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I N T R O D U C T I O N  

Al though l i g n i n s  a r e  major  c o n s t i t u e n t s  o f  v a s c u l a r  p l a n t s  
from which c o a l s  a r e  d e r i v e d ,  t h e i r  r o l e s  i n  t h e  c o a l i f i c a t i o n  
p r o c e s s  and r e s u l t i n g  c o a l  s t r u c t u r e s  have  n o t  been  d e f i n e d .  On 
t h e  b a s i s  of c h e m i c a l  and b i o l o g i c a l  d e g r a d a t i o n s ,  l i g n i n s  are 
c o n s i d e r e d  t o  b e  polymers  of p r o p y l p h e n y l  compounds, c o n i f e r y l  
a l c o h o l  and r e l a t e d  a l c o h o l s  (1-3). Because of t h e i r  g r e a t  abundance, 
h igh  r e s i s t a n c e  t o  b i o l o g i c a l  d e g r a d a t i o n  and c h a r a c t e r i s t i c  occur -  
r e n c e  i n  l a n d  p l a n t s ,  i s o l a t i o n  of c o a l  d e g r a d a t i o n  p r o d u c t s  r e l a t e d  
t o  t h e s e  l i g n i n  compounds s h o u l d  shed  some l i g h t  on t h e  r o l e s ,  i f  
any ,  p l a y e d  by l i g n i n s  d u r i n g  c o a l i f i c a t i o n  and i n  t h e  f i n a l  s t r u c -  
t u r e  of c o a l s .  To d a t e  such  s t u d i e s  have  had on ly  l i m i t e d  s u c c e s s .  

w i th  a l k a l i n e  s o l u t i o n s  t o  p roduce  l i g n i n - r e l a t e d  p h e n o l s  (4-61 ,  
t h i s  method h a s  no t  proved  t o  b e  u s e f u l  for c o a l s .  Reduc t ive  
d e g r a d a t i o n s  o f  s o i l  and c o a l - d e r i v e d  humic a c i d s  w i t h  sodium 
amalgam have been  r e p o r t e d  t o  p roduce  a v a r i e t y  of p h e n o l i c  compounds 
(9-10); however,  s e v e r a l  i n v e s t i g a t o r s  have found t h a t  t h i s  proce-  
du re  g i v e s  o n l y  a few p h e n o l s  i n  ve ry  small amounts ,  b e c a u s e  o f  t h e  
d e g r a d a t i o n  o f  p h e n o l i c  r i n g s  ( 1 1 - 1 2 ) .  

Many o x i d a t i v e  d e g r a d a t i o n s  have a l s o  been  c a r r i e d  o u t  t o  b reak  
c o a l  down i n t o  s i m p l e r  s p e c i e s ;  h o w e v e r , i s o l a t i o n  and i d e n t i f i c a t i o n  
of p h e n o l s  s u c h  as p-hydroxybenzene d e r i v a t i v e s ,  v a n i l l i c  and 
s y r i n g i c  g r o u p s ,  which a r e  c h a r a c t e r i s t i c  l i g n i n  o x i d a t i o n  p r o d u c t s ,  
have n o t  been  d e f i n i t e l y  conf i rmed  y e t .  I n  g e n e r a l ,  commonly used 
o x i d a n t s  d e s t r o y  p h e n o l i c  r i n g s  o r  g i v e  complex p r o d u c t s  (13-15). 
Some of t h e  o x i d a n t s  such  as n i t r o b e n z e n e  produce  r e a c t i o n  by- 
p r o d u c t s  t h a t  may i n t e r f e r e  w i t h  t h e  a n a l y s i s  of t h e  o x i d a t i o n  
p r o d u c t s  (16 -18) .  To o b t a i n  l i g n i n  o x i d a t i o n  p r o d u c t s  from c o a l s ,  
w e  r e s o r t e d  t o  t h e  a l k a l i n e  c u p r i c  o x i d e  o x i d a t i o n  method which has  
been s u c c e s s f u l l y  a p p l i e d  t o  a n a l y s i s  o f  l i g n i n s  i n  p l a n t s  (161 ,  
f u l v i c  and humic a c i d s  (18 -19) ,  and l a n d - d e r i v e d  mar ine  sed imen t s  
( 1 6 ) .  

Although f u l v i c  and humic a c i d s  have  been  degraded  s u c c e s s f u l l y  

EXPERIMENTAL 

Seven c o a l s  were used  i n  t h i s  s t u d y  ( T a b l e  1) .  To remove t r a p p e d  
o r g a n i c  m a t e r i a l s  (20-Zl), f o u r  c o a l s  ( s amples  1-4)  were e x t r a c t e d  
wi th  benzene-methanol  (3:1, r e f l u x i n g  f o r  48 h o u r s )  and 2 .5% a q . -  
N a O H  (20-35OC f o r  1 6  h o u r s )  b e f o r e  o x i d a t i o n .  S i n c e  t h e  a l k a l i n e  
e x t r a c t a b l e  m a t e r i a l  was found t o  be  n e g l i g i b l e  f o r  samples  5-7 
t h e s e  c o a l s  were o n l y  e x t r a c t e d  w i t h  benzene-methanol .  
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Each c o a l  sample ( 5 9 )  was o x i d i z e d  w i t h  a l k a l i n e  c u p r i c  o x i d e  
(51 .9  g of CuS04.5H20, 37 .3  g of NaOH and 185  m l  o f  H20) a t  2 0 0 ° C  
for 8-10 hour s*  by t h e  method of  Greene e t  a l .  ( 2 2 ) .  A f t e r  t h e  
r e a c t i o n  m i x t u r e  had c o o l e d ,  i t  was c e n t r i f u g e d .  The a l k a l i n e  
s u p e r n a t a n t  was a c i d i f i e d  w i t h  H C 1  t o  pH 2 .  A f t e r  c o n c e n t r a t i o n  o f  
t h e  a c i d i c  s o l u t i o n ,  t h e  s l u s h y  r e s i d u e  was r e p e a t e d l y  e x t r a c t e d  
w i t h  benzene -e the r  ( 1 : 3 ) .  The r e s i d u e  was f u r t h e r  e x t r a c t e d  w i t h  
me thano l .  M a t e r i a l s  s o l u b l e  i n  a l k a l i  o n l y  were  a l s o  i s o l a t e d  f rom 
a l l  samples .  To r e c o v e r  non-oxid ized  c o a l ,  t h e  a l k a l i n e  i n s o l u b l e  
r e s i d u e  was t r e a t e d  s e v e r a l  t i m e s  w i t h  c o n c e n t r a t e d  H C 1 ,  and  f i n a l l y  
washed w i t h  water. A summary of t h e  o x i d a t i o n  p r o d u c t s  i s  shown i n  
Tab le  2 .  

S o l i d  p robe  mass s p e c t r o m e t r i c  a n a l y s i s  ( 2 0 )  showed t h a t  
t h e  benzene -e the r  e x t r a c t s  c o n s i s t  main ly  o f  o r g a n i c  a c i d s .  There-  
f o r e ,  t h e s e  e x t r a c t s  were d e r i v a t i z e d  w i t h  d 6 - d i m e t h y l s u l f a t e  t o  
y i e l d  d3-methyl  l a b e l l e d  d e r i v a t i v e s .  The d e r i v a t i v e s  were a n a l y z e d  
by  GC-TOFMS and h i g h  r e s o l u t i o n  MS u s i n g  t e c h n i q u e s  which have  been  
p r e v i o u s l y  d e s c r i b e d  ( 2 0 ) .  A u t h e n t i c  samples  o f  p h e n o l i c  a c i d s  
d e r i v a t i z e d  w i t h  d 6 - d i m e t h y l s u l f a t e  o r  d iazomethane  were a l s o  ana- 
l y z e d  by GCMS for r e f e r e n c e .  

and 2 a r e  shown i n  F i g .  l a  and i n  F i g .  l b  w i t h  numbered p e a k s  iden -  
t i f i e d  i n  Table  3 .  The methanol  e x t r a c t s  and f r a c t i o n s  s o l u b l e  i n  
a l k a l i  o n l y  were found t o  c o n s i s t  e s s e n t i a l l y  o f  humic a c i d - l i k e  
m a t e r i a l s  by s o l i d  p robe  M S .  

To o b t a i n  d e t a i l e d  i n f o r m a t i o n  o f  t h e  CuO-NaOH o x i d a t i o n ,  con- 
t r o l  expe r imen t s  w i t h  15  model compounds and a polymer  were c a r r i e d  
o u t  u s i n g  t h e  p r o c e d u r e  employed for t h e  c o a l s .  The r e s u l t s  a r e  
shown i n  Tab le  4 .  

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

Gas chromatograms of t h e  d e r i v a t i v e s  o b t a i n e d  f rom samples  1 

A s  shown i n  Tab le  2 and  i n  Tab le  3 ,  most i n f o r m a t i v e  i s  t h e  
i d e n t i f i c a t i o n  of l a r g e  amounts o f  p-hydroxy and  3 ,4 -d ihydroxybenzo ic  
a c i d s  i n  t h e  o x i d a t i o n  p r o d u c t s  o f  s amples  1 and 2 .  These  are 
r e g a r d e d  as l i g n i n  o x i d a t i o n  p r o d u c t s .  It i s  i n t e r e s t i n g  t o  n o t e  
t h a t ,  w h i l e  no 0- and m-hydroxybenzoic a c i d s  were found i n  t h e  o x i d a -  
t i o n  p r o d u c t s  of samples  1 and 2 ,  a l l  t h r e e  i s o m e r s  were i d e n t i -  
f i e d  i n  small amounts  i n  o t h e r  r a n k  b i tuminous  c o a l s  ( s a m p l e s  3 ,  5 ,  6 ) .  
From sample  3, 3 ,4-d ihydroxybenzoic  a c i d  was a l s o  i s o l a t e d  i n  small 
amount,  however t h i s  compound was n o t  d e t e c t e d  i n  t h e  o x i d a t i o n  
p r o d u c t s  of o t h e r  b i tuminous  c o a l s  ( s amples  4 - 6 ) .  

q u a l i t a t i v e l y  s imi l a r  t o  t h o s e  of l i g n i t e  c o a l  ( s e e  T a b l e  2 ) .  
It i s  i n t e r e s t i n g  t h a t  b i tuminous  ( sample  4 )  gave  o r g a n i c  a c i d s  

3 
I n  g e n e r a l ,  l i g n i n ,  p l a n t  m a t e r i a l s ,  f u l v i c  and humic a c i d s  and 
mar ine  s e d i m e n t s  a r e  o x i d i z e d  a t  1 7 0 ° C  f o r  3-4 h o u r s ,  however  
t h i s  c o n d i t i o n  has been found t o  be n o t  s t r o n g  enough t o  o x i d i z e  
c o a l s .  
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i d e n t i f i e d  compounds were p-hydroxybenzoic  a c i d ,  4-hydroxy-1,3- 
b e n z e n e d i c a r b o x y l i c  a c i d ,  b e n z e n e  d i  and  t r i c a r b o x y l i c  a c i d s .  N o  
0- or m- i s o m e r  o f  hydroxybenzoic  a c i d  was d e t e c t e d .  We have  
found t h a t  s o l v e n t  e x t r a c t a b l e  h y d r o c a r b o n s  o b t a i n e d  f rom t h i s  
c o a l  c o n s i s t  m a i n l y  of  n-a lkane  ( C 1 1  t o  C31) .  T h i s  i s  q u i t e  d i f -  
f e r e n t  f rom o t h e r  r e s u l t s  which showed t h a t  a r o m a t i c  h y d r o c a r b o n s  
were t h e  major s o l v e n t  e x t r a c t a b l e  material  o f  s e v e r a l  b i t u m i n o u s  
and a n t h r a c i t e  c o a l s  ( 2 0 , 2 3 ) .  I n d e e d ,  p e t r o g r a p h i c  a n a l y s i s  shows 
t h a t  t h i s  c o a l  has a h i g h  c o n t e n t  o f  s p o r i n i t e  ( 1 4 . 3  w t  % )  and low 
c o n t e n t  o f  v i t r i n i t e  (30 .2  w t  % )  ( 2 4 ) .  A n t h r a c i t e  c o a l  ( sample  7 )  
d i d  n o t  y i e l d  a n y  o r g a n i c  s o l v e n t  e x t r a c t a b l e  o x i d a t i o n  p r o d u c t s .  

Some a c i d s  n o t  found i n  o x i d a t i o n  p r o d u c t s  o f  l i g n i n s ,  l a n d  
p l a n t s  and  marine s e d i m e n t s  were found i n  t h e  o x i d a t i o n  p r o d u c t s  o f  
c o a l s .  Among these were p h e n o l i c  d i  and t r i c a r b o x y l i c  a c i d s  and  
hydroxynaphthalenecarboxylic a c i d s .  From some s o i l  f u l v i c  and humic 
a c i d s ,  p h e n o l i c  p o l y c a r b o x y l i c  a c i d s  have  been  found i n  t h e  o x i d a -  
t i o n  p r o d u c t s  t o g e t h e r  w i t h  c o n s i d e r a b l e  amounts  of  f a t t y  a c i d s .  
T h e r e f o r e ,  p h e n o l i c  es te rs  o f  f a t t y  acids  are  c o n s i d e r e d  t o  b e  
p r e s e n t  i n  t h e s e  s o i l  a c i d s  ( 5 , 1 8 ) .  However, l i t t l e  o r  no f a t t y  
a c i d s  were o b s e r v e d  i n  t h e  c o a l  o x i d a t i o n  p r o d u c t s .  

T r i h y d r o x y b e n z o i c  a c i d  or i t s  methoxy d e r i v a t i v e s  ( s y r i n g i c  
group)  which are o b t a i n e d  f r o m  t h e  o x i d a t i o n  o f  l i g n i n s ,  f u l v i c  and 
humic a c i d s  a n d  mar ine  s e d i m e n t s  were n o t  found i n  any  o f  o u r  oxida-  
t i o n  p r o d u c t s .  We have  found t h a t  t h e  a u t h e n t i c  s y r i n g a l d e h y d e  
and 2 ,6-d imethoxyphenol  were l a r g e l y  d e g r a d e d  by t h e  o x i d a t i o n  
( T a b l e  l ! ) .  T h i s  may a c c o u n t  for t h e  f a c t  t h a t  w e  d i d  n o t  o b s e r v e  
them, however t h e  s y r i n g i c  g r o u p s  may have  been  degraded  d u r i n g  
c o a l i f i c a t i o n .  

A l l  p h e n o l i c  ac ids  i d e n t i f i e d  were found as OCD3-derivat ives .  
The mass s p e c t r a  showed the c o m p l e t e  a b s e n c e  o f  OCH3-group. It i s  
c o n f i r m e d  t h a t  no i s o t o p e  exchange  o f  t h e  H i n  OCH3 w i t h  D o c c u r r e d  
under  o u r  p r o c e d u r e s .  Although p a r t i a l  d e m e t h y l a t i o n  r e a c t i o n  d u r i n g  
t h e  o x i d a t i o n  c a n n o t  b e  e x c l u d e d  f rom t h e  c o n t r o l  e x p e r i m e n t  ( s e e  
Table  41 ,  i t  i s  p r o b a b l e  t h a t  t h e  p h e n o l i c  a c i d s  found were d e r i v e d  
main ly  from t h e  f i s s i o n  o f  e t h e r  l i n k e d  a r o m a t i c  s y s t e m s  as shown i n  
t h e  example be low r a t h e r  t h a n  from a r y l  methoxy u n i t s .  

H 
\ / H  

0 
I1 

R = a l k y l  ( C  2 1 ,  a r y l  
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I n d e e d ,  i t  i s  known t h a t  v e r y  l i t t l e  or no methoxy g r o u p s  are 
p r e s e n t  i n  b i t u m i n o u s  c o a l s  (25-26) .  I n  t h e  l i g n i t e  c o a l  ( sample  
1) a r y l  methoxy g r o u p s  are n o t  p r e s e n t  i n  s i g n i f i c a n t  amounts  ( 2 6 ) .  

Nonhydroxy b e n z e n e ,  n a p h t h a l e n e ,  p y r i d i n e  and t h i o p h e n e  c a r -  
b o x y l i c  a c i d s  and  humic a c i d - l i k e  mater ia ls  found i n  t h e  o x i d a t i o n  
p r o d u c t s  might  be d e r i v e d  from n o n - l i g n i n  or e x t e n s i v e l y  t r a n s -  
formed l i g n i n  p o l y m e r s .  

The o x i d a t i o n  of m e t h y l  g r o u p s  of a r o m a t i c  compounds has been  
found t o  be i n e f f e c t i v e .  T h e r e f o r e ,  r e l a t i v e l y  l a r g e  amounts  of  
m e t h y l - s u b s t i t u t e d  p h e n o l i c  and benzene  c a r b o x y l i c  a c i d s  were i s o -  
l a t e d  from the  c o a l  o x i d a t i o n .  O u r  c o n t r o l  e x p e r i m e n t s  a l s o  i n d i -  
c a t e d  t h a t ,  w h i l e  t h e  CuO-NaOH o x i d a t i o n  of a l c o h o l ,  a l d e h y d e ,  
k e t o n e ,  qu inone  and e t h e r  i s  e f f e c t i v e ,  m e t h y l  g r o u p s  and  m e t h y l e n e  
b r i d g e s  a r e  n o t  o x i d i z e d  s i g n i f i c a n t l y .  

CONCLUSIONS 

', 

1. Although one c a n n o t  r u l e  o u t  t h e  p o s s i b i l i t y  t h a t  p l a n t  
p o l y p h e n o l s  ( 2 7 )  c o u l d  be  one o f  t h e  i m p o r t a n t  p r e c u r s o r s  f o r  c o a l  
f o r m a t i o n ,  t h e  p r e s e n t  work shows t h a t  l i g n i n - l i k e  p o l y m e r s  have  
been  i n c o r p o r a t e d  i n t o  t h e  macromolecules  of c o a l s ,  and are s t i l l  
i d e n t i f i a b l e  i n  l o w e r  r a n k  c o a l s .  Evidence  f o r  t h i s  i s  t h e  i d e n t i -  
f i c a t i o n  of p-hydroxy- and 3 ,4-d ihydroxy-benzoic  a c i d s  which a r e  
known l i g n i n  o x i d a t i o n  p r o d u c t s .  

s t r u c t u r e s  i n c r e a s e d  i n  a r o m a t i c i t y  compared w i t h  t h e  o r i g i n a l  
l i g n i n s .  P h e n o l i c  p o l y c a r b o x y l i c  a c i d s  and  h y d r o x y n a p h t h a l e n e -  
c a r b o x y l i c  a c i d s  which were i d e n t i f i e d  are  n o t  found i n  t h e  CuO-NaOH 
o x i d a t i o n  p r o d u c t s  of l i g n i n s  and p l a n t  mater ia ls .  

polymers  o c c u r r e d  p e r h a p s  t h r o u g h  r e a c t i o n s  (28-29)  s u c h  as demethyla-  
t i o n ,  d e m e t h o x y l a t i o n ,  d e h y d r o g e n a t i o n ,  o x i d a t i o n ,  c l e a v a g e  of r i n g  
s t r u c t u r e s , r e - c o n d e n s a t i o n ,  e t c .  d u r i n g  c o a l i f i c a t i o n  from l i g n i t e  
t o  b i t u m i n o u s  and a n t h r a c i t e  c o a l s .  T h i s  i s  shown b y  t h e  f a c t  t h a t  
( a )  lower  r a n k  c o a l s  gave  h i g h e r  y i e l d s  of t h e  CuO-NaOH o x i d a t i o n  
p r o d u c t s ;  ( b )  h i g h e r  p h e n o l i c  a c i d / b e n z e n e c a r b o x y l i c  a c i d  r a t i o  i s  
shown f o r  t h e  lower r a n k  of c o a l s ;  ( c )  v e r y  l i t t l e  or n o  d i h y d r o x y -  
b e n z o i c  a c i d  was i d e n t i f i e d  i n  t h e  o x i d a t i o n  p r o d u c t s  of h i g h e r  r a n k  
c o a l s  ( samples  3-6); ( d )  more n a p h t h a l e n e -  and h e t e r o -  
c a r b o x y l i c  a c i d s  are found i n  t h e  o x i d a t i o n  p r o d u c t s  of h i g h e r  r a n k  
c o a l s .  F i n a l l y ,  major  p a r t s  of l i g n i n - l i k e  polymers  are t r a n s f o r m e d  
i n t o  n o n - l i g n i n  t y p e  polymers  a t  l a te r  s t a g e  of c o a l i f i c a t i o n .  
I n d e e d ,  t h e  l a t e r  c o a l i f i c a t i o n  p r o d u c t ,  a n t h r a c i t e  c o a l  ( sample  7 )  
d i d  n o t  y i e l d  any p h e n o l i c  a c i d  by t k e  o x i d a t i o n .  

t r a p p e d  i n  l i g n i t e  c o a l ,  and  have  found t h a t  t h e s e  a c i d s  are  q u a l i -  
t a t i v e l y  q u i t e  s i m i l a r  t o  t h o s e  o b t a i n e d  f r o m  t h e  p r e s e n t  o x i d a t i o n  
of t h e  same p r e t r e a t e d  c o a l .  This  i n d i c a t e s  t ha t  t h e  t r a p p e d  a c i d s  
were d e r i v e d  main ly  f rom t h e  o x i d a t i v e  d e g r a d a t i o n  of l i g n i n - l i k e  
polymers  d u r i n g  t h e  c o a l i f i c a t i o n .  We have  a l s o  o b s e r v e d  t h a t  no 
t r a p p e d  o r g a n i c  a c i d  i s  i s o l a t e d  f rom t h e  a n t h r a c i t e  c o a l  which  n o  
l o n g e r  c o n t a i n s  l i g n i n - l i k e  polymers .  
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Tab le  1 

Elemen ta l  A n a l y s i s  o f  Samples  (maf I )  
* 

No. Sample C H N S 0 H/C 
(by  d i f f )  

1 L i g n i t e  ( S h e r i d a n  Wyoming) 66.4 4.8 1.5 1.1 26.2 0.87 I 
2 Bituminous ( I L .  #2) 73.9 5.2 1.4 3.4 16.1 0.84 

3 Bituminous  ( I L  #6) 77.7 5.4 1.4 4.1 11.4 0.83 

4 Bituminous  (Ohio  PSOC#297) 80.5 5.6 1.6 2.9 9.4 0.83 

5 Bituminous ( P i t t .  #8) 82.0 5.5 1.4 3.7 7.4 0.70 

6 Bituminous  (Penn.  PsOc#258) 86.5 4.8 1.3 2.6 4.8 0.67 

7 A n t h r a c i t e  (Penn.  PSOC#85) 91.0 3.8 0 . 7  1.2 3.3 0 .50  

* 
A l l  samples  were p r e t r e a t e d  t o  remove s o l v e n t  e x t r a c t a b l e  t r a p p e d  
o r g a n i c  m a t e r i a l s  and  were d r i e d  a t  11O-12O0C f o r  16-18 h o u r s  unde r  
vacuum b e f o r e  o x i d a t i o n .  
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Table 2 

Surrnrary of CuC-NaOH Oxidation Products 

1 2 3 4 5 6 7 

Organic acid 35.3 19.6 17.1 7.0 14.7 1.3 - 
(Benzene-ether extract)  

(Methanol ex t r ac t )  
Humic acid B - < 1 . 0  5 1.5 16 .1  51.0 20.2 2.0 7.5 
(only aq. a l k a l i  soluble) 
Non-oxidized coalC 11.0 21.0 22.2 30.4 26.5 32.0 95.0 

W t  % of ident i f ied acids 

Humic acid A 54.3 61.0 46.2 9.3 39.5 69.5 - 

________________________I_______________---------------- 

d 

Phenolic 66.6 54.1 14.6 41.0 8.3 5.8 - 
Benzene carboxylic 26.0 36.2 69.4 50.2 62.7 76.7 - 
Naphthalene carboxylic 2.0 3.3 6.2 5.5 22.9 10.6 - 
Heterocyclice - 1 . 6  3.5 2.0 2.0 3.2 - 

2.6 1.0 1.4 - < 1.0 5 1 . 0  - Aliphatic dibasic - 
Others 2.8 3.8 4.9 1.3 3.5 3.0 - 

Ratio of Phenolbenzene Acid 2.56 1.49 0.21 0.82 0.13 0.07 - 

aSee Table 1 for in formt ion .  
b W t  % was obtained from coal sample on a dry, ash free basis. 

cSmll m u n t  of insoluble Cu-salts a re  present. 
dwt % w a s  obtained from each benzene-ether extract .  
from the gas chromtogram of t h e i r  E t h y l  e s t e r s .  

eThiophene- and pyridine carboxylic acids for samples 2-6, and pyridine 
tr icarboxylic ac ids  fo r  sample 1. 

Determination was made 

- 
Not found. 
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Table 3 

Organic Acids Identified as Their d -methyl Esters by GC-MS and 
High Resolution MS 

3 

- __- I 
Peak No. Compound 7 

I 

1 I 2 
I 3 4 

5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

1 6  
1 7  
18 
1 9  
20 
21 
22 
23 
211 
2 5  
26 
27 
28 
29 
30 

Succinic acid 
C3-dibasic acid 
Benzoic acid 
Methylbenzoic acid 
p-Hydroxybenzoic acid 
Hydroxytoluic acid 
1,2-Benzenedicarboxylic acid 
1,4-Benzenedicarboxylic acid 
1,3-Benzenedicarboxylic acid 
Methylbenzenedicarboxylic acid 
Dihydroxybenzoic acid 
Pyridinedicarboxylic acid 
3,4-Dihydroxybenzoic acid 
Dimethylbenzenedicarboxylic acid (naphthoic acid, minor) 
Hydroxybenzenedicarboxylic acid (4zhydroxy-1,3- 
benzenedicarboxylic acid, largest peak) 
Methylhydroxybenzenedicarboxylic acid 
1,2,4-Benzenetricarboxylic acid 
1,2,3-Benzenetricarboxylic acid 
1,3,5-Benzenetricarboxylic acid 
Methylbenzenetricarboxylic acid 
Pyridinetricarboxylic acid 
Naphthalenedicarboxylic acid 
Hydroxybenzenetricarboxylic acid 
1,2,4,5-Benzenetetracarboxylic acid 
1,2,3,4-Benzenetetracarboxylic acid 
1,2,3,5-Benzenetetracarboxylic acid 
Methylbenzenetetracarboxylic acid 
Dihydroxy-diphenyldicarboxylic acid ( T )  
Hydroxynaphthalenedicarboxylic acid 
Benzenepentacarboxylic acid 

T indicates that identification is tentative 
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Table 4 

CuC-NaOH Oxidation of Model Conpound at  2OO0C for 8-10 H o u r s  

Yield 
ml % Compound Type of Reaction Major Producta 

4-Methylbenzyl alcohol 
&Naphthyl methylcarbinol 

Benzaldehyde 
4-Methoxybenzaldehyde 
2,6-Dirrethoxyphenol 
Syringaldehyde 

Dibenzoylmthane 
1, 4-Naphthoquinone 
Phenylacetic ac id  
Diphenyl e t h e r  
Dibenzyl e ther  

Diphenyl mthane 
Poly-( 4-mthoxystyrene ) 
1-Me thylnaphthalene 
2,4-Dimethoxytoluene 
3,4-Dimethoxytoluene 

-CH20H -+ -COOH 4-Methylbenzoic acid 
-CH20H + -COOH 6-Naphthoic acid 

-CHO + - O H  Benzoic acid 

-CHO + -COOH 4-Hydroxybenzoic acid 
-OCH3 + -OH b 

-CHO -+ -COOH 3,4,5-Trihydroxybenzoic acid 
-CC-CH2- + - O H  Benzoic acid 

- C G C  -+ -COOH Phthalic acid 
-CH2-CO- -+ -COOH Benzoic acid 

-G + -OH Phenol 
-%C-GCH2- -+ -CWH Benzoic acid 

-C-C- -+ -GOOH Benzoic acid 

-C-C -+ -COOH 4-Hydroxybenzoic acid 
-C-C- + -COOH 1-Naphthoic acid 
-C-C- + -COOH 2,4-Dihydroxybenzoic acid 
-C-C- -+ - O H  3,4-Dihydroxybenzoic acid 

93 
77 
95 
09(45) 
- 

4.5c 
76 
9 1  
68 
67 
81 
11 

bd 
3 
5(58) 
7(52) 

a A l l  products were der ivat ized with d g - d h t h y l s u l f a t e  or  diazomthane, and 

bAbout 16.9 w t  % of the oxidation product was obtained under the same conditiom 

analyzed by GCMS. 

( 1 7 O O C  for 4 hours) employed for  plant  mterials, humic acids and m i n e  sedimw’is. 
The product consisted m i n l y  of polymerized material. 
hydroxy compounds (2-3%) was detected by EMS. 

Very  small amount of tri- 

‘Most of syringaldehyde was degraded. 

d ~ o w n  as w t  %. 
eNumber in parenthesis shows % of demthylat ion from -OCH3 group. 
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FIGURE C A P T I O N  

F i g .  l a .  Gas chromatogram of me thy l  e s t e r s  of t h e  o r g a n i c  a c i d  
f r a c t i o n  from l i g n i t e ;  F i g .  lb, from b i tuminous  c o a l .  The a n a l y s i s  
was c a r r i e d  ou t  on a Perkin-Elmer 3920B g a s  chromatograph  i n t e r -  
f a c e d  t o  a mod i f i ed  Bendix model 1 2  t i m e - o f - f l i g h t  mass s p e c t r o m e t e r  
w i t h  a v a r i a b l e  s p l i t  between a f l ame  i o n i z a t i o n  d e t e c t o r  and  t h e  
s o u r c e  o f  t h e  mass s p e c t r o m e t e r .  The s e p a r a t i o n  was made on a 
15 .2  m x 0 .51  nun SCOT column c o a t e d  w i t h  OV 1 7  and t e m p e r a t u r e  
programmed from 10O-25O0C a t  4 O C  min-1. 

\ 
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