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INTRODUCTION 

I n  our previous o x i d a t i v e  degradat ion s t u d i e s  (1-4) we have suggested t h a t :  
1) I n  add i t ion  t o  aromatic  r i c h  m a t e r i a l s ,  Wyoming l i g n i t e  c o a l  a l s o  con ta ins  
a l i p h a t i c  r i c h  m a t e r i a l s  t h a t  a r e  s i m i l a r  t o  type I kerogen. These a l i p h a t i c  r i c h  
m a t e r i a l s  a r e  not considered t o  be d i r e c t l y  r e l a t e d  t o  e x i n i t e  macerals ,  because 
pe t rog raph ic  a n a l y s i s  o f  t h e  coa l  shows a very low content  of  e x i n i t e  (21%). 2 )  
Lignin- l ike polymers a r e  incorporated i n t o  macromolecular m a t e r i a l s  of low r a n k  c o a l s .  
3 )  During ca t agenes i s  ( c o a l i f i c a t i o n  processes)  most of t h e s e  a l i p h a t i c  r i c h  m a t e r i a l s  
and l i g n i n - l i k e  polymers a r e  ex tens ive ly  transformed o r  degraded. 

I n  our  e f f o r t  t o  b e t t e r  understand t h e  t r ans fo rma t ion  of a l i p h a t i c  r i c h  m a t e r i a l s  
and l i g n i n - l i k e  polymers during ca t agenes i s ,  ox ida t ive  degradat ion s t u d i e s  of l i g n i t e ,  
subbituminous and bituminous coa ls  were car r ied  o u t  using d i f f e r e n t  ox idants .  For 
comparison wi th  c o a l  o x i d a t i o n ,  Green River kerogen and softwood and hardwood l i g n i n s  
were oxidized.  I n  o r d e r  t o  determine how phenol ic  s t r u c t u r e s  in  l i g n i n s  and l iqn in-  
l i k e  polymers have been a l t e r e d  du r ing  t h e  evo lu t iona ry  s t a g e s  o f  d i a g e n e s i s ,  
ca t agenes i s  and metagenesis ,  l i g n i n  or l i g n i t e  c o a l  w a s  heated wi th  c lay  minerals  
t o  produce a r t i f i c i a l  c o a l i f i c a t i o n  products .  Since t h e  n a t u r a l l y  occuring low 
temperature  t r ans fo rma t ions  may requi re  mi l l i ons  of  years ,  they cannot be dup l i ca t ed  
i n  t h e  l abora to ry  and ou r  a r t i f i c i a l  ca t agene t i c  r e a c t i o n s  must, t h e r e f o r e ,  be somewhat 
acce le ra t ed  by h ighe r  temperatures  (15O-20O0C). However, even temperatures  i n  t h i s  
range may be considered r e a l i s t i c ,  because many c o a l s  may have been sub jec t ed  t o  
such temperatures  due t o  dep th  of  b u r i a l  ( 5 ) .  An o x i d a t i v e  degradat ion s tudy  of 
t h e s e  a r t i f i c i a l  c o a l i f i c a t i o n  products  provided some evidence which he lps  e l u c i d a t e  
t h e  a l t e r a t i o n  o f  pheno l i c  s t r u c t u r e s  during ca tagenes is .  

EXPERIMENTAL TECHNIQUES AND RESULTS 

__ Sample. A l l  samples used i n  t h i s  s tudy  a r e  shown i n  Table 1. P r i o r  t o  the 
ox ida t ion  r e a c t i o n s  and o t h e r  experiments, so lven t  so lub le  t rapped o rgan ic  m a t e r i a l s  
were removed from t h e  samples as  descr ibed p rev ious ly  ( 2 , 6 ) .  

Oxidation. Since t h e  ox ida t ion  procedures used have been reported i n  d e t a i l  i n  

a )  m n O 4  ox ida t ion  wi th  buffer-control :  
o u r  e a r l i e r  work ( 1 , 2 ) ,  they a r e  d e s c r i b d o n l y  b r i e f l y  i n  t h i s  paper. A summary of 
t h e  ox ida t ion  r e s u l t s  i s  shown i n  Table 2 .  
A sample (39) methylated wi th  dg-dimethylsulfate  o r  d ime thy l su l f a t e  was oxidized a t  
8 0 ° C  with bu f fe r - con t ro l l ed  permanganate (300 m l  of  4.3% aq.  mn04 and 11.59 of  
MgS04.7H20) wi th  s t i r r i n g  f o r  14-20 hours (1st s t e p  o x i d a t i o n ) ;  t h e  i n s o l u b l e  
r e s i d u e  was f u r t h e r  oxidized under t h e  same cond i t ions  a s  t h e  1st s t e p  (2nd s t e p ) .  
The r e s idue  o f  t h e  second s t e p  was oxidized f u r t h e r  i n  a t h i r d  s t e p  u n t i l  most of 
t h e  carbon i n  t h e  sample was oxidized.  b )  CuO-NaOH ox ida t ion :  A non-methylated 
sample (59) was ox id ized  wi th  a l k a l i n e  c u p r i c  oxide (51.99 of CuS04-5H20, 37.39 
of NaOH and 185 m l  H 2 0 )  i n  a rocking s t a i n l e s s  s t e e l  au toc lave  a t  200' f o r  10 hours. 
This  ox ida t ion  was c a r r i e d  o u t  i n  a ni t roqen atmosphere. 

A r t i f i c i a l  ca t agenes i s .  A mixture of sample (2.59 of l i g n i n  o r  l i g n i t e  coa l )  
and 0.59 of montmori l loni te  c lay  mineral p r e t r e a t e d  wi th  5% HC1 was d r i e d  a t  100°C 
f o r  1 2  hours under vacuum, and was then placed i n  a 45cm x 2cm i . d .  qua r t z  t u b e  
s e a l e d  a t  one end and jo ined  t o  a metal valve a t  t h e  o t h e r  end. The sea led  end 
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was inser ted  t o  a depth o f  about 10cm i n  a t u b u l a r  furnace which was heated a t  150°C 
f o r  the l i g n i n  sample and 200°C for t h e  c o a l  sample. These experiments were c a r r i e d  
Out i n  t h e  absence of oxygen. During the  hea t ing ,  water and v o l a t i l e  m a t e r i a l s  w e r e  
evaporated and condensed on t h e  wa l l  of t h a t  p a r t  of t h e  q u a r t z  t ube  t h a t  w a s  o u t s i d e  
t h e  furnace and which remained a t  room temperature .  Af t e r  t h e  r e a c t i o n ,  t h e  mixture 
was ex t r ac t ed  wi th  benzene-methanol (3:l); t h e  e x t r a c t  was equal  t o  6.3% by weight 
Of t h e  o r i g i n a l  softwood l i g n i n  f o r  14 days hea t ing  and 9.1% f o r  28 days heat ing.  
The inso luble  r e s idue  was d r i e d  a t  100°C for 1 2  hours;  6 6 . 3 %  of t h e  carbon i n  t h e  
o r i g i n a l  sample remained i n  t h e  in so lub le  r e s idue  ( a r t i f i c i a l  product  1) a f t e r  14 
days heat ing and 57.8% a f t e r  2 8  days hea t ing  ( a r t i f i c i a l  product  2 ) .  
c a t agene t i c  r e a c t i o n  of Wyoming l i g n i t e  (100°C f o r  2 days,  150'C f o r  8 days and 
f i n a l l y  20OoC f o r  20 days)  produced o rgan ic  s o l v e n t  so luble  m a t e r i a l  (6.7 w t % )  and 
in so lub le  res idue  ( a r t i f i c i a l  product  3; 84.2% of carbon i n  t h e  o r i g i n a l  sample). 

A r t i f i c i a l  

Separat ion and i d e n t i f i c a t i o n .  In so lub le  non-vo la t i l e  samples or products  were 

Oxidat ion products  were e s t e r i f i e d  and analyzed by GCMS and 
analyzed by s o l i d  probe M S .  For each sample, about 50-70 s p e c t r a  were gene ra l ly  taken 
between 25OC and 5 0 0 T .  
HRMS. Non-volat i le  products  were examined by LC, s o l i d  probe MS and HRMS. 

Al ipha t i c  r i c h  mater ia l .  In  t h e  p a s t ,  a number of ox ida t ion  s t u d i e s  have been 
done t o  c h a r a c t e r i z e  t h e  nature  of a l i p h a t i c  s t r u c t u r e s  i n  coa l .  However, w i th  few 
except ions (7 ,8)  only short-chain a l i p h a t i c  mono and d i ca rboxy l i c  a c i d s  have been 
reported a s  ox ida t ion  products .  These r e s u l t s  have suggested t h a t  non-aromatic carbon 
i n  v i t r i n i t e  r i c h  coal  is p resen t  i n  t h e  form of s h o r t  methylene cha in  l i nkages  
between aromatic r i n g  c l u s t e r s ,  s h o r t  a l k y l  s i d e  c h a i n s ,  a l i c y c l i c s  and hydroaromatics. 
For l i g n i t e  c o a l ,  a s  p rev ious ly  reported ( 2 , 3 ) ,  t h i s  view is  no longer  adequate 
s i n c e  i n  the  s tepwise bu f fe r - con t ro l l ed  permanganate ox ida t ion  products  of t h e  l i g n i t e ,  
r e l a t i v e l y  la rge  amounts of unbranched a l i p h a t i c  d i ca rboxy l i c  a c i d s  ranging from C4- 
C 2 1  (with Cg most abundant) have been i d e n t i f i e d .  Branched d i ca rboxy l i c  a c i d s  (Cg- 
Cia) and t r i c a r b o x y l i c  a c i d s  ( C 6 - c ~ )  were i d e n t i f i e d  a l s o  but  i n  lower concen t r a t ions .  
Ph tha l i c  ac id  was t h e  most abundant aromatic ac id  i n  t h e  f i r s t  s t e p  ox ida t ion  pro- 
d u c t s ,  b u t  benzenetr icarboxyl ic  a c i d s  (1 ,2 ,4-  and 1,2,3-)  were t h e  most abundant 
a c i d s  i n  t h e  2nd and 3rd s t e p  ox ida t ion  products .  
i d e n t i f i e d  a r e  bel ieved t o  be der ived from m a t e r i a l  t h a t  i s  s i m i l a r  t o  type I 
kerogen. I n  t h e  bu f fe r - con t ro l l ed  ox ida t ion  o f  Kaiparowitz subbituminous c o a l ,  a 
series o f  unbranched a l i p h a t i c  d i ca rboxy l i c  a c i d s  up t o  C 1 4  was i d e n t i f i e d  i n  smaller 
amounts than those  i n  t h e  l i g n i t e .  The most abundant ox ida t ion  products  f o r  any of 
t h e s e  stepwise ox ida t ions ,  were t h e  1 , 2 , 4 -  and 1,2,3-benzenedicarboxylic a c i d s .  Very 
l i t t l e  o r  no long-chain d i ca rboxy l i c  ac ids  (C>8) were de t ec t ed  i n  t h e  ox ida t ion  
products  of high v o l a t i l e  and low v o l a t i l e  bituminous and a n t h r a c i t e  coa ls .  However, 
t h e r e  a r e  some except ions.  For example, long-chain a l i p h a t i c  d i ca rboxy l i c  a c i d s  a r e  
produced from t h e  ox ida t ion  (HNO3 or Na2Cr207) of HVC (9) and HVA ( 6 )  b i t m i n o u s  coa ls .  
However, these  coa ls  a r e  cannel  o r  cannel- l ike coa ls  which a r e  be l i eved  t o  have formed 
through d i f f e r e n t  evolut ionary pa ths  from those  o f  humic c o a l s .  

These long-chain d i ca rboxy l i c  a c i d s  

Oxidation r e s u l t s  of Green River kerogen concentrate  with bu f fe red  permanganate 
o r  chromic ac id  showed t h a t  more than  80% o f  t h e  ox ida t ion  products  a r e  a l i p h a t i c  
carboxyl ic  a c i d s  (monocarboxylic ac id  up t o  C29; d i ca rboxy l i c  a c i d  up t o  C ~ O ) .  
d i s t r i b u t i o n  p a t t e r n  of t h e s e  products  is s i m i l a r  t o  t h a t  of t h e  f i r s t  s t e p  ox ida t ion  
products  obtained e i t h e r  from buf fe red  permanganate o r  chromic ac id  ox ida t ion  of t h e  
l i g n i t e .  CuO-NaOH ox ida t ion  of t h e  kerogen a l s o  produced long-chain d i ca rboxy l i c  
a c i d s  (up t o  C18 wi th  max. a t  C g )  w i th  l e s s e r  amounts of phenol ic  and benzene- 
carboxyl ic  ac ids .  Of p a r t i c u l a r  i n t e r e s t  i s  t h e  f a c t  t h a t  t h i s  kerogen appears  t o  be 
a type of kerogen r e s u l t i n g  from con t r ibu t ions  of both a l g a l  and higher  p l a n t  ma te r i a l s .  

The 

Lignin- l ike polymer. As shown i n  our previous papers  (1). l a r g e  amounts of 
p-hydroxy-, 3.4-dihydroxybenzoic a c i d s  and 4-hydroxybenzenedicarboxylic a c i d s  which 
a r e  regarded a s  l i g n i n  ox ida t ion  products  were i d e n t i f i e d  i n  t h e  CuO-NaOH ox ida t ion  
products of low rank coa ls .  However, we have found t h a t  t h e  same ox ida t ion  of  high 
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rank coa l s  gave much lower y i e l d s  o f  phenol ic  a c i d s  wi th  no predominance o f  4-hydroxy 
isomers. Stepwise bu f fe r - con t ro l l ed  permanganate ox ida t ion  o f  methylated l i g n i t e ,  
subbituminous and W C  bituminous coa l s  h a s  been found t o  produce phenol ic  acids  i n  
good y i e l d  ( i n  p a r t i c u l a r  a t  t h e  l a t e r  s t e p s )  t oge the r  w i th  l a r g e  amounts of benzene- 
carboxyl ic  a c i d s .  It i s  i n t e r e s t i n g  t o  note  t h a t ,  while t he  CuO-NaOH ox ida t ion  o f  
t hese  coa l s  g i v e s  h ighe r  y i e l d s  o f  t o t a l  phenol ic  a c i d s  than  t h e  permanganate oxidat ion 
does,  t he  l a t t e r  gene ra l ly  produces more monohydroxybenzenetri-and t e t r a c a r b o x y l i c  
ac ids  a s  t h e  ox ida t ion  products .  This  shows t h a t  t he  CuO-NaOH ox ida t ion  i s  more 
e f f e c t i v e  a t  breaking 'up e t h e r  bonds bu t  much l e s s  e f f i c i e n t  f o r  degradat ion o f  
aromatic s t r u c t u r e s  bonded by C-C l i nkages  than  t h e  permanganate is. 
phenol ic  polycarboxyl ic  a c i d s  found r e s u l t  from t h e  o x i d a t i v e  degradat ion o f  more 
crossl inked p o r t i o n s  of t h e  macromolecular s t r u c t u r e s  a s  shown i n  t h e  example below. 

Perhaps these  

n 

HOOC 
CuO-NaOH 

> 

I i  

C'OOH 

R= a l k y l  or aryl 

Although many ox ida t ion  s t u d i e s  on  l i g n i n  have been c a r r i e d  o u t ,  for comparison, we 
oxidized methylated softwood and hardwood l i g n i n s  wi th  s t epwise  bu f fe red  permanganate. 
A s  expected, phenol ic  a c i d s  were major ox ida t ion  products  (see Table 2 ) ;  f o r  example, 
t h e  most abundant ac ids  obtained from softwood l i g n i n  were p-methoxy-, 3,4-dimethoxy-, 
3,4,5-trimethoxybenzoic a c i d s ,  4,5-dimethoxy-1,2-benzenedicarboxylic ac id  and i t s  
isomers, and 4,5-dimethoxybenzenetricarboxylic ac ids .  
and short-chain a l i p h a t i c  d i ca rboxy l i c  ac ids  were obtained i n  much sma l l e r  amounts. 
A few oxygen-containing he te rocyc l i c  a c i d s  were a l s o  i d e n t i f i e d  i n  n e g l i g i b l e  
amounts. 

Benzenecarboxylic a c i d s  

Tne permanganate o x i d a t i o n  of  a r t i f i c i a l  product  1 r e s u l t e d  i n  a d i s t r i b u t i o n  
p a t t e r n  of aromatic  a c i d s  produced t h a t  is intermediate  between those  of t h e  l i g n i t e  
and t h e  subbituminous c o a l .  The r e s u l t s  a r e  t h a t :  1) t h e  most abundant a c i d s  a r e  
benzenetr icarboxyl ic  a c i d s ,  2) t h e  y i e l d  o f  phenol ic  a c i d s  was 11% by w t  o f  t he  
t o t a l  oxidat ion p roduc t s  (cf .  >75 w t %  f o r  the l i g n i n s ) ,  3 )  a s  i n  t h e  case for 
c o a l s ,  no trimethoxybenzoic a c i d ,  which is one of t h e  major products  of l i g n i n  
ox ida t ion ,  was found, 4 )  fu ran ,  benzofuran, dibenzofuran and xanthone carboxyl ic  
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a c i d s  were i d e n t i f i e d ,  which a r e  found i n  t h e  o x i d a t i o n  products of l o w  rank c o a l s ,  
bu t  not  l i g n i n s ;  5 )  no long-chain a l i p h a t i c  carboxyl ic  a c i d s  were de tec ted .  The 
d i s t r i b u t i o n  p a t t e r n  of  t h e  oxida t ion  products obtained from a r t i f i c i a l  product 2 w a s  
very  similar t o  t h a t  of t h e  LV bituminous coal; t h a t  is, very smal l  amounts Of  phenol ic  
a c i d s  were produced and l a r g e  amounts of benzenecarboxylic ac ids .  Benzo and dibenzo- 
furancarboxylic a c i d s  were a l s o  found. 

These r e s u l t s  were a l s o  confirmed by s o l i d  probe M S  a n a l y s i s  of  softwood l i g n i n  
and i t s  a r t i f i c i a l  products.  A s  expected, major m a s s  peaks obta ined  from t h e  l i g n i n  
were due t o  mono- d i -  and trihydroxyphenols and t h e i r  methyl and/or methoxy d e r i v a t i v e s .  
On t h e  o t h e r  hand, prominent peaks from a r t i f i c i a l  product 1 c o n s i s t e d  mainly of  
fragments of monohydroxyphenol d e r i v a t i v e s  and alkylbenzenes.  Less i n t e n s e  peaks  
corresponding t o  indanes,  indenes,  naphthalenes,  dihydroxyphenols and oxygen c o n t a i n i n g  
he terocycl ics  were a l s o  seen. 
l i g n i t e  o r  subbituminous c o a l s  except f o r  t h e  l a c k  of  longer cha in  hydrocarbons, and 
N and S-containing he terocycl ics .  Of phenol ic  compounds, on ly  monohydroxy d e r i v a t i v e s  
were de tec ted  ( a s  minor peaks) i n  t h e  mass s p e c t r a  of  a r t i f i c i a l  product 2 a s  w e l l  
as i n  the  s p e c t r a  of high rank coals .  I t  is i n t e r e s t i n g  t o  note  t h a t  a r t i f i c i a l  
product 3 prepared from l i g n i t e  coal  showed very  s i m i l a r  a n a l y t i c a l  r e s u l t s  ( s o l i d  
probe M S ,  IR, H/C and O/C r a t i o s )  t o  those  of  LV bituminous coa l .  This e v i d e n t l y  
shows t h a t  l ign in- l ike  polymers i n  l i g n i t e  c o a l  a r e  ex tens ive ly  degraded by e i t h e r  
n a t u r a l  c a t a g e n e t i c  processes  or  a r t i f i c i a l  c o a l i f i c a t i o n  r e a c t i o n s .  I t  i s  known 
t h a t  dur ing  pyro lys i s  experiments (300-6OO0C) on l i g n i n  OK model compounds, r e a c t i o n s  
such as  demethoxylation o r  rearrangements of  phenyl propane u n i t s ,  e t c .  can o c c u r  
and furan and benzofurans (but  no t  dibenzofuran) can be formed (10). Our a r t i f i c i a l  
r e a c t i o n s  occur a t  much lower temperatures,  t h e r e f o r e ,  i t  is apparent t h a t  montmoril lonite 
c l a y  acce lera ted  t h e  c a t a g e n e t i c  processes.  

CONCLUSION 

These mass s p e c t r a  were very s i m i l a r  t o  those  Of 

From t h e  present  and previous s t u d i e s ,  we conclude t h a t :  1) a t  l e a s t  t h i s  l i g n i t e  
and subbituminous coa l  conta in  a l i p h a t i c  r i c h  m a t e r i a l s  which might have been derived 
from l i p i d s .  Such m a t e r i a l s  are no longer  i d e n t i f i a b l e  i n  h igher  rank c o a l s  except  
cannel c o a l ,  because of ex tens ive  degrada t ion  dur ing  ca tagenes is .  Indeed, t rapped  
v o l a t i l e  compounds e x t r a c t e d  from bituminous c o a l s  are predominantly a l i p h a t i c  
hydrocarbons which a r e  considered t o  be degradation products  from t h e  macromolecular 
m a t e r i a l s .  However, l i g n i t e  and a n t h r a c i t e  c o a l s  conta in  much l e s s  o f  t h e s e  hydro- 
carbons (11 ,12) .  As Tissoc and Welte ( 5 )  have also mentioned, dur ing  c a t a g e n e s i s  
a l i p h a t i c  carbon cha ins  and a l i c y c l i c s  i n  kerogen a r e  re leased  success ive ly  forming 
crude o i l  and gas. 2 )  During d iagenes is  and e a r l y  ca tagenes is  l i g n i n  polymers a r e  
transformed to l i g n i n - l i k e  polymers which a r e  incorporated i n t o  t h e  l o w  rank c o a l  
macromolecules. A t  a l a t e r  s t a g e  of ca tagenes is ,  t h e s e  polymers have l o s t  t h e i r  
l i g n i n - l i k e  na ture  as a r e s u l t  o f  continued and ex tens ive  t ransformat ion .  

Higher p l a n t s  a r e  composed l a r g e l y  of  c e l l u l o s e  and l i g n i n .  L i p i d s  and l i p i d -  
l i k e  substances and p r o t e i n s  a r e  a l s o  present  as minor components. Lignin is more 
r e s i s t a n t  t o  decay than  c e l l u l o s e  which is e a s i l y  removed by hydro lys is  d u r i n g  
d iagenes is  and e a r l y  ca tagenes is .  Thus, l i g n i n  or  l i g n i n - l i k e  polymers a r e  p r e f e r -  
e n t i a l l y  concentrated toge ther  with o t h e r  phenol ic  m a t e r i a l s  and l i p i d s  d u r i n g  t h e  
formation o f  p e a t  and low rank coal .  Since c e l l u l o s e  o r  carbohydrates a r e  known t o  
produce f u r a n s  and benzofurans by thermal degrada t ion  a t  over 300°C (13 ,14) ,  we 
may not  be a b l e  t o  exclude t h e  p o s s i b i l i t y  t h a t  some of  t h e  oxygen-containing hetero- 
c y c l i c s  found i n  t h e  s t r u c t u r e s  of c o a l  macromolecules were der ived  from c e l l u l o s e .  
However, on t h e  b a s i s  of  t h e  following r e s u l t s ,  we be l ieve  t h a t  t h e  major source  of  
t h e s e  he te rocycl ics  i s  t h e  abundant l i g n i n  m a t e r i a l .  

7 



We have found tha t  a r t i f i c i a l  c a t a g e n e t i c  r e a c t i o n s  r e a d i l y  tranform l i g n i n  
polymers i n t o  l i g n i n - l i k e  polymers which have oxygen-containing h e t e r o c y c l i c  s t ruc-  
tural  c o n s t i t u e n t s  such  as f u r a n ,  benzofuran, dibenzofuran and xanthone. In addi t ion ,  
demethoxylation of l i g n i n  s t r u c t u r a l  u n i t s  w a s  found t o  occur e a s i l y  dur ing  t h e  
reac t ions .  Somewhat s t r o n g e r  condi t ions  ( longer  r e a c t i o n  t ime o r  a l i t t l e  h igher  
temperature) employed f o r  prepara t ion  o f  a r t i f i c i a l  products2 and 3 ,  which may 
correspond t o  l a t e r  c a t a g e n e s i s  s tages ,  r e s u l t e d  in a d d i t i o n a l  t ransformat ion  and 
l o s s  of  l i g n i n - l i k e  c h a r a c t e r i s t i c s .  This may b e  t h e  f i r s t  c l e a r  experimental  
demonstration o f  t h e  way t h a t  c l a y  minerals can a f f e c t  t h e  course and r e s u l t  o f  
ca tagenes is .  
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Table 1 

Elemental Analysis of Samples (maf %) 

1 

C, H ,  N ,  S ,  0 ,  (by O i f f . )  H/C p/c ---- - No. samplea) 

1 
2 
3 
4 
5 
6 
7 
8 
9 Green River kerogen 77.5 1 0 . 1  2.4 1.4 8.6 

a )  For samples not  l i s t e d  here ,  see Ref. 1. b )  Samples provided by D r .  
(North Caro l ina  S t a t e  Univers i ty ,  Raleigh) 

Table 2 

L i g n i t e  (Sheridan Wyoming) 66.4 4.8 
Subbituminous (Kaiparowitz) 77.4 5.6 

Softwood l i g n i n b )  65.6 5.9 
Hardwood l i g n i n b )  63.1 5.8 
A r t i f i c i a l  product 1 69.7 5.2 
A r t i f i c i a l  product 2 78.3 5.0 
A r t i f i c i a l  Droduct 3 84.3 4.9 

HVC bituminous ( I L  #2) 73.9 5.2 

1.5 
1.2 
1.4 
<0.1 
<0.1 
<0.1 
CO.1 
1.3 

1.1 26.2 
0.3 15.5 
2.4 17.1 

<0.1 28.5 
<0.1 31.1 
<0.1 25.1 
<0.1 16.7 
0.9 8.6 

0.87 0.29 
0.87 0.15 
0.84 0.23 
1.08 0.33 
1.10 0.37 
0.90 0.27 
0.77 0.16 
0.69 0.08 
1.56 0.08 

R . J .  P r e t o ,  

Summary of  Buffer  Cont ro l led  Permanganatea) and CuO-NaOHb) Oxidation Products  

Sample 

:?t ,c) \ 1 2 3 4 5 6 7 9 

Organic a c i d s  52.1 41.3 51.5 19.3 21.2 57.2 52.1 57.8 

H u m i c  Acid-like 25.1 16.8 45.4 21.6 20.3 

Inso luble  res idued)  14.2 37.6 11.3 26.3 27.1 14.5 30.3 

(35.3) (19.6) (20.3) 

mater ia l  (55.3) (62.5) 

(11.0) (21.0) (49.3) 

W t %  o f  I d e n t i f i e d  Acids 
A l i p h a t i c  Dicarboxylic 11.0 

Al ipha t ic  Dicarboxylic 14.2 

Phenolic a c i d s  11.3 

Benzenecarboxylic Acids 54.7 

Oxygen-containing 6.7 

Others 2.1 

Acid 3 ( 1.8) 

Acids zC8 ( 0.8) 

(66.6) 

(26.0) 

Heterocyclic Acids (<1.0) 

9.5 6.3 

9.7 1.1 

10.4 8.3 

55.3 58.9 

5.8 6.2 

9.3 19.2 

( 1.0) 

(<0.1) 

(54.1) 

(36.2) 

(<1.0) 

2.5 2.2 4.3 2.4 11.8 
(13.2) 

<0.1 <0.1 <0.1 <0.1 69.3 
(53.0) 
3.4 87.3 74.8 11.0 1.5 

( 8.6) 
5.2 7.6 13.5 58.4 70.3 

( 9.3) 
<1.0 1.3 7.8 4.9 <0.1 

(<1.0)  
2.6 8.2 18.5 20.9 10.3 

( 3.8) ( 7.7) (14.9) 
a )  T o t a l  amounts ( w t % )  o f  3 s t e p  oxida t ion  products are shown. 

Data obtained from CuO-NaOH oxida t ion  a r e  shown i n  parentheses.  
W t %  was obtained from a sample on a d r y ,  a s h  f r e e  b a s i s .  Elemental a n a l y s i s  showed 
t h e  presence of  a s h  (1.5-5%) i n  organic  a c i d  f r a c t i o n  and humic a c i d - l i k e  m a t e r i a l  
r e s p e c t i v e l y .  
Inso luble  res idue  c o n s i s t s  o f  non-oxidized sample and p a r t i a l l y  oxidized m a t e r i a l  
which i s  n o t  s o l u b l e  i n  s o l v e n t s ;  w t %  was es t imated  from carbon a n a l y s i s  of t h e  
residue.  
W t %  was es t imated  from t h e  GC. For non-vola t i les ,  s o l i d  probe MS and HRMS were 
used. 
Polynuclear aromatic,S- and N- conta in ing  h e t e r o c y c l i c ,  a l i p h a t i c  monocarboxylic 
a c i d s  and u n i d e n t i f i e d  compounds. 

Blank spaces r e p r e s e n t  i s o l a t i o n s  and i d e n t i f i c a t i o n s  that  have not  been done o r  f o r  
which experimental  r e s u l t s  have not  y e t  been obta ined .  
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