  form o f  ca rboxy la te ,  carbony l  and e t h e r  l inkages .  For both 
f u e l s ,  t h e  DMP depos i t s  have t h e  same fo rmula :  
C6HgNl we conclude t h a t ,  u n l i k e  DMq, DMP dominates {he tompos i t i on  o f  t h e  
depos i ts  ob ta ined  i n  t h e  sha le  d e r i v e d  j e t  and d i e s e l  f u e l s .  The n i t r o g e n  and 
oxygen con ten ts  o f  t h e  sediments a re  11.6 and 20.1 wt.%, r e s p e c t i v e l y .  These 
va lues  a r e  almost t w i c e  t h e  cor respond ing  va lues  o f  t h e  pe t ro leum j e t  fuel-DMP 
sediment which has t h e  fo rmula  C17H28N01,5: N,5.1; 0,8.4%. 

CgH NO1 5. Since DMP i s  

(D)  ESCA and Four ie r  Trans form I n f r a r e d  Spectroscopy 

ESCA and F T - I R  techn iques  have been used i n  t h e  study o f  depos i ts  
formed i n  sha le -der ived  j e t  f u e l ,  sha le -der ived  d i e s e l  f u e l ,  petroleum j e t  
f u e l ,  and coal  l i q u e f a c t i o n  p roduc ts  which have been sub jec ted  t o  severe 
hydro t rea tment  (upgraded H-coal and S R C - I 1  l i q u i d s ) .  The r e s u l t s  con f i rm  the  
f i n d i n g  t h a t  oxygen i s  r e q u i r e d  i n  fo rma t ion  o f  depos i t s  and t h a t  oxygen i s  
i nco rpo ra ted  i n  more than  one species.  We a r e  a l s o  us ing  these techn iques  t o  
s tudy  the  s t r u c t u r e  o f  t h e  s u l f u r  and oxygen species o f  t h e  depos i t  formed i n  
t h e  j e t  and d i e s e l  f u e l s ,  i n  t h e  presence o f  DMP and th iopheno l ,  f o r  t h e  
purpose o f  s tudy ing  synergism. 
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