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The methods f o r  o x i d a t i v e l y  f ragment ing  c o a l s  t o  i d e n t i f i a b l e  s t r u c t u r e s  
d i v i d e  themselves i n t o  two types .  In t h e  more t r a d i t i o n a l  type  a s  exempl i f i ed  
by oxygen, permanganate, chromate,  and n i t r i c  a c i d ;  benzy l i c  hydrogen a r e  
s e l e c t i v e l y  a t t a c k e d .  S ince  about h a l f  of t h e  a l i p h a t i c  hydrogens i n  
coa l s  a r e  benzy l i c ,  t he  r e s u l t  of t h i s  s e l e c t i v i t y  i s  t o  d e s t r o y  t h e  a l i p h a t i c  
s t r u c t u r e .  
t r i f l u o r o p e r o x y a c e t i c  a c i d  (TFPA), t h e  a romat ic  r i n g s  a r e  s e l e c t i v e l y  
a t t acked  and t h e  r eagen t  shows g r e a t  r e l u c t a n c e  t o  r e a c t  w i t h  benzy l i c  
hydrogen, a l though such  hydrogen may be u l t i m a t e l y  l o s t  i n  p a r t  due t o  
subsequent hydrogen s h i f t s .  The two types  of ox idan t s  compliment each o t h e r  
and provide  two of t h e  most e f f e c t i v e  methods f o r  i n v e s t i g a t i n g  t h e  chemica l  
s t r u c t u r e  of c o a l .  Although the  TFPA method i s  s t i l l  under development,  
e a r l y  r e s u l t s  on 27 c o a l s  can now be p resen ted .  

In t h e  newly d iscovered  ROf type  of r eagen t  a s  exempl i f i ed  by 

Products .  A l i p h a t i c  d i a c i d s  and t r i a c i d s  of  3-8 carbons  g e n e r a l l y  
account f o r  50-90% of t h e  observed p roduc t s .  Extens ive  model s t u d i e s  show 
t h a t  these  a r i s e  from hydroaromatic-aromatic p o l y c y c l i c  sys tems.  A minor 
f r a c t i o n  o f  t h e s e  p roduc t s  con ta in  OH o r  C=C groups .  
a l i p h a t i c  monoacid. It a r i s e s  from ary lmethyl  groups i n  70-80% y i e l d s  and 
t h e  amount of a c e t i c  a c i d  provides  t h e  b e s t  c u r r e n t  method f o r  de te rmining  
t h e  %C p re sen t  as a ry lme thy l .  This  va lue  i s  around 1% i n  most c o a l s  and 
inc reases  t o  about 3% on l i q u e f a c t i o n  of t he  c o a l .  Higher monoacids such 
a s  propanoic and bu tano ic  a r e  no t  observed from which i t  i s  concluded t h a t  
a r y l e t h y l  and a r y l p r o p y l  groups a r e  n o t  p re sen t  i n  the  c o a l s .  

The format ion  of methanol and methyl t r i f l u o r o a c e t a t e ,  is a measure 
of t he  amount of arylmethoxy but s p e c i a l  p recau t ions  must be taken  t o  t r a p  
these  v o l a t i l e  products .  These p recau t ions  were taken wi th  a l i g n i n  and 
a North Dakota l i g n i t e ,  and 15% of t h e  carbon was found t o  be p r e s e n t  i n  
arylmethoxy groups.  

Ace t i c  ac id  i s  t h e  on ly  

Benzene t r i a c i d s  and t e t r a a c i d s  a r i s e  from most c o a l s .  These p roduc t s  
do no t  a r i s e  from TFPA o x i d a t i o n s  of po lyaromat ics  of 1-5 r i n g s ,  po lya lky l -  
benzenes,  o r  any hydroaromatic-aromatic of 2-3 r i n g s .  They do form from 
TFPA ox ida t ion  of 5,12-dihydronaphthacene and t h e i r  format ion  from c o a l s  
presumably r e f l e c t  s t r u c t u r e s  of t h i s  type  i n  t h e  c o a l s .  

P h t h a l i c  a c i d  i s  t h e  dominant product  from TFPA o x i d a t i o n  of po lya romat i c s .  
I t  i s  r a r e  o r  absen t  from t h e  p roduc t s  from most c o a l s ,  b u t  becomes a major 
product from l i q u e f i e d  c o a l s  and c e r t a i n  a romat ic  c o a l s  such a s  PSOC-349. 
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Oxirane t r i c a r b o x y l i c  and t e t r a c a r b o x y l i c  a c i d s  are major p roduc t s  from 
v i r t u a l l y  eve ry  c o a l .  
aromatic-aromatic  s t r u c t u r e s .  

Model s t u d i e s  i n d i c a t e  t h a t  these a r i s e  from hydro- 

P y r i d i n e  p o l y a c i d s  a r e  minor p roduc t s  and a r e  t h e  only p r o d u c t s  which 
c o n t a i n  n i t r o g e n .  Pyridine-3,5-dicarboxylic a c i d ,  one p y r i d i n e  t r i c a r b o x y l i c  
a c i d ,  and one p y r i d i n e  t e t r a c a r b o x y l i c  a c i d  were observed.  The t w o  remaining 
p y r i d i n e  a c i d s  are more complex and c o n t a i n  a carboxyl  which does n o t  e s t e r f y .  
Model s t u d i e s  i n d i c a t e  t h a t  t h e s e  two p roduc t s  a r e  polycarboxypyridine-2-acetic 
a c i d s .  

Divergent  Coa l s .  S ix  of t h e  2 7  c o a l s  g i v e  p roduc t s  which d i v e r g e  
markedly from t h o s e  o f  t h e  remaining 2 1  c o a l s .  A Texas l i g n i t e  (PSOC-623) 
gave two unusual  p r o d u c t s  which accounted f o r  77% of GC peak a r e a s .  These 
two p roduc t s  appea r  t o  be a carboxybiphenyl  w i th  a l a c t o n e  b r i d g e  a c r o s s  t h e  
2,2 '  p o s i t i o n s  and a product of MW 286 which could be a n  acenaph thene t r i -  
c a r b o x y l i c  a c i d .  

A Utah c a n n e l  c o a l  (PSOC-155) gave anthraquinone a s  82% of t h e  GC peak 
a r e a s  and t h i s  one p roduc t  accounted f o r  23% of t h e  carbon i n  t h e  c o a l .  Th i s  
c o a l s  was a l s o  unusua l  i n  t h a t  42% of t h e  carbon was i n  unbranched a l i p h a t i c  
c h a i n s  of s i x  o r  more carbons.  A Kentucky Imboden c o a l  (PSOC-372) gave 
anthraquinone as 43% of GC peak a r e a s  and i s  ano the r  d i v e r g e n t  c o a l .  

One c o a l ,  PSOC-349 Pennsylvania  Lower C l a r i o n ,  c o n t a i n s  p o l y c y c l i c  
a romat i c  s t r u c t u r e s  as evidenced by p h t h a l i c  a c i d  a s  a major product  and 
c e r t a i n  p h t h a l i d e s  as minor p roduc t s .  T h i s  c o a l  resembled l i q u e f i e d  c o a l s  
and perhaps h a s  been s u b j e c t e d  t o  times and t empera tu res  e q u i v a l e n t  t o  
l i q u e f a c t i o n  c o n d i t i o n s .  

Two Utah c o a l s  (Bl ind Canyon PSOC-453 and Lower Sunnyside PSOC-459) 
had 15% and 28% of t h e  GC peak a r e a s  due t o  a product  of MW 268. This  product  
appea r s  t o  c o n t a i n  l i n e a r  a l i p h a t i c  c h a i n s  and is. e i t h e r  absen t  o r  a t r a c e  
p roduc t  i n  o t h e r  c o a l s .  

The above examples show t h a t  c e r t a i n  c o a l s  have a r i s e n  from unusual  
and s p e c i a l  c i r cums tances .  Th i s  could be an unusual  b i o o r i g i n  o r  an  
unusual  b i o d e g r a d a t i o n .  Only t h e  c a s e  of PSOC-349 does t h e  d i v e r g e n t  
n a t u r e  of t h e  p r o d u c t s  appea r  t o  a r i s e  from t h e  e f f e c t  of e l e v a t e d  temperature  
on t h e  coa l .  

Conclusions.  It is accep ted  t h a t  c o a l ,  petroleum, o i l  s h a l e ,  and t a r  
sands have d i f f e r e n t  b i o l o g i c a l  o r i g i n s .  The d a t a  h e r e i n  i n d i c a t e  t h a t  some 
c o a l s  can have r a d i c a l l y  d i f f e r e n t  b i o l o g i c a l  o r i g i n s  r e l a t i v e  t o  o t h e r  c o a l s .  
General ly  80% o r  more of t h e  GC peak a r e a s  were due t o  only 10-15 p roduc t s .  
These products  had u n u s u a l ,  s p e c i f i c ,  and n o n - t r i v i a l  s t r u c t u r e s .  This  
i n d i c a t e s  t h a t  c o a l s  s t i l l  r e t a i n  much of t h e  s t r u c t u r a l  s p e c i f i c i t y  of 
t h e i r  b i o o r i g i n s  and a r e  f o s s i l s  i n  t h e  s e n s e  of chemical  s t r u c t u r e .  It 

few y e a r s  a f t e r  d e p o s i t i o n  and were t h e  r e s u l t  of b a c t e r i a l  and funga l  
a c t i o n .  However, t h e r e  are excep t ions  such a s  PSOC-349 where t h e  a romat i c  
n a t u r e  could be a consequence of t imes and temperatures  e q u i v a l e n t  t o  t h e  
cond i t ions  of c o a l  l i q u e f a c t i o n .  

is s u g ~ s s ; ~ \ :  t h a t  :or ma=y coa l s  rG0st 0f chcm5cal cLangc3 c c G Z r c 2  ;:i.zhi.: 2 
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The c a t a l y s i s  of chemical changes by c l a y s  and o t h e r  mine ra l s  is  
dismissed as be ing  i n e f f e c t i v e  i n  a m a t e r i a l  a s  non-f lu id  a s  c o a l .  The 
e f f e c t s  of geo log ica l  p r e s s u r e  i s  d ismissed  on the  b a s i s  t h a t  t h e  known 
thermal  r e a c t i o n s  of c o a l  ( l i q u e f a c t i o n )  i nvo lve  bond d i s s o c i a t i o n s  t o  
benzyl and o t h e r  r a d i c a l s .  
and w i l l  be slowed by p r e s s u r e ,  n o t  a c c e l e r a t e d .  I n  summary, t h e  n a t u r e  
of t he  products  from TFPA o x i d a t i o n s  and t h e i r  pauc i ty  a long  wi th  o t h e r  
arguments sugges t  t h a t  most c o a l s  have undergone r e l a t i v e l y  l i t t l e  chemica l  
change over  g e o l o g i c a l  t ime a f t e r  t h e  e a r l y  changes due t o  decay p rocess .  

Such r e a c t i o n s  have p o s i t i v e  volumes of  a c t i v a t i o n  
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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 .  
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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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INTRODUCTION 

A l l  coa ls ,  o t h e r  than a n t h r a c i t e s ,  tend t o  be ve ry  s e n s i t i v e  t o  o x i d a t i o n .  
Even exposure t o  a i r  a t  ambient temperature causes d e t e r i o r a t i o n  t o  the e x t e n t  t h a t  
p r o p e r t i e s  such as s o l u b i l i t y ,  cak ing,  f l u i d i t y ,  t a r - y i e l d ,  e t c . ,  a re  adverse ly  
a f f e c t e d .  A l though the  loss o f  h e a t i n g  va lue  and decrease i n  t a r - y i e l d  due t o  
o x i d a t i o n  can be e x p l a i n e d  i n  terms o f  loss i n  hydrogen contents ,  d e t a i l s  o f  the 
chemical changes and the  mechanism o f  o x i d a t i o n  a r e  u n c e r t a i n .  There i s  agreement 
among coal  chemists t h a t  the i n i t i a l  s tages o f  a i r - o x i d a t i o n  i n v o l v e  chemiso rp t i on  
o f  oxygen a t  r e a d i l y  access ib le  su r face  s i t e s ,  b u t  f u r t h e r  d e f i n i t i o n  o f  the mech- 
a n i s t i c  pa th  a t  t h e  molecular  l e v e l  i s  s t i l l  c o n t r o v e r s i a l .  

A i r - o x i d a t i o n  renders coa l  i n c r e a s i n g l y  s o l u b l e  i n  a l k a l i  as 'humic a c i d '  
w i t h  u l t i m a t e  loss o f  20-308 carbon as carbon-oxides and 40-50% hydrogen as water .  
The s o l u b i l i z e d  c o a l ,  named as 'humic a c i d ' ,  i s  s p e c t r o s c o p i c a l l y  s i m i l a r  t o  the 
parent  coa l  except f o r  oxygen f u n c t i o n a l  groups i d e n t i f i e d  as pheno l i c  -OH, -COOH, 
and =CO (ketone and/or quinone) r e s p e c t i v e l y .  The pe r iphe ra l  molecular  changes 
associated w i t h  t he  fo rma t ion  o f  oxygen- funct ions a re  exp la ined  ( I )  by a scheme 
resembling the  gas-phase o x i d a t i o n  o f  naphthalene t o  p h t h a l i c  a c i d  and ma le i c  
anhydr ide i n  sequen t ia l  s teps .  The l i m i t i n g  elemental composi t ions o f  t h e  humic 
a c i d s  depend on the temperature o f  o x i d a t i o n ,  and tend t o  vary s l i g h t l y  w i t h  coal  
rank. Higher  temperature and/or h i g h e r  oxygen p a r t i a l  pressure acce le ra tes  the 
r a t e  o f  t h e  r e a c t i o n .  A t  temperatures beyond 250°C, a v i r t u a l  low-temperature 
combustion process s e t s  i n .  

I t  cou ld  be argued t h a t  p roduc t i on  o f  p h t h a l i c  anhydr ide by gas-phase 
o x i d a t i o n  o f  naphthalene i s  a c a t a l y t i c  process, and r e q u i r e s  temperature-pressure 
cond i t i ons  fa r  more severe than coa l -ox ida t i on .  Coals, in  c o n t r a s t ,  weather away 
under ambient c o n d i t i o n s ,  l e a v i n g  chemica l l y  i d e n t i c a l  'humic a c i d '  t h a t  can be 
generated by  a i r - o x i d a t i o n  a t  150-200%C. The r e a c t i v i t y  o f  coa l  f o r  e l e c t r o p h i l i c  
a t t a c k  by  oxonium ions  i s  t h e r e f o r e  h a r d l y  comparable t o  t h a t  o f  naphthalene, and 
i t  i s  u n l i k e l y  t h a t  the minera l  ma t te r  i n  coal  i s  a more e f f e c t i v e  o x i d a t i o n  
ca t a l  ys t than vanad i urn pentox ide.  

The fo rma t ion  o f  t r a n s i e n t  ketones o r  quinones du r ing  a i r - o x i d a t i o n  i s  i n -  
d i r e c t l y  demonstrated by  "ammoxidation" o f  coa l .  I f  t he  r e a c t i o n  i s  conducted i n  
an atmosphere o f  gaseous ammonia ( 2 ) ,  the r a t e  o f  r e a c t i o n  f a l l s  r a p i d l y  w i t h  p ro -  
g ress i ve  i n c o r p o r a t i o n  of n i t r o g e n  (as h i g h  as 20%) .  and the  reac ted  sol i d  r e s i s t s  
f u r t h e r  o x i d a t i n n .  I n  +he :cst-!~tzl ~ z = k z : ~ s , ~  Fsr t l i is  I - C a ~ i ; ~ ~ ~ ,  iiic i rans iorma- 
t i o n  o f  t r a n s i e n t  k e t o n i c  f u n c t i o n s  t o  n i t r o g e n  func t i ons  i n  the form o f  amide o r  
imide,  and f u r t h e r  s t a b i l i z a t i o n  o f  imido f u n c t i o n s  by o x i d a t i v e  r i ng -c losu re ,  a r e  
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put forward t o  e x p l a i n  the  r e f r a c t o r y  n a t u r e  o f  t h e  " a m o x i d a t i o n "  p roduc t  ( 2 b ) .  
The ketones may be  generated by o x i d a t i o n  o f  hydroxy l  groups, i n s e r t i o n  O f  oxygen 
i n  C-H bonds, o r  by o x i d a t i o n  o f  carbanion species.  

The presence o f  a l k a l i ,  e.g. sodium hydroxide, on the  o t h e r  hand, a c c e l -  
e ra tes  r a t e  o f  r e a c t i o n .  When coal  i s  s l u r r i e d  w i t h  aqueous sodium hydrox ide  and 
reacted w i t h  oxygen under pressure (and temperature as h i g h  as ZOOOC), a complete 
break-down o f  s t r u c t u r a l  components lead t o  aromat ic c a r b o x y l i c  ac ids  ( 3 ) .  T h i r t y  
t o  45 per  cent  o f  the t o t a l  carbon i s  recovered as  c a r b o x y l i c  a c i d s ,  and the re- 
mainder i s  l o s t  t o  carbon d i o x i d e .  No a t tempt  was made t o  demonstrate a mechanis- 
t i c  r o u t e  f o r  t h i s  process. However, r e a c t i o n s  o f  coal  w i t h  sodium dichromate a t  
250°C i n  an au toc lave  under autogenic p ressure  ( 4 ) ,  or w i t h  sodium h y p o c h l o r i t e  i n  
an open f l a s k  a t  60-65°C ( 5 ) ,  a l s o  des t roy  the s t r u c t u r a l  components t o  y i e l d  low- 
molecular weight c a r b o x y l i c  a c i d s .  I n  a l l  these r e a c t i o n s ,  the o x i d a t i o n  pa ths  
appear t o  be s u b s t a n t i a l l y  i d e n t i c a l ,  ( i f  one cons iders  the genera t ion  o f  the  p r o -  
ducts o n l y ) ,  and the carbon d i s t r i b u t i o n s  i n  the  produc ts  a t  the  comple t ion  o f  the 
reac t ions  a r e  q u i t e  s i m i l a r .  Whi le the  r e a c t i v i t y  f o r  o x i d a t i o n  decreases w i t h  
inc reas ing  rank, such dependence i s  e l i m i n a t e d  i f  the sample i s  p a r t i a l l y  a i r -  
o x i d i z e d  o r  'weathered ' .  Th is  can be r a t i o n a l i z e d  from the g e n e r a t i o n  o f  ketones 
i n  the hydrocarbon s k e l e t o n  o f  c o a l ,  which, i n  t u r n ,  would a c t i v a t e  ad jacent  carbon 
atoms f o r  f u r t h e r  o x i d a t i o n .  The step-wise o x i d a t i v e  degradat ion  o f  hydrocarbon 
chains ( 6 )  i s  supposed t o  f o l l o w  t h i s  course. However, coal  i s  n o t  an agglomera- 
t i o n  o f  hydrocarbon chains and a b e t t e r  mechanism (based on a s t r i c t l y  p h y s i c a l  
model) can be developed from the  concept o f  a ' s h r i n k i n g  c o r e ' .  The o x i d a n t  i s  
chemisorbed and reac ts  on the  sur face .  Wi th  a i r ,  the predominant process i s  r a p i d  
genera t ion  o f  humic a c i d  fo l lowed by secondary decomposi t ion o f  carboxyl  f u n c t i o n s  
as envisaged by Jensen e t  a l  (7)  and e l a b o r a t e d  by Berkowi tz  ( I ) .  I n  wet o x i d a t i o n ,  
the 'humic a c i d '  formed a t  the  o u t e r  l a y e r  o f  the  p a r t i c l e  i s  e x t r a c t e d ,  and f u r t h e r  
o x i d i z e d  i n  a homogeneous s o l u t i o n  phase; and a f r e s h  r e a c t i v e  s u r f a c e  i s  c rea ted  on 
the s h r i n k i n g  p a r t i c l e  f o r  c o n t i n u i n g  ' p r i m a r y '  o x i d a t i o n .  

But such a phenomenological d e s c r i p t i o n  does n o t  i n  i t s e l f  o f f e r  c l u e s  to 
a mechan is t i c  pa th  a t  the molecular l e v e l .  I t  merely d e f i n e s  ques t ions  t h a t  need 
t o  be answered, s p e c i f i c a l l y ,  

a. what are the a c t i v e  sur face  s i t e s  (and t h e i r  chemical p r o p e r t i e s )  a t  
which i n i t i a l  o x i d a t i o n  occurs? 

b. does the r e a c t i o n  i n v o l v e  r a d i c a l  o r  i o n i c  species,  o r  does i t  proceed 
by s imple i n s e r t i o n  o f  t h e  e l e c t r o p h i l i c  agent? 

c. which bonds are c leaved t o  generate l o w  molecular-weight compounds? and 

d. why i s  the r e a c t i v i t y  o f  t h e  o x i d a n t  i n s i g n i f i c a n t  i n  r e l a t i o n  t o  the 
r e a c t i v i t y  o f  t h e  c o a l ?  

SEARCH FOR A PROBE 

I n  c o a l - c o n s t i t u t i o n  s t u d i e s ,  o x i d a n t s ,  thought t o  be s e l e c t i v e ,  were used 
t o  exp lo re  the mechan is t i c  maze o f  c o a l - o x i d a t i o n .  However, i n  the c l a s s i c a l  work 
o f  Bone and Wheeler (8)  which was based on a l k a l i n e  potassium permanganate, t h e  
o x i d a n t  c leaved aromat ic  as w e l l  as a l i p h a t i c  C - C  bonds. L a t e r  work was devoted t o  
study the e f f e c t  o f  m i l d e r  ox idants .  
r e a d i l y  conver ts  coal  i n t o  humic a c i d  (which was q u i t e  h e l p f u l  because the humic 
a c i d  on r e d u c t i o n  w i t h  sodium amalgam y i e l d e d  d i s t i n c t i v e  p h e n o l i c  p roduc ts  i n  
which propyl-benzene s t r u c t u r e  o f  l i g n i n  cou ld  be i d e n t i f i e d ) .  Sodium dichromate 
( 4 ) ,  and sodium h y p o c h l o r i t e  ( 5 ) ,  intended f o r  r e a c t i o n s  w i t h  a l i p h a t i c  s t r u c t u r e s ,  
r e a d i l y  c leaved some coa ls  t o  products much l e s s  complex than humic a c i d  and y i e l d e d  
benzene po lycarboxy l  a c i d s  as major p roduc ts .  The s tudy  w i t h  dichromate was r e s t r i c -  

For example, aqueous p e r f o r m i c  a c i d  (9) 
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ted t o  hvb-coals,  whereas, w i t h  h y p o c h l o r i t e  f rom l i g n i t e  t o  Ivb-coa l  (C=90%) were 
reac ted .  P a r t i a l  o x i d a t i o n  o f  a romat ic  s t r u c t u r e s  by dichromate ions was suspected 
a long w i t h  the intended cleavage o f  a l i p h a t i c  C - C  bonds. The mechanism o f  hypo- 
c h l o r i t e  o x i d a t i o n  i s  n o t  f u l l y  understood. The r e a c t i v i t y  o f  c o a l s  toward hypo- 
c h l o r i t e  o x i d a n t  i s  rank-dependeot. React ion w i t h  coal  c o n t a i n i n g  more than 82% C 
i s  l i m i t e d  t o  s u r f a c e  degradat ion ;  loses 5-12% carbon presumably as CO2; and the 
r e s u l t e d  s o l i d  r e s i d u e  has h igher  oxygen conten t  than the parent  c o a l .  Yet, i f  the 
h igh- rank  coa ls  a re  p r e t r e a t e d  w i t h  n i  t ron ium t e t r a f l u o r o b o r a t e  (a  n i t r a t i n g  agent ) ,  
o r  a r e  p a r t i a l l y  o x i d i z e d  w i t h  a i r  a t  150"C, complete d i s s o l u t i o n  o f  coal  can be 
achieved. 

Pre t rea tment  w i t h  a n i t r a t i n g  agent shou ld  y i e l d  convent iona l  n i t robenzene 
d e r i v a t i v e s .  The n i t r o - g r o u p  g e n e r a l l y  d e a c t i v a t e s  aromat ic  r i n g s  f o r  e l e c t r o -  
p h i l i c  a t t a c k ,  and a c t i v a t e s  the  s i d e  c h a i n  f o r  o x i d a t i o n .  O e r i v a t i z a t i o n  migh t  
t h e r e f o r e  be expected t o  c o n f i n e  o x i d a t i o n  t o  a l i p h a t i c  s t r u c t u r e s  and t o  preserve 
aromat ic  r i n g s .  B u t  o n l y  3-6% o f  the  n i t r o g e n  o f  the n i t r o - c o a l  cou ld  be recovered 
a f t e r  h y p o c h l o r i t e  o x i d a t i o n ,  and t h e  produc t -mix tu res  contained q u i t e  i n s i g n i f i -  
can t  amounts o f  n i  tro-benzene s t r u c t u r e s  (IO). 

The puzz le  was unscrambled when i t  was observed t h a t  h i g h  rank coa ls  cou ld  
be more e x t e n s i v e l y  o x i d i z e d  when the  h y p o c h l o r i t e  was used i n  a two-phase (methy l -  
ene c h l o r i d e - w a t e r )  system, and tetrabutylammonium f l u o r o b o r a t e  was added as a 
phase- t rans fer  c a t a l y s t .  Table I shows the  r e s u l t s  o f  t h i s  study. 

Tab le  1 .  Two-Phase H y p o h a l i t e  Ox ida t ion :  Recovery o f  Carbon i n  Products 
(per  cent  carbon) 

Products hvb-coal  Ivb-coal  
(C 86, H 5.5) ( C  88.1, H 4 . 9 )  

Carbon d i o x i d e  13 .2  22.04 
V o l a t i l e  ac ids  (a) 1.8 3.0 
Hexane s o l u b l e  (Me-ester)  10.0 (b) 11.0 ( c )  
Hexane i n s o l u b l e  (Me-ester) 1.3 2.5 
MeOH-soluble ( a c i d )  9.0 14.1 
Unaccounted 10.0 10.0 
Oxidized i n s o l  u b l e  res idue 44.7  27.3 

(a) a c e t i c ,  c h l o r o a c e t i c ,  p r o p i o n i c  and malon ic  ac ids ;  (b) p h t h a l i c  ac id ,  94%; 
( c )  p h t h a l i c  a c i d  6 2 % ,  t r i c a r b o x y l  benzene 32% and te t racarboxy lbenzene 5%. 

I t  i s  no tewor thy  t h a t  i n  t h i s  system Ivb-coa l  i s  o x i d i z e d  t o  a g r e a t e r  ex- 
t e n t  ( g i v i n g  h i g h  y i e l d  o f  carbon d i o x i d e  and methano l -so lub le  a c i d s ) ,  than hvb- 
coa l .  S t r u c t u r a l  d i f f e r e n c e s  between these t w o  coa ls  a re  a l s o  revea led  i n  the 
r e s p e c t i v e  produc t  d i s t r i b u t i o n s .  From the hvb coa l ,  p h t h a l i c  a c i d  i s  a major 
p roduc t  ( i n  a d d i t i o n  t o  carbon d i o x i d e ) ,  and a s u b s t a n t i a l  f r a c t i o n  (44 .7% C) 
r e s i s t s  f u r t h e r  o x i d a t i o n  by t h i s  reagent.  From the I v b - c o a l ,  major products a re  
d i - ,  t r i -  and tetracarboxylbenzene; carbon d i o x i d e  y i e l d  i s  50% g r e a t e r  and o n l y  
27% carbon r e s i s t  f u r t h e r  degradat ion .  

I n  a p a r a l l e l  study o f  o x i d a t i o n  under the same c o n d i t i o n s ,  a polymer, 
e thy l -po lyv iny lbenzene.  was found t o  be unrpar . t i v r  in 8" n,- r? t2!yz=i  JZ ::c!! ;; i n  
a ca ta lyzed two-phase system. Even a f t e r  n i t r a t i o n  w i t h  n i t r o n i u m  t e t r a f l u o r o b o r a t e ,  
i t  d i d  n o t ,  l i k e  c o a l ,  break down t o  carbon d i o x i d e  o r  c h l o r o p i c r i n .  Only d i s c o l o r -  
a t i o n  and p a r t i a l  c h l o r i n a t i o n  were observed. The r e a c t i v i t y  o f  coa l  toward t h i s  
o x i d a n t  was found to  be very much g r e a t e r  than the r e a c t i v i t y  o f  b e n z y l i c  methylene 
o r  methine groups i n  e thy l -po lyv iny lbenzene polymer.  

The c a t a l y z e d  o x i d a t i o n  w i t h  h y p o h a l i t e  ions  o f  coal may n o t  be r e s t r i c t e d  
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t o  a l i p h a t i c  s t r u c t u r e s  o n l y .  
i n  p y r i d i n e  s o l u t i o n  have been used t o  o x i d i z e  a l i p h a t i c  s ide-chains ( 1 1 ) .  
coals ,  subbituminous, hvb and I vb ,  were t r e a t e d  w i t h  an excess o f  te t rabuty lamnonium 
pe rmngana te in  p y r i d i n e  a t  50°C and y i e l d e d  r e s u l t s  summarized i n  Table 2 .  

Table 2. 

Permanganate i ons  i n  the f o r m  o f  alkylammonium s a l t s  
Three 

Ox ida t i on  w i t h  Tetrabutylammonium Permanganate 

Coal 

s u b b i t  (C 78%) hvb (C 86%) I v b  (C 88%) 
Ox ida t i on  Data 

% Carbon recovered as 
so lub le  product  

Products, mole % 
Ace t i c  a c i d  
Propanoic a c i  d 
Butanoic  a c i d  
Pentanoic a c i d  
Succ in i c  a c i d  
G l u t a r i c  a c i d  
Ad ip i c  a c i d  
Octanedio ic  a c i d  
P h t h a l i c  a c i d  
Unknown peak 

9.5 

12.4 
3.3 

yes 

86.1 

Y 

6.2 

1 1 . 4  
4.9 
3.9 
4.5 

17.4 
0.7 
3 .O 

50.5 
3.5 
yes 

The mole pe rcen t  composi t ions were c a l c u l a t e d  f rom the  major i d e n t i f i e d  peaks i n  
the  gas chromatograms o f  t h e  methy l  es te rs .  The unknown peak i n  the chromatogram 
was assigned as 1,1,2-ethanetr icarboxy l  a c i d  f rom mass-spectral data and r e t e n t i o n  
time. The y i e l d  o f  t h i s  a c i d  f rom hvb coal  was g r e a t e r  than f rom the o t h e r  two; 
and, i f  the s t r u c t u r a l  assignment i s  c o r r e c t ,  the i s o l a t i o n  o f  t h i s  p roduc t  i n d i -  
cates the  presence o f  b r i dged  a l i p h a t i c  c o n f i g u r a t i o n s  i n  the pa ren t  coa ls .  I n  
con t ras t ,  the  large-component i n  the a c i d  m i x t u r e  was o c t a n e d i o i c  a c i d  (which must 
have de r i ved  f rom r i n g  s t r u c t u r e s  l a r g e r  than cyclohexane) and i s  present  i n  l e s s e r  
q u a n t i t y  (50% as compared t o  84-86%) i n  hvb coa l .  
y ie lded  s u c c i n i c ,  g l u t a r i c  and a d i p i c  ac ids ,  presumably by degradat ion o f  c y c l o -  
hexane r i n g s .  The s t r a i g h t  chain components, de r i ved  f rom o x i d a t i o n ,  a re  a lmost  
i d e n t i c a l  i n  a l l  t h ree  coa ls .  Though the  t o t a l  convers ion y i e l d s  a r e  i n  the  o r d e r  
of 10% on ly ,  t he  data a re  ve ry  s i g n i f i c a n t  t o  i n d i c a t e  the  s t r u c t u r a l  d i f f e rences  
between coals .  The concept o f  systemat ic  e v o l u t i o n  o f  rank by i nc reas ing  a romat i -  
za t i on  o f  hydroaromat ic  s t r u c t u r e s  i s  too e m p i r i c a l  t o  accomodate the r e s u l t s  o f  
t h i s  s tudy.  The presence of b r idged  a l i c y c l i c  and l a r g e  a l i c y c l i c  r i n g s  i n  t h e  hvb 
coal i s  demonstrated by these r e s u l t s ;  f u r t h e r  a t t e n t i o n  would focus t o  e s t a b l i s h  
whether these s t r u c t u r a l  f ea tu res  are unique f rom some coals  o r  belong t o  a s e t  
p a t t e r n  o f  coal  -cons t i  t u t  ion .  

Moreover, o n l y  the hvb coal  

CONCLUSION 

The above d i scuss ion  j u s t i f i e s  the theme o f  the p resen ta t i on .  Coal- 
o x i d a t i o n  i s  un ique i n  a mechan is t i c  sense, b u t  much more compl icated than would 
be expected f r o m  o x i d a t i o n s  o f  s tandard o r g a n i c  compounds. I t  i s  reasonable t o  
assume t h a t  a l i p h a t i c  s t r u c t u r e s ,  p a r t i c u l a r l y  b e n z y l i c  methy l ,  methylene o r  
methine groups, o r  carbon ad jacen t  t o  hetero-atoms a r e  the most reac t i ve ,  and a r e  
ox id i zed  t o  ketones o r  c a r b o x y l i c  ac ids .  I n  o r d e r  t o  degrade coal  t o  CO2 and water-  
so lub le  low-molecular-weight compounds by m i l d  ox idan ts ,  an abundance o f  these 
func t i ona l  groups must be assumed. However, the s t a b i l i t y  o f  e thy l -po l yv iny lbenzene  
polymer towards h y p o c h l o r i t e  o x i d a n t  i n d i c a t e s  t h a t  a c t i v a t i o n  o f  coal-carbon f o r  

13 



o x i d a t i o n  r e s u l t s  f r o m  fea tures  o t h e r  than e l e c t r o n e g a t i v i t y  o f  a romat ic  r i n g s .  
The uniqueness o f  t h e  c o a l - o x i d a t i o n  has t o  r e s t  on a d e s t a b i l i z i n g  f a c t o r  which 
makes even aromat ic s i t e s  v u l n e r a b l e .  

One may specu la te  t h a t  m i n e r a l  mat te r  i n  coal  i s  coord ina ted  w i t h  aromat ic 
s t r u c t u r e s ,  and t h a t  t h e  r e s u l t a n t  complexes a r e  d e s t a b i l i z e d  by e l e c t r o p h i l i c  
a t t a c k .  I f  a coal  i s  an entangled i n t e r p e n e t r a t i n g  macromolecular m i x t u r e  ( 1 2 ) ,  
the d e s t a b i l i z i n g  e f f e c t  would decrease w i t h  i n c r e a s i n g  compactness o f  the  phys ica l  
s t r u c t u r e  which accompanies inc rease i n  rank; h i g h e r  rank coa ls  would t h e r e f o r e  be 
less  r e a c t i v e .  However, i f  the  o x i d a n t  can a l s o ,  l i k e  minera l  mat te r ,  i n t e r c a l a t e ,  
i t  would open the s t r u c t u r e  up, and produce d e s t a b i l i z a t i o n .  The success of wet 
o x i d a t i o n  would then depend l e s s  on the o x i d a t i o n  p o t e n t i a l  than on the a b i l i t y  of 
the ox idant  t o  i n t e r c a l a t e .  The o x i d a t i o n  of I v b  coal  w i t h  ass is tance from phase- 
t r a n s f e r  c a t a l y s t s  i n  a two-phase system i s  c o n s i s t e n t  w i t h  t h i s  view. 

EXPERIMENTAL 

The subbi tuminous and I v b  c o a l s  a re  from A l b e r t a ,  Canada (Cretaceous),  and 
hvb coal i s  f rom V i r g i n i a ,  U.S.A.  (Carbon i fe rous) .  A l l  coa ls  a re  c leaned by 
g r a v i t y  separa t ion .  

Commercial b l e a c h  (0.8 molar s o l u t i o n )  was used f o r  h y p o c h l o r i t e  o x i d a t i o n .  
Tetrabutylammonium f l u o r o b o r a t e  was o f  e l e c t r o m e t r i c  grade supp l ied  by Southwestern 
A n a l y t i c a l  Chemicals Inc., A u s t i n ,  Texas. 

Tetrabutylammonium permanganate was prepared by exchange r e a c t i o n  between 
tetrabutylamnonium bromide and a n a l y t i c a l  grade potassium permanganate. 

Two-phase O x i d a t i o n  

5.0 g a i r - d r i e d  coa l  and 5.0 g t e t r a b u t y l a m o n i u m  f l u o r o b o r a t e  were placed 
i n  a 50 m l  d ichloromethane, and the  suspension a g i t a t e d  i n  an Erlenmeyer f l a s k  a t  
3 O o C  w h i l e  h y p o c h l o r i t e  solution was added a t  i n t e r v a l s  u n t i l  consumption o f  t h e  
o x i d a n t  ceased. The r e a c t i o n  r e q u i r e d  t h r e e  days f r o m  comple t ion .  The r e a c t i o n  
m i x t u r e  was then f u r t h e r  d i l u t e d  w i t h  dichloromethane, and separated i n t o  l a y e r s .  
The organ ic  l a y e r  conta ined the  ammonium s a l t  and was removed. The aqueous l a y e r ,  
a f t e r  a c i d i f i c a t i o n ,  was e x t r a c t e d  w i t h  e t h y l  e t h e r .  S o l i d  products f i l t e r e d  from 
the  aqueous l a y e r  were e x t r a c t e d  w i t h  methanol. The e t h e r - s o l u b l e  f r a c t i o n  was 
methylated w i t h  diazomethane, and the  e s t e r s  were separated i n t o  hexane-soluble 
and - i n s o l u b l e  f r a c t i o n s .  The composi t ion o f  the hexane-soluble f r a c t i o n  was 
determined by G.C.-mass spec t romet ry .  

Ox ida t ion  w i t h  T e t r a b u t y  1 ammon i um Permanganate 

5.0 g d r i e d  c o a l ,  20.0 g ox idant ,  and 75 m l  p y r i d i n e  were heated i n  a two- 
necked f l a s k  under h e l i u m  atmosphere a t  5 O o C ,  and mechan ica l l y  s t i r r e d  f o r  24  hours.  
The so lvent  was then d i s t i l l e d  o f f  under reduced pressure,  and the res idue d i l u t e d  
w i t h  water. Excess permanaganate was n e u t r a l i z e d  w i t h  sodium b i s u l f i t e ;  the  m i x t u r e  
a c i d i f i e d  w i t h  h y d r o c h l o r i c  a c i d ,  and f i n a l l y  f i l t e r e d .  The w a t e r - e x t r a c t  was 
washed w i t h  dichloromethane t o  separate t e t r a b u t y l a m o n i u m  s a l t ,  and t h e r e a f t e r  
con t inuous ly  e x t r a c t e d  w i t h  e t h y l  e t h e r .  The e t h e r - e x t r a c t  was methylated w i t h  
diazomecnane ana analyzed by G.C.-mass spec t romet ry .  
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A Novel Method f o r  C o n t r o l l e d  Oxida t ion*  

Ben M. Benjamin and Vernon F. Raaen 

Chemis t ry  D i v i s i o n ,  Oak Ridge N a t i o n a l  L a b o r a t o r y ,  
Oak Ridge,  Tennessee  37830 

The purpose of t h i s  paper  i s  t o  d e s c r i b e  a n o v e l  method f o r  t h e  o x i d a t i v e  degrada-  
t i o n  of c o a l  or o t h e r  o r g a n i c  m a t e r i a l .  The procedure  is p o t e n t i a l l y  u s e f u l  f o r  
s t r u c t u r e  d e t e r m i n a t i o n .  A s  o r i g i n a l l y  conce ived ,  t h i s  method w a s  i n t e n d e d  f o r  
use w i t h  aqueous p o t a s s i u m  permanganate  a s  o x i d a n t ,  b u t  i t  i s  e q u a l l y  a p p l i c a b l e  
w i t h  o t h e r  o x i d i z i n g  a g e n t s .  Sodium h y p o c h l o r i t e  can  be s u b s t i t u t e d  € o r  K??nOs 
e x c e p t  t h a t  c o n t r o l l i n g  t h e  pH and m o n i t o r i n g  t h e  end p o i n t  become more d i f f i c u l t .  
R e s u l t s  w i t h  p o t a s s i u m  permanganate  o n l y  w i l l  be  d e s c r i b e d  h e r e  b u t  sodium hypo- 
c h l o r i t e  w a s  t r i e d .  An advantageous  f e a t u r e  of t h e  method is t h e  s imul taneous  
removal of s o l u b l e  p r o d u c t s  f rom f u r t h e r  c o n t a c t  w i t h  o x i d i z i n g  a g e n t  a s  t h e  oxi -  
d i z i n g  a g e n t  a t t a c k s  t h e  s u b s t r a t e .  I n  p r i n c i p l e ,  t h e  e x p e r i m e n t a l  approach 
resembles  t h a t  of column chromatography.  

Any o x i d a t i v e  d e g r a d a t i o n  of a n a t u r a l  p roduct  f o r  s t r u c t u r e  d e t e r m i n a t i o n  i s  o f  
l i t t l e  use i f  c a r r i e d  o u t  t o o  f a r ;  f o r  example,  t o  t h e  s m a l l e s t ,  most  o x i d a t i o n -  
r e s i s t a n t  mater ia l s  such  as carbon d i o x i d e ,  a c e t i c  a c i d ,  and b e n z o i c  a c i d .  Potas -  
s ium permanganate  o x i d a t i o n s  of r e a c t i v e  s p e c i e s  such  as c o a l  and kerogen  a r e  
p a r t i c u l a r l y  d i f f i c u l t  t o  c o n t r o l .  P a r t i a l l y  o x i d i z e d  f ragments  which go i n t o  
s o l u t i o n  can  be  a t t a c k e d  more e f f e c t i v e l y  t h a n  t h e  s o l i d  s t a r t i n g  phase ,  a s i t u -  
a t i o n  which r e s u l t s  i n  l o s s  o f  s t r u c t u r a l  i n f o r m a t i o n .  
w e l l  a s  D j ~ r i c i c , ~  i n  t h e i r  c l a s s i c  works,  a t t e m p t e d  t o  p r e s e r v e  l a b i l e  p r o d u c t s  
by conduct ing  s t e p w i s e  p a r t i a l  o x i d a t i o n s .  
i n v o l v e  numerous m a n i p u l a t i o n s  t o  remove u n r e a c t e d  s t a r t i n g  m a t e r i a l  and manganese 
d i o x i d e .  Another  d i f f i c u l t y  i s  t h a t  p h e n o l i c   material^^,^,^ can  undergo c o u p l i n g  
r e a c t i o n s  t h u s  g e n e r a t i n g  l a r g e r  molecules  and g i v i n g  m i s l e a d i n g  r e s u l t s  due t o  a 
l a r g e r  number of s u b s t i t u e n t s .  

The procedure  i s  q u i t e  s i m p l e .  An example i s  d e s c r i b e d  f o r  t h e  d e g r a d a t i o n  of 
c o a l .  
C e l i t e  11503, and t h e  m i x t u r e  w a s  ground f u r t h e r  i n  a b a l l  m i l l .  The r e s u l t i n g  
powder w a s  t h e n  mixed w i t h  800 g of Celite. T h i s  m i x t u r e  was poured i n t o  a g l a s s  
column 5 cm by  130 cm which c o n t a i n e d  a pad o f  sand  and a pad o f  C e l i t e  6 cm t h i c k  
on a c o a r s e  s i n t e r e d - g l a s s  s l ippor t .  A 600-ml r e s e r v o i r  on t o p  o f  t h e  column was 
f i l l e d  w i t h  a s a t u r a t e d  aqueous s o l u t i o n  o f  po tass ium permanganate .  About 10 d a y s  
was r e q u i r e d  t o  p e r c o l b t e  t h e  s o l u t i o n  (790 g of KMnOl, i n  1 5  1 of w a t e r )  th rough 
t h e  column. Al though t h e  r e a c t i o n  r e q u i r e s  l i t t l e  a t t e n t i o n ,  t h e  t ime can be  
reduced c o n s i d e r a b l y  by r e d u c i n g  t h e  p r e s s u r e  a t  t h e  r e c e i v e r .  
r e a c t i o n  c o u l d  be  f o l l o w e d  by t h e  h e a t  d e t e c t e d  i n  a 5-cm band a s  t h e  r e a c t i o n  
p r o g r e s s e d  down t h e  column. The r e a c t i o n  was t e r m i n a t e d  when permanganate  c o l o r  
appeared  i n  t h e  C e l i t e  pad a t  t h e  bot tom of t h e  column. The o x i d a t i o n  was n e a r l y  
complete;  t h e  c o a l  l e f t  on t h e  column weighed only  4 g and c o u l d  b e  made t o  r e a c t  
w i t h  o n l y  5 g of KMnOr. Recovery of t h e  u n r e a c t e d  material gave a b o u t  1 g of a 
b l a c k  s o l i d  t h a t  resembled  amorphous carbon and t h a t  c o n t a i n e d  0.4 g of HF-soluble  
s i l i c e o u s  m a t e r i a l .  The a l k a l i n e  e f f l u e n t  from t h e  column w a s  e x t r a c t e d  w i t h  
e t h e r ;  t h e  e x t r a c t  c o n t a i n e d  a n e g l i g i b l e  amount (%0.05 g )  of n e u t r a l  m a t e r i a l .  
The volume of a l k a l i n e  s o l u t i o n  was reduced t o  500 m l  by means of a r o t a r y  evapo- 

Bone and coworkers ,2  a s  

These p r o c e d u r e s  a r e  cumbersome and 

I l l i n o i s  1/6 v i t r a i n  (100 g ground t o  < 250 uM) was mixed w i t h  100 g of 

The c o u r s e  of t h e  

r a t o r ,  c h i l l e d  on i c e ,  and a c i d i f i e d  w i t h  c o l d  6 E aqueous HC1.  The 

*Research s p o n s o r e d  by  t h e  O f f i c e  of F o s s i l  Energy,  U .  S. Department 
under  c o n t r a c t  W-7405-eng-26 w i t h  t h e  Union Carb ide  Corpora t ion .  

accompanying 

of Energy,  
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e v o l u t i o n  of CO, s topped  a f t e r  t h e  a d d i t i o n  of 2 .0  t o  2 . 1  moles  of H C 1 .  
boxy l i c  a c i d s  were removed by con t inuous  e t h e r  e x t r a c t i o n  f o r  1 5 0  h r  t o  a f f o r d  
52 .7  g of  c a r b o x y l i c  a c i d s .  A f t e r  e t h e r  e x t r a c t i o n  t h e  aqueous  phase  t h a t  remain- 
ed w a s  hea t ed  a t  40°C./50 Pa t o  remove t h e  w a t e r .  The r e s i d u a l  d r i e d  and  c rushed  
s a l t s  were  e x t r a c t e d  by p e r c o l a t i n g  b o i l i n g  t e t r a h y d r o f u r a n  through them f o r  24 h .  
Vacuum d i s t i l l a t i o n  of t h e  t e t r a h y d r o f u r a n  l e f t  24 g of a t acky  a lmos t -b l ack  
m a t e r i a l  t h a t  r e a d i l y  absorbed  m o i s t u r e  from t h e  a i r  and had a ca rame l - l i ke  o d o r .  
A sma l l  sample of t h a t  m a t e r i a l  was exchanged once wi th  UzO, pumped d r y ,  and a g a i n  
d i s s o l v e d  i n  D z O  f o r  n.m.r.  measurements on a 100-MHz i n s t r u m e n t .  The n .m. r .  
spec t rum showed f i v e  b road  peaks  between 1 . 4  and 5 ppm. 
measured wi th  r e s p e c t  t o  MesSi ( e x t e r n a l ) .  The spec t rum c o n s i s t e d  of a s m a l l  peak  
a t  1 . 4  ppm, l a r g e  peaks a t  1 . 8 5  and 3 .68  ppm, and i n t e r m e d i a t e  s i z e d  peaks  a t  4 .35  
and 4.95 ppm. The m a t e r i a l ,  which c o n t a i n e d  hydroxy la t ed  a l i p h a t i c  a c i d s ,  was n o t  
i n v e s t i g a t e d  f u r t h e r .  

One a l i q u o t  of t h e  e t h e r - e x t r a c t e d  a c i d s  was p a r t i a l l y  d i s t i l l e d .  Another  a l i q u o t  
was conve r t ed  t o  t h e  14C-methyl e s t e r s  f o r  a n a l y s i s  on a gas  chromatograph  
equipped  wi th  a r a d i o a c t i v i t y  mon i to r .  Normal a l i p h a t i c  a c i d s  through b u t y r i c  
a c i d  were i s o l a t e d  a long  w i t h  t h e  d i b a s i c  o x a l i c ,  s u c c i n i c ,  2-methyl s u c c i n i c ,  and 
g l u t a r i c  a c i d s .  The n .m. r .  spec t rum i n d i c a t e d  t h e  p re sence  of malonic  and  p i m e l i c  
a c i d s ,  b u t  t h o s e  a c i d s  cou ld  n o t  be  i s o l a t e d  i n  amounts s u f f i c i e n t  f o r  i d e n t i f i c a -  
t i o n  by o t h e r  means. The a romat i c  a c i d s :  benzo ic ;  2-, E-, and p - p h t h a l i c ;  
3-methyl p h t h a l i c ;  4-methyl p h t h a l i c ;  h e m i m e l l i t i c ;  and t r i m e l l i t i c  w e r e  found. 
Formic,  a c e t i c ,  o x a l i c ,  s u c c i n i c ,  and t r i m e l l i t i c  a c i d s  were most abundan t .  
Van Krevelen7  cons ide red  i t  s i g n i f i c a n t  t h a t  benzo ic  a c i d  had n o t  been  found i n  a 
s i n g l e  c a s e  where conven t iona l  o x i d a t i o n  p rocedures  were  used ,  b u t  w e  showed by  
i s o t o p e  d i l u t i o n  t h a t  a s m a l l  amount of  benzo ic  a c i d  was formed i n  t h e  s i n g l e  
s t a g e  o x i d a t i o n  of I l l i n o i s  C6 v i t r i n i t e  u s i n g  po ta s s ium permanganate.  I n  t h i s  
s t u d y ,  a t t e m p t s  t o  i s o l a t e  m e l l i t i c  a c i d  (benzenehexacarboxyl ic  a c i d )  by t h e  
method of Bone et.2 were u n s u c c e s s f u l .  
p rocedure  i s  much less than  t h e  approx ima te ly  40% r e p o r t e d  by Bone eta1.' 

E f f o r t s  t o  economize on t h e  use  of  Celite were d i s a s t r o u s  - t h e  p r e s s u r e  produced 
by i n  s i t u  gene ra t ed  manganese d i o x i d e  i n v a r i a b l y  b u r s t  t h e  t u b e s .  No d i f f i c u l t y  
w a s  expe r i enced  when a t  l e a s t  8 t o  10 p a r t s  (w/w) of C e l i t e  was mixed w i t h  1 p a r t  
of t h e  ground c o a l .  Flow rates were a l s o  improved by t h e  h i g h e r  C e l i t e - t o - c o a l  
r a t i o s .  

Not a l l  c o a l s  are a d a p t a b l e  t o  t h i s  p rocedure ;  Nor th  Dakota l i g n i t e  (PSOC-246) i s  
u s u a l l y  o x i d i z e d  through t h e  f i r s t  15  c m  of t h e  column, and t h e n  t h e  f l o w  s t o p s .  
The p lugg ing  of t h e  column might  be  caused  by t h e  fo rma t ion  of Al(OH)3 o r  by 
chemica l  comminution of t h e  c o a l  which may produce  t h e  l a y e r  of b l a c k  s u b s t a n c e  
t h a t  forms  on t h e  s i n t e r e d - g l a s s  s u p p o r t .  M a t e r i a l s  t h a t  are s o l u b l e  i n  a non- 
r e a c t i v e  s o l v e n t  are e a s i l y  d i s p e r s e d  i n  C e l i t e  by tumbl ing  them t o g e t h e r  w i t h  t h e  
s o l v e n t  and Cel i te  i n  a r o t a r y  e v a p o r a t o r  and  them removing t h e  s o l v e n t  under  
vacuum. This  method of d i s p e r s a l  was used  i n  t h e  o x i d a t i o n  p rocedure  d e s c r i b e d 8  
f o r  4 - m e t h y l - 2 , 6 - d i - ~ - b u t y l p h e n o l ,  a compound found9 t o  be  l o o s e l y  bound t o  
Ya l lou rn  brown c o a l .  I t  i s  i n t e r e s t i n g  t o  compare t h e  r e s u l t s  of a b a t c h  oxida-  
t i o n  of  t h e  above h inde red  pheno l  w i t h  t h e  r e s u l t s  o f  t h e  c o n t r o l l e d  column (or 
p e r c o l a t i o n )  o x i d a t i o n .  A b r i e f  accoun t  i s  g iven  h e r e  and f u r t h e r  d e t a i l s  can  be 
found i n  Ref.  8. Batch o x i d a t i o n  of 4 - m e t h y l - 2 , 6 - d i - z - b u t y l p h e n o l  gave p r i n c i -  
p a l l y  t h e  two d imers ,  4 , 4 ' - e t h y l e n e - b i s [ 2 , 6 - d i - ~ - b u t y l p h e n o l ]  (&) and 2 , 2 ' ,  
6 , 6 ' - t e t r a - z - b u t y l - l , l ' - s t i l b e n e q u i n o n e  (2) and a smaller amount of  a n o t h e r  
dimer 2 , 6 - d i - ~ - b u t y l - 4 - ( 3 ' , 5 ' - d i - ~ - b u t y l - 4 ' - h y d r o x y b e n z y l ) - 4 - m e t h y l - 2 , 5 -  
cyclohexadiene-1-one (3 ) ,  F igu re  1. Although sma l l  amounts of o t h e r  compounds 
were i s o l a t e d ,  i t  i s  obvious  t h a t  f u r t h e r  o x i d a t i o n  would g i v e  d e r i v a t i v e s  o f  A, 
1, and 2, r e f l e c t i n g  t h e i r  s t r u c t u r e  r a t h e r  t h a n  t h a t  of  t h e  s t a r t i n g  material. 

The c a r -  

The chemica l  s h i f t s  were  

The y i e l d  of C o p  i n  t h e  p e r c o l a t i o n  
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The c o n t r o l l e d  o x i d a t i o n  of 4 - m e t h y l - 2 , 6 - d i - ~ ~ - b u t y l p h e n o l  d i d  no t  g i v e  d imers  
i n  t h e  column e f f l u e n t .  A s m a l l  y i e l d  o f  a m i x t u r e  o f  n e u t r a l  compounds was i s o -  
l a t e d .  These compounds, $,, 2, $, x,.Q, 2, a are d e s c r i b e d  i n  F i g .  2 .  The a c i d  
f r a c t i o n  c o n t a i n e d  f o r m i c  a c i d ,  ace t ic  a c i d ,  and p i v a l i c  a c i d  and a m i x t u r e  o f  
hydroxy and k e t o  a c i d s  which c o u l d  n o t  be s e p a r a t e d .  

Compound 4 c o n t a i n s  a CH2 group .  
accompanied by hydrogen  m i g r a t i o n .  
c o n t r a c t i o n  w h i l e  I, 2, and 10 are more l i k e  t h e  o r i g i n a  z m a t e r i a l .  

Al though t h e  l a t t e r  r e s u l t s  d e m o n s t r a t e  t h e  complex n a t u r e  of i n t e r p r e t i n g  ox ida -  
t i o n  results in terms of s t r u c t u r e ,  w e  b e l i e v e  t h e  method p r e s e n t e d  h a s  v a l u a b l e  
p o t e n t i a l .  The scope  of t h e  method s h o u l d  be e x t e n s i v e l y  i n v e s t i g a t e d  w i t h  o t h e r  
o x i d i z i n g  a g e n t s  and model  compounds, and w e  o f f e r  o u r  i n i t i a l  r e s u l t s  f o r  a start 

It p r o b a b l y  i s  d e r i v e d  from t h e  a r o m a t i c  r i n g  
Compounds ,5, $, and a r e  t h e  r e s u l t  of r i n g  , 

lllr 

i n  

1. 

2.  

3 .  

4 .  

5. 

6. 

7. 

8. 

9 .  

t h a t  d i r e c t i o n .  
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Fioure 1 .  Products of batch o x i d a t i o n  o f  4-nrethyl-2.6-di- 
- ter t -buty lnhenol  wi th  ootassium oernanqanate. 

7 - 6 - 5 
LI 

Fiqure 2. Products of column o x i d a t i o n  o f  4 - r 1 e t h y l - 2 , 6 - d i - ~ - b u t y l p h e n o l  w i t h  Dotarsiurn 
Perman jana t e  
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THE FATE OF SULFUR FUNCTIONS ON OXIDATION WITH PEROXYTRIFLUOROACETIC ACID 

Clifford G .  Venier, Thomas G. Squires,  Yu-Ying Chen, 
Ju l iana  C. Shei,  Robert M. Metzler, and Barbara F. Smi th  

Ames Laboratory*, Iowa S ta t e  University, Ames, Iowa 50011 

Oxidation has long been one of  t he  primary tools used t o  probe the  chemical 
s t ruc ture  of coa l (1) .  The newest method i s  t h a t  developed by Deno, who reported 
t h a t ,  while the aromatic portions of molecules were rapidly degraded by reaction with 
hydrogen peroxide in t r i f l uo roace t i c  acid,  t he  a l ipha t i c  skeleton i s  r e l a t ive ly  i n e r t  
t o  the reagent (2,3,4), equation 1) .  
tassium permanganate or potassium dichromate, are known t o  preferen t ia l ly  oxidize 
the a l ipha t i c  po r t ions  of alkylated aromatics, equation 2 ) .  

In cont ras t ,  c lass ica l  oxidants,  such as po- 

Den0 claimed t h a t  this 

CF CO H, H202 
CH3CH2CH2@ - 3 2  > CH 3 2 2  CH CH -COOH 1 )  

new degradation will  be useful i n  the determination of coal s t ruc ture  and has re- 
cently published s t ruc tu ra l  s tud ies  based on peroxytrifluoroacetic acid oxidations 
(5-9).  

We believe t h a t  t h i s  oxidation might be very useful i n  the  determination of 
the kinds and amounts of organic s u l f u r  functional groups i n  coa l ,  based on  the f o l -  
lowing considerations: 

1. Of a l l  the  func t iona l i t i e s  proposed f o r  coal (see Figure l ) ,  those con- 

2. 
t a in ing  d iva len t  ( s u l f i d e )  su l fu r  are  l i ke ly  t o  be the most nucleophilic.  
With a powerfully e l ec t roph i l i c  oxidant,  such as peroxytrifluoroacetic 
acid,  the  most nucleophilic atoms, the su l fu r s ,  will  be the most readi ly  
oxidized. 
The func t iona l i t i e s  r e su l t i ng  from the  oxidation of divalent s u l f u r ,  namely 
sulfones and sulfonic ac ids ,  are electron-withdrawing groups. 
Since the  mechanism of the e l ec t roph i l i c  oxidation of aromatic rings in- 
volves the  rings as sources of e lec t rons ,  electron-withdrawing subs t i -  
t uen t s ,  in  pa r t i cu la r ,  402R and -SO H ,  will  re ta rd  the  oxidation of 
rings t o  which they a re  chemically a?tached. 

3. 

4. 

On the  basis of these assumptions, we would expect aromatic rings d i r e c t l y  
attached t o  su l fur  in coal t o  survive l e s s  than exhaustive oxidation and appear ir. 
the  products as 
s t ruc ture  of coal will  be completely oxidized, the higher molecular weight portion 
o f  the products should be enriched in compounds containing su l fu r  (see Figure 2 ) .  

.--.- dIIvlld bl lob a~=ut~t, , , .~"~~ L t i a ~  bu? iur L U I I I ~ U U I I ~ ~ ~  dre rapiriiy oxidized 
i s  t rue  fo r  most su l fu r  functions.  

sulfones and su l fon ic  acids. Since the  r e s t  of the aromatic 

T a h l m  1 ~ h - b a -  eh-c AI-- L L - .  

Dibenzothiophene and diphenyl d i su l f ide  are  

*Operated fo r  t he  U. S. Department of Energy by Iowa S ta t e  University under Contract 
No. W-7405-Eng-82. 
Energy, Office of Coal Mining, WPAS-AA-75-05-05. 

This research was supported by the Assistant Secretary fo r  Fossil 
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I coal by peroxytrifluoroacetic acid.  
t races  are shown. 
demonstrated t h a t  compounds containing su l fur  can be ident i f ied  among the  products 
of the peroxytrifluoroacetic acid oxidation of coal. 

B o t h  FID and su l fur  s ens i t i ve  FPD detector 
While we have not ye t  ident i f ied  these mater ia l s ,  we have 

1 

H H  
H I 

Figure I. Modified Wiser Coal Structural Model 
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on SH 
I I  OH 

OH so H 
I I 3  on 

F i g u r e  2. Proposed E f f e c t  o f  P e r o x y t r i f l u o r o a c e t i c  A c i d  O x i d a t i o n  on  Coal 

(c) a f t e r  e x t e n s i v e  o x i d a t i o n .  

C .  J L I  u c i u r e :  ( a ]  unmod i t i ed ,  (b) a f t e r  p a r t i a l  o x i d a t i o n ,  and 
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EXPERIMENTAL 

A11 s u l f i d e s  were used as obta ined from commercial sources, except  phenyl 
2-phenyl -e thy l  s u l f i d e ,  which was prepared by the  r e a c t i o n  o f  sodium benzene th i l a te  
w i t h  2-phenylethy l  c h l o r i d e .  
hydrogen perox ide were used as suppl ied.  nn 
Model 4230 o r  I B M  FTIR/90 s e r i e s  spectrophotometer as KBr d iscs.  
resonance spect ra were taken a t  60 MHz on a Var ian Em-360A spectrometer. 

Ox ida t i on  o f  S u l f i d e s  w i t h  P e r o x y t r i f l u o r o a c e t i c  Acid: 
hydrogen perox ide were mixed a t  O O C ,  t h e  s u l f i d e  added w i t h  coo l i ng ,  and the  tem- 
pe ra tu re  o f  t h e  r e a c t i o n  m i x t u r e  adjusted t o  the  des i red  temperature wi th  a water 
bath. 
small  amount o f  p la t i num on asbestos o r  p la t i num on carbon was added t o  d e s t r o y  
excess per iox ide.  This  s tep o f t e n  requ i red  severa l  hours. When the  m i x t u r e  proved 
negat ive t o  s ta rch -K I  paper, t h e  excess t r i f l u o r o a c e t i c  a c i d  and water  was removed 
on a r o t a r y  evaporatory ,  t he  f i n a l  ves t i ges  o f  so l ven t  and water removed a t  h i g h  
vacuum on a vacuum l i n e ,  and the  m ix tu re  d i sso l ved  i n  methanol and t r e a t e d  w i t h  
diazomethane i n  e the r .  The r e s u l t i n g  m i x t u r e  o f  n e u t r a l  compounds and methy lated 
ac ids was i n j e c t e d  on t o  an OV 101/Chromasorb W-HP column (8 ' x1 /4 " ) .  Compounds 
were i d e n t i f i e d  by r e t e n t i o n  t imes and c o i n j e c t i o n  and q u a n t i t a t e d  by t h e  i n t e r n a l  
standard method. 

T r i f l u o r o a c e t i c  ac id ,  30% hydrogen perox ide and 90% 
I n f r a r e d  spec t ra  were taken on a Beck 

Nuclear  magnet ic  

T r i f l u o r o a c e t i c  a c i d  and 

A t  the end o f  t h e  r e a c t i o n  t ime, t h e  r e a c t i o n  was poured i n t o  water  and a t 

Ox ida t ion  o f  Coal and Coal E x t r a c t  w i t h  P e r o x y t r i f l u o r o a c e t i c  Acid: A m i x t u r e  o f  
t r i f l u o r o a c e t i c  a c i d  and 90%hydrogen perox ide was prepared a t  0°C. 
coal  e x t r a c t  (0.259) and 15 m l  o f  the p e r o x y t r i f l u o r o a c e t i c  ac id  m i x t u r e  were 
placed i n  a round-bottomed f l a s k  f i t t e d  w i t h  a dropping funnel  i n t o  which was 
placed an a d d i t i o n a l  volume o f  t he  p e r o x y t r i f l u o r o a c e t i c  ac id  mixture.  
was heated i n  a water  bath, and, 
began. As the  r e a c t i o n  subsided, a d d i t i o n a l  ox idan t  was added from t h e  dropping 
funnel. This procedure was continued u n t i l  t h e  exothermic r e a c t i o n  had stopped. 
The coal samples consumed much more o x i d a n t  t han  d i d  the  e x t r a c t s .  
were then worked up i n  t h e  smae manner as f o r  t he  s u l f i d e s ,  except t h a t  i t  was 
necessary t o  f i l t e r  minera l  ma t te r  from t h e  ox id i zed  coal sample and i t  was no t  
necessarv t o  use Dlat inum t o  dest roy excess peroxide. 
Tab le  1 .  

The coa l  o r  

The f l a s k  
a t  about 5O0-6O"C,  a v igorous exothermic r e a c t i o n  

The reac t i ons  

OXIDATION OF COMMON O R G A N I C  SULFUR FUNCTIONAL GROUPS WITH CF3C03H. 

COMPOUND 

Ph-SH 

Ph-S-S-Ph 

( n - b u t y l )  2S 

d i  benzo th iophene  

Ph-S-Ph 

Ph-S-CH2Ph 

PROD UCTS (YY y i e 1 d) 

CF CO H/H202, 25O, 15 m i n  

Ph-S03H (53%) Ph-S03H (92%) 

Ph-S-S-Ph (5%) 
Ph-S-S02-Ph (5%) 

Ph-S-S-Ph (91%) Ph-S03H (94%) 

Ph-S03H (5%) 

( n - b u t y l ) 2 S 0 2  (9YY) (n -bu ty l )  2S02 (99%) 

CF CO H/H202, 60°, 5 h 
3 3  3 3  

a d i benzoth i ophene-5,5-d i ox i de (9  1%) 

Ph-SOZ-Ph (95%) Ph-S02-Ph (92%) 

P h- SO 2- C H P h ( 9%) Ph-S02-CH2Ph (92%) 

~ 

a p a r t i a l l y  o x i d i z e d ,  s u l f i d e  s t i l l  d e t e c t a b l e .  
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Table 2. OXIDATION OF' w-PHENYLALKYL PHENYL SULFIDES W I T H  CF3C03H? 

Ph-S-(CH2)nPh 4 PhS02(CH2)nPh + PhS02(CH2)nC00H + PhS03H 
su l fone  su l fone  a c i d  s u l f o n i c  a c i d  

- n y i e l d  y i e l d  y i e l d  

0 92% 0% 0% 

1 91.5% 0.5% 0% 

2 5 5% 8% 1 6% 
3b 3 2% 16% 1% 

aCF CO H/H 0 

b A t  l e a s t  

= 1.13/1. 60'. 5 hr ,  see experimental f o r  work-up procedure. 3 2 2 2  
IO o t h e r  compounds c o n t a i n i n g  s u l f u r  can be observed i n  the gc t r a c e  

us ing  f lame photometr ic  detect ion.  I f  each i s  assumed t o  have one s u l f u r  and an FID 
response f a c t o r  which i s  the average of the  su l fone  and the  su l fone  ac id,  they would 
account f o r  37212% o f  the s u l f u r s .  

(b) FIO t race  

F igure 3. Gas Chromatogram of CH N -Methylated Product of  the Ox ida t i on  o f  I l l i n o i s  #6 2 2  Coal by P e r o x y t r i f l u o r o a c e t i c  Ac id.  
(a) Flame Photometr ic  Detector ;  (b)  Flame I o n i z a t i o n  Detector  
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I NTRODUCT I ON 

M ic roscop ica l  examinat ions of  kerogens have shown t h a t  many coal  
macerals a r e  no t  r e s t r i c t e d  t o  coal  swamp d e p o s i t i o n a l  environments, b u t  
a r e  i n  f a c t  widespread i n  occurrence,  i n  many types o f  sedimentary rocks.  
E x i n i t e s  i n  p a r t i c u l a r  a r e  of  geochemical i n t e r e s t ,  f o r  t hey  have been 
imp1 i ca ted  i n  crude o i  1 generat  ion under c e r t a i n  c i r c ~ m s t a n c e s ( ~ - 3 ) .  
They a re  a l s o  common components o f  coa ls  o f  d i v e r s e  ages(4). The work 
repo r ted  here rep resen ts  a p a r t  o f  a s tudy undertaken t o  compare chemical 
s i m i l a r i t i e s  and d i f f e r e n c e s  between d i f f e r e n t  macera ls(5)  and out1 ines 
t h e  r e s u l t s  o f  o x i d a t i v e  degrada t ion  o f  a se r ies  o f  s p o r i n i t e  concentrates 
i s o l a t e d  f rom Carboni ferous coa ls  o f  h i g h - v o l a t i l e  b i tuminous rank. 

SAMPLES AND ANALYTICAL METHODS 

A s e r i e s  o f  s p o r i n i t e  concen t ra tes  were prepared from se lec ted  coals  
by a combined c rush ing ,  heavy l i q  (ZnC12) f l o t a t i o n  technique,  m o d i f i e d  
a f t e r  t h e  method of Dormans 
f rom 77-95% o f  s p o r i n i t e ,  w i t h  the main contaminants being i n e r t i n i t e s .  
The samples cover the  rank range 0.5-1 .1%Rmax (equ iva len t  t o  v i t r i n i t e  
carbon c o n t e n t s  o f  77-87%) .  P r i o r  t o  o x i d a t i o n ,  a l l  samples were e x t r a c t e d  
w i t h  a ch lo ro fo rm:  acetone: methanol m i x t u r e  (47:30:23 v /v)  and then 
s a p o n i f i e d  w i t h  a s o l u t i o n  o f  KOH i n  methanol (5% w/v) .  

o f  D j u r i c i c  e ( 7 7 .  whereby the  s p o r i n i t e  was d i spe rsed  i n  an excess o f  
1.6% KOH s o l u t i o n  a t  80OC and an a l  i quo t  o f  potassium permanganate was 
added ( t h e  r a t i o  of s p o r i n i t e :  ox idan t  v a r i e d  between 4 : l  and 1 : 1  i n  
d i f f e r e n t  exper iments) .  A f t e r  consumption o f  the o x i d a n t ,  t he  m i x t u r e  was 
f i l t e r e d ,  and r e s i d u a l  s p o r i n i t e  was re tu rned  t o  the r e a c t i o n  vessel  for a 
second o x i d a t i o n  s tep ,  t h i s  procedure being c o n t i n u a l l y  repeated u n t i l  no 
f u r t h e r  o x i d a t i o n  took  p lace .  F i l t r a t e s  from each o x i d a t i o n  s tep were 
a c i d i f i e d  t o  pH 1 and t h e  r e s u l t a n t  brown t o  b l a c k  p r e c i p i t a t e s  were removed. 
Residual s o l u t i o n s  were e x t r a c t e d  w i t h  d i e t h y l  e t h e r  t o  recover o rgan ic -  
s o l u b l e  a c i d  f r a c t i o n s ,  which were then methy lated w i t h  diazomethane. The 
e s t e r s  were f r a c t i o n a t e d  by p r e p a r a t i v e  t h i n - l a y e r  chromatography (0.5 mm 
Si02 p l a t e s .  developed i n  pet ro leum e t h e r :  e the r  9 : l ) .  and r e s u l t i n q  mono- 
and d imethy l  e s t e r  f r a c t i o n s  were analyzed by temperature-programmed gas 
chroma tog  raphy . 

YAY . F i n a l  concentrate p u r i t i e s  ranged 

The o x i d a t i o n  rocedure was taken from t h e  kerogen o x i d a t i o n  method 
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RESULTS AND DISCUSSION 

Pert inent data concerning the samples and ox idat ion products are 
given i n  Table 1 .  

TABLE 1 

Rank and Oxidation Product Data f o r  Spor in i te  Kerogen 

Sample Rank Oxidation Products Rat i o  Number o f  
Monobasic Acids Dibasic Acids Coal/Oxidant Oxidation Steps Rmax 

% ( p d  (ppm) (w/w) 
(as Me esters)  (as di-Me esters)  

A 0.51 740 
B 0.60 640 
C 0.63 460 
D 0.68 720 
E 0.91 1160 
F 1.04 470 
G 1 . 1 2  610 

4060 
15670 
17970 
21510 
12890 
16080 
16470 

4 :  1 
4 : 3  
1 : l  
l : 1  
4 : l  
1 : l  
1 : l  

1 3  
7 
6 
6 

20 
7 
7 

The d i s t r i b u t i o n s  o f  s t ra ight -chain compounds i n  both the mono- and 
d ibas ic  chromatographic f rac t i ons  showed several progressive changes as 
the rank o f  the spor in i tes increased, and a lso as ox idat ion progressed 
w i t h i n  ind iv idual  spor in i tes.  I n i t i a l  ox idat ion steps o f  low-rank 
spor in i tes (samples A-D)  yielded complex mixtures o f  ac ids (range Cn-C 8 )  
dominated by normal, saturated, even-carbon-numbered components w i t h  12-20 
carbon atoms. I n  l a t e r  ox idat ion steps, normal acids became increas ing ly  
predominant and contained increasing proport ions o f  long-chain ( 
homologues, which eventual ly  become the dominant products. The long-chain 
compounds showed a s l i g h t  predominance of C22, C24, C26 and C28 acids. 
A t  ranks higher than 0.9% ?imax (samples E-G), products were confined 
mainly t o  the range cn-Cl8 w i t h  prominent s t ra ight -chain const i tuents ,  
and the C l 8 +  f r a c t i o n  was seen i n  t race amounts only. 

C20) 

The main a l i p h a t i c  products i n  the d ibas ic  chromatographic f r a c t i o n  
were straight-chain, saturated a,w-dicarboxyl ic acids i n  the range Cn-C28, 
although homologues higher than C 1 5  were always minor components and were 
confined t o  the lower rank samples. Ind iv idual  compound concentrat ions 
decreased regu la r l y  w i th  increasing chain length from maxima a t  c8 or C9. 
With increasing sample rank, the concentrat ion o f  a,w-dicarboxylic acids 
i n  the d ibas ic  f r a c t i o n  decreased progressively, and a t  the highest ranks, 
v i r t u a l l y  no recovery o f  these compounds was obtained. 
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The monobasic a c i d s  a r e  produced by o x i d a t i v e  cleavage o f  an " -a lky l  
mo ie ty  bonded t o  the  kerogen s t r u c t u r e  a t  one end o f  t he  cha in .  The 
n a t u r e  o f  t h e  f u n c t i o n  i nvo l ved  i s  unknown, except  t h a t  e s t e r s  a r e  u n l i k e l y  
s ince  a l l  the samples were sapon i f i ed  p r i o r  t o  o x i d a t i o n .  The sapon i f i ca -  
t i o n  procedure y i e l d e d  low q u a n t i t i e s  o f  f a t t y  a c i d s  ( 
- n - f a t t y  ac ids  above ~ - C 2 2  were not  produced. 
produced(5) .  F u r t h e r ,  f u n c t i o n a l  group analyses o f  coals  i n d i c a t e  t h a t  
ca rboxy l  groups do n o t  s u r v i v e  i n t o  t h e  b i tuminous rank range(8) .  
- n - a l k y l  m o i e t i e s  e x h i b i t  some c h a r a c t e r i s t i c s  which i n d i c a t e  d e r i v a t i o n  
d i r e c t l y  from t h e  o r i g i n a l  p l a n t  l i p i d s .  Long-chain ( 
p robab ly  d e r i v e d  from o r i g i n a l  p l a n t  waxes, which show a s t rong  predominance 
o f  even-carbon-number chains i n  modern p l a n t s .  C o a l i f i c a t i o n  processes 
have mod i f i ed  t h e  o r i g i n a l  d i s t r i b u t i o n  so t h a t  t he  even-dominance has been 
almost smoothed o u t .  Such a smoothing out  process o f  o r i g i n a l  b i o l i p i d s  has 
been demonstrated many t imes i n  the  s o l v e n t - s o l u b l e  f r a c t i o n s  of  sedimentary 
o rgan ic  ma t te r ,  i n c l u d i n g  c o a l s ( 9 - l l ) .  The sho r t - cha in  ( C20) "-acids 
have d i s t r i b u t i o n s  i n d i c a t i n g  d e r i v a t i o n  from f a t s ,  p a r t i c u l a r l y  t h e  
predominance o f  z-Cl6 and "-c]8. These compounds a r e  s i m i l a r  i n  d i s t r i b u t i o n  
to s imple a l k y l  deg rada t ion  products  o f  spo ropo l l en in ,  a n a t u r a l  biopolymer 
found i n  modern ex ine  w a l l s ( l 2 ) ,  suggest ing t h a t  t h i s  m a t e r i a l  may c o n t r i b u t e  
t o  t h e  s t r u c t u r e  o f  f o s s i l i z e d  s p o r i n i t e .  

IO ppm) and 
No a,w - d i c a r b o x y l i c  ac ids  were 

The 

C20) 1 - a c i d s  a r e  

The a , w  - d i c a r b o x y l i c  a c i d s  a re  produced by d i t e r m i n a l  o x i d a t i v e  
cleavage o f  po lymethy lene cha ins  w i t h i n  the  kerogen. The na tu re  o f  the 
o r i g i n a l  t e r m i n a l  s t r u c t u r e s  i s  unknown, bu t  a l k y l a t e d  mono- and d ia romat i c  
hydrocarbons bear ing  E - a l k y l  s u b s t i t u e n t s  o f  s i m i l a r  cha in  l e n  t h s  have been 
observed i n  the  p y r o l y s i s  p roduc ts  o f  some o f  these s p o r i n i t e s y l 3 ) .  Poly-  
methylene cha ins  have been found i n  a wide v a r i e t y  o f  sedimen a r y  o rgan ic  
m a t e r i a l s ,  f r e q u e n t l y  w i t h  cha in  l eng ths  extending beyond C2ojl4-17). I n  
an extreme case, t he  e x i n i t e  maceral a l g i n i t e  (Botryococcus type)  i s  composed 
of  s i g n i f i c a n t  amounts o f  a h i g h l y  c r o s s - l i n k e d  polymethylene cha in  network 
(18,191. 
l eng ths  i n  t h e  polymethy lene s t r u c t u r e s  does not  suggest d i r e c t  i n c o r p o r a t i o n  
of s imple l i p i d s  w i t h  the  r e t e n t i o n  o f  o r i g i n a l  s t r u c t u r e s .  Thus, i t  i s  
thought  t h a t  d u r i n g  t h e  d i a g e n e t i c  a l t e r a t i o n  s tage,  t he  i n c o r p o r a t i o n  o f  
f u n c t i o n a l i z e d  l i p i d s  i n t o  a develop ing geopolymer takes p lace  i n  such a way 
t h a t  b i o l o g i c a l  i d e n t i t y  i s  l o s t ,  p o s s i b l y  by cha in  f ragmentat ion o r  cross-  
l i n k i n g .  Labora to ry  s i m u l a t i o n  o f  such a process has been c a r r i e d  o u t ,  
whereby a r t i f i c i a l  me lano id ins  ( rep resen t ing  p o l y f u n c t i o n a l  proto-kerogen)  
have been reac ted  w i t h  standard alkenes, a c i d s  and a l c o h o l s  ( rep resen t ing  
1 i p i d s )  (20).  Data ob ta ined  t o  date suggest t h a t  a s p e c i f i c  compound, f o r  
example n--hexadecanol, r e a c t s  w i t h  the  me lano id in  i n  a complex manner which 
produces an homologous s e r i e s  o f  chemica l l y  bonded a l k y l  m o i e t i e s  w i t h  cha in  
l eng ths  s h o r t e r  than t h e  o r i g i n a l  s t r u c t u r e .  

I n  t h e  m a j o r i t y  o f  pub l i shed  data,  t he  d i s t r i b u t i o n  o f  cha in  

While t h e  o r i g i n  o f  t he  polymethylene s t r u c t u r e s  i s  s p e c u l a t i v e ,  the 
o x i d a t i o n  data show t h a t  t hey  a re  not  s t a b l e  under advancing c o a l i f i c a t i o n ,  
and a r e  p r o g r e s s i v e l y  l o s t  f rom the kerogen a t  success i ve l y  h ighe r  ranks. 
The evidence f u r t h e r  suggests t h a t  they a re  e x p e l l e d  as complete e n t i t i e s ,  
f o r  t he re  i s  no good i n d i c a t i o n  o f  p rog ress i ve  c h a i n  sho r ten ing  w i t h  
i nc reas ing  rank. 
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SUMMARY 

n -A lky l  m o i e t i e s  a re  present  i n  a t  l e a s t  two modes i n  s p o r i n i t e  
kerogen, a l though they represent  ve ry  small  p r o p o r t i o n s  o f  t he  t o t a l  
s t r u c t u r e .  Singly-bonded "pe r iphe ra l "  a l k y l  chains have been found, 
w i t h  cha in  l e n g t h  d i s t r i b u t i o n s  which suggest d i r e c t  i n c o r p o r a t i o n  o f  
f a t s  and waxes from the  o r i g i n a l  p l a n t s .  C o a l i f i c a t i o n  s l o w l y  mod i f i es  
the s t r u c t u r e s  so t h a t  s p e c i f i c  b i o l o g i c a l  i d e n t i t i e s  a r e  s l o w l y  ob1 i t e r -  
ated. 
these s t r u c t u r e s  a r e  thought t o  develop d u r i n g  e a r l y  d iagenesis  through 
complex r e a c t i o n  pathways i n v o l v i n g  f u n c t i o n a l i z e d  l i p i d s  and p o l y -  
f u n c t i o n a l  subs t ra tes .  

D i t e r m i n a l l y  bonded polymethylene chains a re  a l s o  p resen t ,  and 

The o x i d a t i o n  da ta  suggest t h a t  o x i d i z a b l e  E - a l k y l  m o i e t i e s  a re  
s low ly  expe l l ed  f rom t h e  kerogen m a t r i x ,  f o r  recove r ies  d e c l i n e  as the  
rank o f  t he  s p o r i n i t e  increases. However, cau t i on  must be exe rc i sed  
i n  i n t e r p r e t a t i n g  da ta  from a s i n g l e  deg rada t ion  technique,  f o r  p y r o l y t i c  
degradat ion y i e l d e d  s i g n i f i c a n t  q u a n t i t i e s  o f  %-alkanes from a l l  t he  
s p o r i n i t e  kerogens. Thus, i t  would appear t h a t  f u r t h e r  E - a l k y l  m o i e t i e s  
must be present ,  but  i nco rpo ra ted  i n  a manner which i s  not  s u s c e p t i b l e  
t o  a l k a l i n e  permanganate o x i d a t i o n .  
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OXIDATIONS OF ILLINOIS NO. 6 COAL AT AND BELOW 60°C 

Frank R .  Mayo and Lee A. Pavelka 

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

-__ INTRODUCTION.--  The o b j e c t i v e  of our  r e s e a r c h  program i s  t o  de te rmine  t h e  na tu re  
O f  t he  singly-bonded connec t ing  l i n k s  between the  condensed aromat ic  and hydroaromatic 
r i n g  systems i n  I l l i n o i s  No. 6 c o a l .  
g re s sed .  We s t a r t e d  wi th  s e p a r a t e  i n v e s t i g a t i o n s  of (1) t h e  t o luene - inso lub le ,  p y r i -  
d ine-so luble  (TIPS) f r a c t i o n  (about  213) of t he  16% of t h i s  c o a l  t h a t  can  he  e x t r a c t e d  
by Pyr id ine  and (2)  t he  84% t h a t  i s  i n s o l u b l e .  We have used t h e  TIPS f r a c t i o n  a s  a 
model f o r  t h e  i n s o l u b l e  f r a c t i o n  and have i n v e s t i g a t e d  s e v e r a l  c leavage  r e a c t i o n s  by 
changes i n  molecular weight ,  a l l  a t  tempera tures  a t  O K  below 50" t o  avo id  changgs i n  
the  carbon ske le ton .  (1) 
be reduced t o  about  1 / 3  of t h e  i n i t i a l  va lues  by c leavage  of e t h e r  and ester groups .  
However, such r e a c t i o n s  have succeeded i n  d i s s o l v i n g  only  about  10% of t h e  py r id ine -  
i n s o l u b l e  f r a c t i o n  and t h e r e f o r e  much of t h e  e f f o r t  desc r ibed  i n  t h i s  paper  was d i r e c t e d  
toward d i s so lv ing ,  by ox ida t ion ,  the  maximum propor t ion  of t h e  py r id ine - inso lub le  f r ac -  
t i o n  wi th  a minimum loss of carbon,  f o r  f u r t h e r  chemica l  and spec t roscop ic  i n v e s t i g a t i o n .  

wi th  benzylamine (BnNH2) a t  100" would d i s s o l v e  a n  a d d i t i o n a l  14% of t h e  c o a l  (on the  
o r i g i n a l  unext rac ted  c o a l )  and then  t h a t  e thy lene  diamine + d ime thy l su l fox ide  would 
d i s s o l v e  an  a d d i t i o n a l  15%, t o  produce e x t r a c t s  t h a t  were l a r g e l y  o r  e n t i r e l y  s o l u b l e  
in p y r i d i n e ,  and i n s o l u b l e  f r a c t i o n s  t h a t  would s w e l l  t o  i n c r e a s i n g  e x t e n t s  i n  py r id ine .  
This  p rogres s  r e p o r t  a l s o  inc ludes  some o x i d a t i o n s  of BnNH,-extracted c o a l ,  c a r r i e d  o u t  
w i th  t h e  i d e a  t h a t  the  sma l l e r  and less t i g h t l y  c r o s s l i n k e d  i n s o l u b l e  f r a c t i o n  should  
l o s e  less carbon on ox ida t ion .  

The p r i n c i p a l  products  of  a l l  of OUT o x i d a t i o n s  are b l a c k  a c i d s ,  s p a r i n g l y  b u t  
completely s o l u b l e  i n  water a t  pH 7 o r  above t o  g i v e  da rk  s o l u t i o n s ,  and a lmost  com- 
p l e t e l y  i n s o l u b l e  a t  pH 3 OK below. Other p roduc t s  a r e  l i gh t - co lo red  a c i d s  t h a t  are so 
s o l u b l e  t h a t  they are d i f f i c u l t  t o  s e p a r a t e  from sodium c h l o r i d e ,  and und i s so lved  coa l .  
Y ie lds  are g iven  on t h e  b a s i s  of carbon recovery  and the  l o s s  is  most ly ,  and assumed t o  
be wholly,  carbon d iox ide .  

c a r r i e d  ou t  i n  s t e p s ,  a t  t h e  ends of which the  undisso lved  m a t e r i a l  was e x t r a c t e d  wi th  
d i l u t e  aqueous base ,  o f t e n  a t  6 0 " ,  wi th  s e p a r a t i o n s  by c e n t r i f u g i n g ,  u n t i l  t h e  washings 
became l igh t - co lo red .  The i n s o l u b l e  m a t e r i a l  w a s  then  r eox id ized ,  bu t  on ly  a f t e r  dry ing  
i n  t h e  K-0-t-Bu exper iments .  A l l  the  s o l u b l e  material w a s  combined, f i l t e r e d  through a 
very  f i n e  f r i t t e d  f i l t e r ,  concen t r a t ed  a t  about  20 t o r r ,  a c i d i f i e d ,  c o l l e c t e d ,  washed 
wi th  very  d i l u t e  H C 1 ,  and d r i e d .  Oxida t ions  wi th  oxygen were followed by oxygen absorp- 
t i o n . ( 2 )  Oxida t ions  wi th  aqueous NaOCl (household b leach)  w e r e  c a r r i e d  o u t  w i th  g radua l  
a d d i t i o n s  o f  r eagen t  t o  the bottom of t he  r e a c t i o n  tube ,  where t h e  c o a r s e s t  m a t e r i a l  
would c o l l e c t .  The r e a c t i o n  i n  a 30' ba th  w a s  fo l lowed by t h e  amount of  5N NaOH r equ i r ed  
t o  ma in ta in  the  pH a t  1 3  (about 0 .5  NaOH/NaOCl consumed), o r  by t h e  s e l f - h e a t i n g  on addi -  
t i o n  of NaOCl con ta in ing  t h i s  p ropor t ion  of  NaOH i n  a d d i t i o n  t o  t h a t  r equ i r ed  t o  b r i n g  
the  pH of t h e  N a O C l  s o l u t i o n  t o  pH 13.0. The r a t e  of o x i d a t i o n s  decreased  as the spen t  
N a O C l  s o l u t i o n  accumulated.  I n  t h e  HNOe o x i d a t i o n s ,  t h e  ac id  w a s  removed by wa te r  wash- 
ing  of the  in so lub le  c o a l  a f t e r  each  s t e p  and the  s o l u b l e  m a t e r i a l  was then  e x t r a c t e d  
wi th  aqueous base .  
washings.  

I n  gene ra l ,  the  water -so luble  a c i d s  were determined from the  carbon c o n t e n t s  of 
t he  d r i e d  acid-NaC1 washings but  i n  a n  experiment s i m i l a r  t o  NaOCl ox ida t ion  3 ,  t h i s  
r e s idue  was methylated and t h e  p ro ton  NMR was determined i n  ch loroform:  26% methoxy, 
38% o the r  a l i p h a t i c ,  21% benzyl and 15% a romat i c .  When t h e s e  r e s u l t s  a r e  r e c a l c u l a t e d ,  
s u b s t i t u t i n g  H atoms f o r  methyl in methoxy, t h e s e  a c i d s  would con ta in  11% carboxy l  and 
phenol hydrogen atoms, and a l i t t l e  more a l i p h a t i c  than  benzyl  p l u s  a romat ic  hydrogen 
atoms. Fu r the r ,  a f e w  mi l l ig rams of n e a r l y  c o l o r l e s s  o i l  was i s o l a t e d  from t h e  e s t e r s  
by m i c r o d i s t i l l a t i o n ;  mic roana lys i s  gave 48.36% C ,  5.23% H ,  1.1% N, and H / C  = 1.29 .  

Our approach h a s  evolved a s  the  work has  pro- 

We conclude t h a t  t h e  number-average molecular  weights (M,,) can 

I n  t h e  course  of t h i s  work, w e  found t h a t  e x t r a c t i o n  of t h e  py r id ine -ex t r ac t ed  c o a l  

EXPERIMENTAL.-- To minimize f u r t h e r  ox ida t ion  of d i s so lved  m a t e r i a l ,  r e a c t i o n s  were 

The water -so luble  o rgan ic  p roduc t s  were recovered  from the  HMO3 
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T h i s  H / C  r a t i o  is s u r p r i s i n g l y  low f o r  methyl esters of an  a c i d  con ta in ing  mostly 
a l i p h a t i c  and benzyl  groups  and i s  c o n s i s t e n t  w i th  earlier sugges t ions  t h a t  I l l i n o i s  
No. 6 coa l  (3) and Wyodak so lven t - r e f ined  c o a l  ( 4 )  con ta in  condensed a l i c y c l i c  r ings .  

of t h e  e x t r a c t e d  c o a l ,  -325 U.S. mesh w i t h  py r id ine -ex t r ac t ed  c o a l ,  -60 mesh wi th  
BnNH,-extracted c o a l .  However, t h e  f i n e s t  m a t e r i a l  would o x i d i z e  f i r s t  and f a s t e s t  
and t h e  c o a r s e r  r e s i d u e  w i t h  BnNH,-extracted c o a l  w a s  o f t e n  d r i e d  and ground between 
s t e p s .  Rates are compared i n  Table  1. 

30°C i s  obvious ly  exothermic  and t o o  f a s t  t o  measure convenient ly .  
ox ida t ion  i s  w i t h  oxygen and K-0-t-Bu i n  d imethyl  s u l f o x i d e  (DMSO) a t  30" b u t  t h i s  
rate depends on t h e  amount of base  p r e s e n t .  The rates of ox ida t ion  dec rease  a s  t he  
base  i s  consumed and e v e n t u a l l y  r each  a nea r ly  cons t an t  r a t e ,  about  0.25 mmole 02/hour  
i n  21 g of DMSO s o l u t i o n ,  n e a r l y  independent  of t h e  amount of c o a l  l e f t  i n  suspens ion  
between 0 . 1  and  1.0 g. The rate is r e s t o r e d  t o  a s  h igh  as 20 mmole 0 2 / h r  by a d d i t i o n  
of more K-0-t-Bu. However, most o f  t h e  b lack  a c i d s  produced are i n s o l u b l e  i n  DMSO and 
must b e  washed o u t  w i t h  wa te r .  Then t h e  i n s o l u b l e  c o a l  must be  d r i e d  be fo re  t h e  next  
s t e p .  

are nex t  f a s t e s t .  S lowes t  are o x i d a t i o n s  6 and 7 w i th  oxygen i n  py r id ine  wi th  azo- 
bis(2-methylpropionitrile) as i n i t i a t o r  and t-BuOZH as  promoter.(2) These ox ida t ions  
are s e l f - r e t a r d i n g .  

p e r s i o n  of p y r i d i n e  e x t r a c t  i n  water. The TIPS f r a c t i o n  was d i s so lved  i n  py r id ine  and 
p r e c i p i t a t e d  by wa te r ,  then  washed w i t h  water  and c o l l e c t e d  by cen t r i fug ing .  The N a O C l  
ox ida t ion  was f a s t .  The oxygen o x i d a t i o n  w a s  slow and became s lower ;  a f t e r  t h r e e  s t e p s ,  
52.3% of t h e  C remained undisso lved  and 11.1% had been l o s t  as C02. The recovered 
TIPS f r a c t i o n  was r e d i s p e r s e d  i n  water by way of  a py r id ine  s o l u t i o n  and then  oxid ized  
much f a s t e r  and n e a r l y  comple te ly ,  w i t h  l i t t l e  l o s s .  The s i g n i f i c a n c e  of t h e s e  r e s u l t s  
is  no t  c l e a r .  

c u s s i n g  the  r e l a t i o n s  between the  o x i d i z i n g  agen t s  and cond i t ions  and the  products  of 
ox ida t ion ,  s e v e r a l  f a c t o r s  should  b e  cons ide red .  

(1) S u b s t r a t e .  With bo th  N a O C l  (20  and 23)  and O2 ( 2  and 9 ) ,  BnNH,-extracted 
c o a l  gave l e s s  b l ack  a c i d s  and more l o s s e s  than  py r id ine -ex t r ac t ed  c o a l .  The TIPS 
f r a c t i o n  o f  py r id ine - so lub le  e x t r a c t  r e a c t e d  more comple te ly  and gave h ighe r  y i e l d s  of 
b l ack  a c i d s  than  t h e  e x t r a c t e d  c o a l  w i t h  e i t h e r  ox id i z ing  agen t .  

pH r e a c t i o n  o f  a c i d i c  hydrogen whose r a t e  i n c r e a s e s  w i t h  pH and toward which the  b lack  
a c i d s  a r e  r e l a t i v e l y  s t a b l e ,  and a n  u n s e l e c t i v e  low-pH r e a c t i o n  t h a t  i nvo lves  a l a r g e  
v a r i e t y  of o rgan ic  s u b s t r a t e s ,  i n c l u d i n g  b l ack  a c i d s ,  and ends wi th  ox ida t ion - s t ab le  
ca rboxy l i c  a c i d s .  The s e l e c t i v e  mechanism probably  invo lves  hypoch lo r i t e  ion, the  
o t h e r ,  unionized HOC1, c h l o r i n e ,  o r  t h e  in t e rmed ia t e  i n  t h e  NaOC1-NaC10, d i spropor-  
t i ona t ion . (3 )  
oxygen a l s o  increases w i t h  pH nea r  pH 1 3  and becomes very  f a s t  i n  DMSO i n  t h e  presence  

Rates of Oxidation.--  Ra te s  of ox ida t ion  depended on the  s t a t e  of subd iv i s ion  

The i n i t i a l  r e a c t i o n  o f  0.7M N a O C l  w i th  w e t  py r id ine -ex t r ac t ed  c o a l  a t  pH 13  and 
The next  f a s t e s t  

Oxida t ions  w i t h  oxygen i n  suspens ion  i n  water a t  pH 1 3  and wi th  34% n i t r i c  ac id  

N a O C l  No. 2 1  and oxygen No. 8 were run wi th  d i f f e r e n t  p o r t i o n s  of the same d i s -  

Products  of Oxida t ion . - -  P roduc t s  of o x i d a t i o n  are desc r ibed  i n  Table  1. I n  d i s -  

(2)  B a s i c i t y .  N a O C l  appea r s  t o  r e a c t  by two mechanisms (3 ) ,  a s e l e c t i v e  high- 

The r a t e  of o x i d a t i o n  o f  a water suspens ion  of e x t r a c t e d  c o a l  w i th  

of  K-0-t-Bu. 
( 3 )  Y i e l d s  of  Black Acids .  S u p e r f i c i a l l y ,  a l l  t he  b l ack  a c i d s  a r e  s i m i l a r  i n  

c o l o r  and s o l u b i l i t y .  The y i e l d s  are l i m i t e d  by t h e  amount of c o a l  t h a t  o x i d i z e s  s u f f i -  
c i e n t l y  t o  d i s s o l v e  i n  weak base ,  t h e  loss of  ca rbon ,  presumably as C02, and t h e i r  lower 
r e s i s t a n c e  t o  f u r t h e r  o x i d a t i o n  by NaOCl below pH 12 .  

ox ida t ion  Of py r id ine -ex t r ac t ed  c o a l  by NaOCl a t  pH 10 (No. 3) r e s u l t s  i n  a l a r g e  i n -  
c r e a s e  i n  carbonyl .  a preferential l o - s  nf  Z r n r n Z c i c  c;rrbnn, g+ l a r e p  i n c v p a ~ p  i n  

H / C  i n  t h e  b l ack  a c i d s  formed. I n  b l a c k  a c i d s  formed wi th  less l o s s  of carbon,  changes 
i n  H/C r a t i o s  and i n  s o l i d  s t a t e  I 3 C  NMR s p e c t r a  are sma l l e r ,  b u t  t h e  product  of HNOs 
ox ida t ion  1 has  t h e  most a romat i c  and carbonyl  carbon,  t h e  l e a s t  e t h e r  and a l c o h o l  
carbon,  and by f a r  the  lowes t  H/C r a t i o ,  showing p r e f e r e n t i a l  d e s t r u c t i o n  of a l i p h a t i c  
m a t e r i a l .  
b u t  t h e  l a t t e r  product  has t h e  h ighe r  H / C  r a t i o ,  i n d i c a t i n g  p r e f e r e n t i a l  l o s s  of a romat ic  
material. I n  o x i d a t i o n s  of t he  py r id ine - so lub le  e x t r a c t ,  n e i t h e r  ox ida t ion  8 o r  2 1  

( 4 )  Composition of Black Acids .  A s  has  been shown e lsewhere  (31 ,  the  e x t e n s i v e  

A N a O C l  p roduc t  l i k e  20 and the DMSO product  11 are a lmost  i d e n t i c a l  by NMR, 
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r e s u l t e d  i n  much change i n  H / C ,  a t  least  p a r t l y  because  o f  low loss of C O z .  
MECHANISMS.-- Oxida t ions  i n  py r id ine  of bo th  py r id ine -ex t r ac t ed  c o a l  and the TIPS 

f r a c t i o n  of t h e  e x t r a c t  w i th  f r e e - r a d i c a l  i n i t i a t o r  and added t-BuO,H ( t o  r e s t r i c t  
t e rmina t ion  r e a c t i o n s  t o  t-Bu02. r a d i c a l s )  ( 2 )  is  slow, incomple te ,  and i n e f f i c i e n t  i n  
c l eav ing  c o a l  molecules  o r  f r agmen t s . In  the  convent iona l  f r e e  r ad ica l - cha in  mechanism, 
t h e  -CH.- and -CH.O- l i n k s  are much less r e a c t i v e  than  t h e  hydroaromat ic  and po lynuc lea r  
s t r u c t u r e s  ( 5 ) .  

by Kapo and Ca lve r t  ( 6 )  appea r s  t o  he  a p p l i c a b l e  t o  our o x i d a t i o n s  i n  wi th  K-0-t-Bu. 
The i n i t i a t i n g  s t e p s  a r e :  

The mechanism proposed f o r  t he  o x i d a t i o n  of c o a l s  i n  aqueous NaOH at 50 t o  100°C 

RH + K-0-t-Bu .+ R- + t-BuOH + K +  
- 

R- i O2 .+ R *  + 02- 
The two-step cha in  c y c l e  i s  then: 

R* + O2 .+ RO,. 

ROz. + R- + RO1- + R. 

b u t  each  c y c l e  a l s o  r e q u i r e s  a n  equ iva len t  of  base  i n  the  product ion  of t he  r e q u i r e d  
R- by t h e  f i r s t  i n i t i a t i n g  s t e p .  
is: 

The n e t  r e s u l t  f o r  the  i n i t i a l  s t a g e  of t h e  o x i d a t i o n  

RH + K-0-t-Bu + 0 2  -f R O l K  + t-BuOH 

However, f o r  breakage of C-C bonds,  f u r t h e r  and more complicated s t e p s  are r e q u i r e d .  

t o  a t t a c k  by N a O C l  a t  pH 13. 
t i o n s  w i t h  s t r o n g  base .  

v e r t e d  t o  s o l u b l e  m a t e r i a l  by c leavages  a t  e t h e r  and e s t e r  bonds, w i thou t  loss  of 
carbon, a t  o r  below 50°C. For  f u r t h e r  breakdown of connec t ing  l i n k s  i n  bo th  d i s s o l v e d  
and undisso lved  f r a c t i o n s ,  s e v e r a l  ox ida t ion  methods a r e  e f f e c t i v e  a t  30 t o  50°C. Aqueous 
NaOCl g i v e s  t h e  f a s t e s t  and most complete r e a c t i o n  and some of t h e  lowes t  l o s s e s  as C O z .  
34% n i t r i c  ac id  i s  most s e l e c t i v e  i n  a t t a c k i n g  a l i p h a t i c  m a t e r i a l  (connec t ing  l i n k s ) ;  
t h e  y i e l d  of b l ack  a c i d s  can  probably be improved by use  of more and s h o r t e r  o x i d a t i o n  
s t e p s  between s e p a r a t i o n s  of ox ida t ion  p roduc t s .  The h i g h e s t  s e l e c t i v i t y  i n  t h e  removal 
of a romat ic  material  w a s  i n  N a O C l  ox ida t ion  3 a t  pH 10,  b u t  w i t h  h igh  loss of carbon. 
Oxida t ion  w i t h  K-0-t-Bu i n  DMSO a l s o  appea r s  t o  remove aromat ic  material  p r e f e r e n t i a l l y  
b u t  the  change i n  H / C  r a t i o  i s  l i m i t e d  by low format ion  of C02. 

S e l e c t i v e  ox ida t ion  a t  low tempera tures  appears  t o  have g r e a t  p o t e n t i a l  for making 
c o a l  s o l u b l e  a t  low tempera tures  f o r  f u r t h e r  i n v e s t i g a t i o n ,  w i th  on ly  1 0  t o  20% loss 
of  ca rbon ,e i the r  by p r e f e r e n t i a l  d e s t r u c t i o n  of connec t ing  l i n k s  o r  of  key r i n g s  i n  
condensed systems (perhaps  l e a v i n g  most of t h e  a l i p h a t i c  connec t ing  l i n k s  i n t a c t ) .  A 
combination of F3C-COzH, H202, and H2SOs  i s  n o t a b l e  f o r  removing a romat i c  m a t e r i a l  from 
c o a l  (61, b u t  i t s  p o t e n t i a l  i n  making c o a l  s o l u b l e  w i t h  minimum loss of carbon is  un- 
known t o  us .  

We have proposed (3) t h a t  a romat ic  r i n g s  wi th  phenol groups a r e  most s u s c e p t i b l e  
S i m i l a r  r e a c t i o n s  may a l s o  be involved  i n  oxygen oxida-  

/ 

SUMMARY.-- The I n t r o d u c t i o n  showed t h a t  I l l i n o i s  No. 6 c o a l  can be l a r g e l y  con- 
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INTRODUCTION -___ 

It  i s  well-known t h a t  even minor amounts of o x i d a t i o n  can d r a m a t i c a l l y  
change t h e  p r o p e r t i e s  of caking and coking c o a l s .  
i t  has  been noted t h a t  t h e r e  i s  an i n c r e a s e  i n  t h e  r e a c t i v e  oxygen g roups ,  
-OH, COOH and C=O,  upon low t empera tu re  o x i d a t i o n .  However, i n  r e c e n t  work (1,3-5) 
changes such a s  t h e  loss  of s w e l l i n g  p r o p e r t i e s  of coking c o a l s  upon low 
temperature  o x i d a t i o n  have been a t t r i b u t e d  t o  t h e  formation of e t h e r  c r o s s  
l i n k s .  I n  f a c t ,  Wachowska, e t  a l .  (5)  cou ld  de t e rmine  no change i n  t h e  ca rbony l  
con ten t  o f  Balmer 10 c o a l  upon o x i d a t i o n  a t  100°C, u s i n g  chemical  methods of 
a n a l y s i s .  

I n  a number of s t u d i e s  (i,2) 

In  c o n t r a s t  t o  t h e s e  r e s u l t s ,  a n  FTIR s t u d y  of t h e  wea the r ing  of a 
Canadian coking c o a l  (6)  and p re l imina ry  work on t h e  l a b o r a t o r y  o x i d a t i o n  of 
a caking c o a l  (7 ,8 )  demonstrate  t h a t  ca rbony l  and ca rboxy l  groups a r e  formed 
i n  t h e  e a r l y  s t a g e s  of t h e  o x i d a t i o n .  
s t u d i e s  o f  c o a l  o x i d a t i o n  by FTIR, w i t h  p a r t i c u l a r  emphasis on t h e  d e t e c t i o n  
of hydroxyl groups and t h e  changes t h a t  occur  i n  r e a c t i n g  ox id ized  c o a l  w i t h  
potassium i n  THF. 

In t h i s  paper we w i l l  r e p o r t  f u r t h e r  

RESULTS AND DISCUSSION -____ 

The u t i l i t y  of PTIR i n  t h e  s tudy  of t h e  o x i d a t i o n  of c o a l  i s  i l . l . u s t rn t ed  
i n  F igu re  1, which compares t h e  i n f r a r e d  spectrum o f  a sample o f  unoxidized 
PSOC 337 c o a l  t o  t h e  spectrum of t h e  s a m e  sample subsequent  t o  h e a t i n g  i n  a i r  
a t  15OOC f o r  two hour s .  
All s p e c t r a  were recorded on a D i g i l a b  FTS 15B spec t romete r  u s i n g  400 ' s c a n s '  
(co-added in t e r f e rog rams)  a t  a r e s o l u t i o n  of 2 cm-l. F igu re  1 a l s o  shows t h e  
d i f f e r e n c e  spectrum ob ta ined  by s u b t r a c t i n g  t h e  spectrum of t h e  unoxidized 
sample from t h a t  of t h e  ox id ized .  The c r i t e r i a  used t o  de t e rmine  t h e  " c o r r e c t "  
degree of s u b t r a c t i o n  was t h e  e l i m i n a t i o n  of t h e  k a o l i n i t e  bands a t  1035 and 
1010 cm-l, s i n c e  t h i s  c l a y  shou ld  be r e l a t i v e  una f fec t ed  by low-temperature  
ox ida t ion .  It can b e  seen  t h a t  t h i s  s u b t r a c t i o n  r e s u l t s  i n  t h e  e l i m i n a t i o n  of 
t h e  a romat i c  C - H s t r e t c h i n g  mode n e a r  3050 cm-I and t h e  a romat i c  C - H out-  
or-plane bending modesbetween 700 and 900 cm-'. 
t h a t  d i r e c t  o x i d a t i v e  a t t a c k  of t h e  a romat i c  n u c l e i  i s  u n l i k e l y  under t h e  
o x i d a t i o n  c o n d i t i o n s  used i n  t h i s  s t u d y  and conf i rms  the  c h o i c e  of k a o l i n i t e  
bands a s  a s u b t r a c t i o n  s t anda rd .  

A weak shou lde r  appea r s  n e a r  1690 cm-l upon o x i d a t i o n .  

T h i s  is t o  b e  expected i n  

In  c o n t r a s t  t o  t h e  a romat i c  C - H bands,  t h e  a l i p h a t i c  C - H s t r e t c h i n g  
modes n e a r  2900 cm-I appear  n e g a t i v e ,  o r  below the  b a s e l i n e ,  demons t r a t ing  a 
l o s s  i n  CH2 groups upon o x i d a t i o n .  Th i s  o b s e r v a t i o n  is no t  p a r t i c u l a r l y  n o v e l ,  
as methylene groups i n  t h e  benzy l i c  p o s i t i o n  a r e  w e l l  known t o  be s e n s i t i v e  t o  
o x i d a t i o n  and a r e  probably t h e  i n i t i a l  s j . r e  o f o x i d a t i v e  a t t a c k .  However, t h e  
d i f f e r e n c e  spectrum r e v e a l s  new d e t a i l  i n  t h e  1700 t o  1500 cm-I r e g i o n  of t h e  
spectrum. 
o r i g i n a l  spectrum of t h e  ox id ized  c o a l ,  i s  now re so lved  a s  a s e p a r a t e  band. 
Furthermore,  a prominent new band n e a r  1575 c m - I  i s  now revea led  i n  t h e  d i f f e r -  
ence spectrum. 
1685 cm-I abso rp t ion  i s  probably due t o  an a r y l  a l k y l  ke tone ,  wh i l e  t h e  1575 cm-I 

The 1685 cm-I band, which appeared as a weak shou lde r  i n  t h e  

This  band i s  n o t  d e t e c t a b l e  i n  t h e  o r i g i n a l  spectrum. The 
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mode can  be a s s i g n e d  t o  a n  ion ized  ca rboxy l  group,  COO-. 

In a d d i t i o n  t o  t h e  d i f f e r e n c e  bands a t  1685 and 1575 cm-l, t h e r e  is a 
weak broad a b s o r p t i o n  c e n t e r e d  nea r  1200 cm-l. 
from background s c a t t e r  a t  lower l e v e l s  of o x i d a t i o n  (7,s). Modes i n  t h i s  
f requency r ange  a r e  u s u a l l y  a s s igned  t o  a romat i c  C-0 s t r e t c h ,  as i n  phenols  o r  
e t h e r s .  However, t h e r e  are a number of o t h e r  f u n c t i o n a l  groups t h a t  abso rb  
in t h i s  r e g i o n  of t h e  spectrum (e .g . ,  0-H bend, v a r i o u s  CH2 bending modes),  so 
t h a t  s p e c i f i c  ass ignments  cannot  be made unambiguously. 

In a d d i t i o n  t o  t h e  problems a s s o c i a t e d  w i t h  a s s i g n i n g  s p e c i f i c  bands t o  

T h i s  band w a s  n o t  d i f f e r e n t i a t e d  

e t h e r s ,  t h e r e  is a problem i n  measuring OH groups u s i n g  t h e  s t anda rd  K B r  
p r e p a r a t i o n  method. F r i e d a 1  ( 9 )  d i s c u s s e d  i n  some d e t a i l  t h e  d i f f i c u l t y  i n  
removing water abso rbed  on t h e  K B r  d i s c s  d u r i n g  sample p r e p a r a t i o n  and no ted  
t h a t  h e a t i n g  t o  175'C i s  r e q u i r e d  t o  completely remove wa te r  bands,  which never- 
t h e l e s s  r eappea r  upon c o o l i n g .  Consequent ly ,  i n  o r d e r  t o  de t e rmine  changes i n  
hydroxyl  and e t h e r  groups upon o x i d a t i o n  w e  dec ided  t o  combine FTIR w i t h  
chemical  methods o f  a n a l y s i s .  Samples were a c e t y l a t e d  i n  o r d e r  t o  determine 
hydroxyl  groups and r e a c t e d  w i t h  potassium i n  THF, as d e s c r i b e d  by Wachowska, 
e t  a l .  ( 5 ) .  i n  o r d e r  to c l e a v e  e t h e r  bonds. 

Durig and S t e r n h e l l  (9 )  r e p o r t e d  a n  i n f r a r e d  s t u d y  of a c e t y l a t e d  c o a l  
twenty y e a r s  ago. Although some u s e f u l  l i n e a r  p l o t s  were o b t a i n e d ,  t h e  method 
w a s  complicated by t h e  o v e r l a p  of t h e  a c e t y l  bands w i t h  t h o s e  of t h e  o r i g i n a l  
coa l .  T h i s  made t h e  d e t e r m i n a t i o n  of b a s e l i n e s  and t h e  measurement of peak 
i n t e n s i t i e s  (and hence r e a c t i v e  OH groups)  s u b j e c t  t o  p o s s i b l e  error.  The 
problem i s  i l l u s t r a t e d  i n  F i g u r e  2 ,  which compares t h e  i n f r a r e d  spectrum of an 
Arizona HVC c o a l  (PSOC 312) t o  t h a t  of t h e  same sample subsequent  t o  a c e t y l a t i o n .  
FTIR i s  capab le  o f  s o l v i n g  many problems o f  t h i s  t ype  (band ove r l ap )  by 
s imple s p e c t r a l  s u b t r a c t i o n .  F igu re  2 a l s o  shows t h e  d i f f e r e n c e  spectrum ob ta in -  
ed by s u b t r a c t i n g  t h e  spectrum of t h e  o r i g i n a l  c o a l  from t h a t  of t h e  a c e t y l a t e d  
product .  The c h a r a c t e r i s t i c  a c e t y l  bands are now r e l a t i v e l y  we l l - r e so lved  and 
i t  is a s t r a i g h t - f o r w a r d  t a s k  t o  draw a n  a p p r o p r i a t e  b a s e l i n e  and measure peak 
h e i g h t s ,  or even make i n t e g r a t e d  a b s o r p t i o n  measurements o f ,  f o r  example t h e  
1370 CH3 mode. W e  have ' c a l i b r a t e d '  t h e  i n t e n s i t i v e s  o f  t h e s e  bands,  s o  t h a t  
w e  can o b t a i n  a measure of t h e  number of r e a c t i v e  OH groups,  b u t  t h i s  work w i l l  
b e  r e p o r t e d  e l sewhere .  I n  t h i s  s tudy  ou r  i n i t i a l  a i m  w a s  t o  determine 
q u a l i t a t i v e l y  t h e  change i n  OH con ten t  upon o x i d a t i o n .  F igu re  3 compares t h e  
i n f r a r e d  spectrum of a c e t y l a t e d  f r e s h  PSOC 337 c o a l  t o  t h e  spectrum of t h e  
a c e t y l a t e d  o x i d i z e d  (15OoC, 2 hours  i n  a i r )  c o a l .  D i f f e r e n c e  s p e c t r a  of t h e  
type  shown i n  F i g u r e  2 were ob ta ined  and i n t e n s i t y  measurements o f  t h e  a c e t y l  
bands i n d i c a t e d  a r e d u c t i o n  i n  t h e  number of r e a c t i v e  OH groups under  t h e s e  
c o n d i t i o n s  o f  o x i d a t i o n .  
shows two d i f f e r e n c e  s p e c t r a  ( a c e t y l a t e d  ox id ized  - a c e t y l a t e d  f r e s h  sample) .  
Two d i f f e r e n t  s u b t r a c t i o n  cr i ter ia  were used,  f i r s t  t h e  e l i m i n a t i o n  of t h e  c o a l  
1600 cm-l band and second t h e  s u b t r a c t i o n  t o  t h e  b a s e l i n e  of  t h e  a l i p h a t i c  CH 
bands n e a r  2900 crn-l. 
c h a r a c t e r i s t i c  of t h e  a c e t y l  group, n e a r  1770, 1370 and 1200 cm-l, i n d i c a t i n g  
a loss  o f  r e a c t i v e  OH group c o n t e n t  upon o x i d a t i o n .  
convinced t h a t  t h i s  r educ t ion  i n  t h e  number o f  OH groups is a d i r e c t  conse- 
quence of o x i d a t i o n .  
o f  condensat ion r e a c t i o n s  between pheno l i c  OH groups.  
p rocess  of i n v e s t i g a t i n g  t h i s  po in t  t h r u  t h e  s t u d y  of c o a l s  ox id i zed  a t  lower 
t empera tu res .  

T h i s  r educ t ion  can b e  seen i n  F igu re  3, which a l s o  

In bo th  d i f f e r e n c e  s p e c t r a  t h e r e  a r e  n e g a t i v e  bands 

A t  t h i s  t i m e  w e  a r e  n o t  

A t  e l e v a t e d  t empera tu res  t h e r e  i s  also t h e  p o s s i b i l i t y  
We a r e  s t i l l  i n  t h e  

A s  we no ted  above,  i n  a number of s t u d i e s  i t  has  been concluded t h a t  t h e  
formation of e t h e r  c r o s s  l i n k s  are c r i t i c a l  t o  l o s s  o f  coking a b i l i t y .  
example, i t  h a s  been observed t h a t  t h e  s w e l l i n g  behav io r  of coking c o a l  can be 

For 
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p a r t i a l l y  r egene ra t ed  by t r e a t i n g  w i t h  potassium i n  THF, a r eagen t  t h a t  should 
c l eave  C-0 bonds bu t  n o t  C-C bonds ( 5 ) .  We t h e r e f o r e  cons ide red  i t  v a l u a b l e  
t o  app ly  FT-IR t o  t h e  c h a r a c t e r i z a t i o n  o f  t h e  chemical  changes o c c u r r i n g  upon 
r e a c t i o n  of potassium i n  THF wi th  ox id ized  c o a l .  
ox id i zed  c o a l  ( 3 . 3 %  oxygen uptake)  is compared t o  t h e  spectrum o f  t h e  same 
sample t r e a t e d  w i t h  potassium i n  THF i n  F igu re  4 .  We were s u r p r i s e d  by t h e  
o b s e r v a t i o n  t h a t  t h i s  t r ea tmen t  a p p a r e n t l y  l e a d s  t o  a n  i n c r e a s e  i n  t h e  deg ree  
of o x i d a t i o n  of t h e  sample,  as measured by t h e  i n c r e a s e d  i n t e n s i t y  o f  t h e  
shou lde r  n e a r  1695 cm-'. This  i s  confirmed by t h e  d i f f e r e n c e  spectrum, 
shown i n  t h e  same f i g u r e ,  which is remarkably similar t o  t h e  d i f f e r e n c e  
spectrumshown i n  F igu re  1. The c r i t e r i a  f o r  o b t a i n i n g  t h i s  d i f f e r e n c e  
spectrum d i f f e r s  from t h a t  used p rev ious ly ,  i n  t h a t ,  because  k a o l i n i t e  i s  
l o s t  from t h e  sample d u r i n g  t h e  cour se  o f  t h e  r e a c t i o n ,  i t  i s  no l o n g e r  a 
s u i t a b l e  s u b t r a c t i o n  s t a n d a r d .  I n s t e a d ,  we s u b t r a c t e d  t h e  a l i p h a t i c  C-H 
modes n e a r  2900 cm-l t o  t h e  b a s e l i n e .  
band, t h i s  s u b t r a c t i o n  is on ly  approximate.  Neve r the l e s s ,  t h e  ca rboxy l  band, 
now appea r ing  n e a r  1580 cm-l, i s  a g a i n  r evea led .  

The spectrum o f  an  

Because of t h e  weak i n t e n s i t y  o f  t h i s  

We p o s t u l a t e d  t h a t  t h e  i n c r e a s e d  o x i d a t i o n  of t h e  sample might occur  i n  
t h e  f i n a l  s t a g e  o f  t h e  r e a c t i o n  procedure,  where t h e  c o a l  i s  d r i e d  a t  70°C 
(7 .8) .  Consequent ly ,  w e  modif ied t h e  procedure so t h a t  t h e  f i n a l  product  was 
d r i e d  under vacuum a t  room temperature .  The r e s u l t s  remained t h e  same. For 
example, t h e  spectrum of t h e  unoxidized c o a l  is compared i n  F igu re  5 t o  t h e  
spectrum of t h e  same sam l e  a f t e r  r e a c t i o n .  

i n t e n s i t y  of t h e  band n e a r  1265 (which was n o t  observed i n  t h e  s p e c t r a  
of samples d r i e d  a t  70°C; see F igure  4 ) ,  sugges t ing  t h a t  some C-0 bonds a r e  
be ing  c l eaved .  
more complex than  cons ide red  i n  p rev ious  s t u d i e s  and does n o t  l e a d  t o  c l eavage  
of C-0 bonds a l o n e .  It is important  t o  n o t e  t h a t  Wachowska, et a l .  (5) 
d e t e c t e d  an  i n c r e a s e  i n  oxygen c o n t e n t  o f  both f r e s h  and ox id ized  c o a l  upon 
r e a c t i o n ,  an  i n c r e a s e  t h a t  man i fe s t s  i t s e l f  i n  ou r  s tudy  as an  i n c r e a s e  i n  
ca rbony l  and c a r b o x y l i c  a c i d  groups.  

Again a ca rbony l  band a p p e a r s  as 
a shou lde r  n e a r  1695 cm- P . However t h e r e  is a l s o  an appa ren t  dec rease  i n  

The r e a c t i o n  of c o a l  w i t h  potassium i n  THF t h e r e f o r e  a p p e a r s  

F i n a l l y ,  we were s u r p r i s e d  by t h e  o b s e r v a t i o n  t h a t  i n  ou r  ox id i zed  samples  
t h e  c a r b o x y l i c  a c i d  groups a r e  i n  t h e  sa l t  form, thus  g i v i n g  bands n e a r  1575 cm-l 
one p o s s i b i l i t y  i s  t h a t  t h e r e  has  been a n  exchange w i t h  potassium i o n s  i n  t h e  
K B r  m a t r i x  used f o r  sample p r e p a r a t i o n .  
coun te r ion  (e .g .  Caw) de r ived  from t h e  mine ra l  matter. 
r e p o r t e d  t h a t  i n  t h e  low t empera tu re  a sh ing  p rocess  used i n  m i n e r a l o g i c a l  
a n a l y s i s  o rgan ic  s u l f u r  i s  f i x e d  as i n o r g a n i c  s u l f a t e  i n  t h e  form of b a s s a n i t e ,  
b u t  on ly  i f  t h e r e  a r e  ca rbona te  o r  -COO- groups p r e s e n t .  I f  t h e  ca rboxy l  groups 
a r e  conve r t ed  t o  t h e  a c i d  form, -COOH, t hen  o r g a n i c  s u l f u r  i s  no longe r  f i x e d .  
We have observed similar r e s u l t s  i n  FTIR s t u d i e s  (12,13) and a l s o  observed a 
co r re spond ing  f i x a t i o n  o f  o rgan ic  n i t r o g e n  as i n o r g a n i c  n i t r a t e .  I f  w e  
examine t h e  i n f r a r e d  s p e c t r a  of t h e  low-temperature a s h  of a coking c o a l  samples  
a s  a f u n c t i o n  of degree o f  o x i d a t i o n  (6) we can see bands c h a r a c t e r i s t i c  o f  
b a s s a n i t e  (nea r  605 and 660 cm-l) and n i t r a t e  (1386 cm-l) i n  t h e  s p e c t r a  o f  
ox id i zed  samples which a r e  absen t  or extremely weak i n  t h e  s p e c t r a  of t h e  a s h  
o f  unoxidized samples,  a s  i l l u s t r a t e d  i n  F igu re  6.  P r e v i o u s l y ,  Pea r son  and 
Kwong ( 1 4 )  have no ted  a n  e m p i r i c a l  c o r r e l a t i o n  of b a s s a n i t e  c o n c e n t r a t i c n  wi th  
t h e  deg ree  o f  o x i d a t i o n  o f  a coking c o a l .  T h i s  c a n  now b e  exp la ined  by t h e  
p re sence  o f  -COO- groups i n  t h e s e  c o a l s  which a l l o w  t h e  f i x a t i o n  of o r g a n i c  
s u l f u r  as i n o r g a n i c  s u l f a t e .  These r e s u l t s  a l s o  demonstrate  t h a t  i n  t h e  
ox id ized  c o a l s  used i n  t h i s  s t u d y  ca rboxy l  groups are p r e s e n t  i n  t h e  salt  form, 
presumably through i n t e r a c t i o n  w i t h  t h e  mine ra l  matter p r e s e n t  i n  t h e  c o a l .  

A l t e r n a t i v e l y ,  -COO- groups have a 
Miller (10,ll) h a s  
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CONCLUSIONS 

I n  t h e  e a r l y  s t a g e s  of  c o a l  o x i d a t i o n  t h e  p r i n c i p a l  products  appear  t o  be 
carbonyl  and c a r b o x y l  groups. 
loss  o f  p h e n o l i c  OH, p o s s i b l y  through condensa t ion  r e a c t i o n s  t o  g i v e  e t h e r s .  
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Figure 1: A: FTIR spectrum of coal (PSOC 337) oxidized at 150°C 
for 2 hours. 

E: FTIR spectrum of the original coal (PSOC 337). 
A-B: Difference spectrum. 

PSOC 312 

DIFFERENCE SPECTRUM 

Figure 2: Top: FTIR spectrum of an acetylated Arizona 
coal (PSOC 312). 

Middle: FTIR spectrum of the original coal (PSOC 312). 
Bottom: Difference spectrum. 
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2910 

Figure 3: A: FTIR spectrum of acetylated coal (PSOC 337) oxidized at 150°C 

B: FTIR spectrum of acetylated, fresh coal (PSOC 337). 
for 2 hours. 

A-B: (1) Difference spectrum subtracting 2920 band to the baseline. 
A-B: (2) Difference spectrum subtraction 1605 band to the baseline. 
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Figure 4 :  A: FTIR spectrum of oxidized coal after treatment 
with potassium in THF. 

B: FTIR spectrum of oxidized coal. 
A-B: Difference spectrum. 

i 
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F i g u r e  5:  A:  FTIR s p e c t r u m  o f  f r e s h ,  u n o x i d i z e d  c o a l .  
B: FTIR s p e c t r u m  of u n o x i d i z e d  c o a l  a f t e r  t r e a t -  

ment w i t h  p o t a s s i u m  i n  THF. 

F i g u r e  6 :  A: 

B: 

FTIR s p e c t r u m  o f  low t e m p e r a t u r e  a s h  (LTA) from h i g h l y  
w e a t h e r e d  C a n a d i a n  c o k i n g  c o a l .  
FTIR s p e c t r u m  o f  low t e m p e r a t u r e  a s h  (LTA) from a less 
w e a t h e r e d  C a n a d i a n  c o k i n g  c o a l .  
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THIN SECTION MICROSCOPIC STUDIES OF THE 
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I n t r o d u c t i o n  

inc lude o x i d a t i o n  o f  l i g n i t e s  i n  storage p i l e s ,  which can cause spontaneous combustion, 
t h e  de t r imenta l  e f f e c t  o f  o x i d a t i o n  on l i q u i d  y i e l d s  i n  l i q u e f a c t i o n  and on the  coking 
p r o p e r t i e s  o f  m e t a l l u r g i c a l  coa l ,  and the use o f  o x i d a t i o n  t o  i n h i b i t  the  s w e l l i n g  o f  
coal  i n  both l i q u e f a c t i o n  and g a s i f i c a t i o n  processes. O p t i c a l  microscopy has been an 
impor tan t  means o f  i n v e s t i g a t i n g  o x i d a t i o n  i n  coal  formany years. Such s tud ies  gener- 
a l l y  i n v o l v e  the  observa t ion  o f  po l i shed surfaces o f  coal usins r e f l e c t e d  l i g h t .  Irrmer- 
s ion  o i l  i s  a lso  normal ly  used t o  increase t h e  c o n t r a s t  between the  var ious compments o f  
the  c o a l .  
been reported. 
coal  exposed t o  oxygen a t  230°C. They a l s o  developed mathematical equations t o  
descr ibe the r a t e  o f  widening o f  these o x i d a t i o n  borders from t h e  sur face  towards 
the  center o f  a coal  p a r t i c l e .  
coa ls  have been r e p o r t e d  by Chandra ( 2 ) ,  Benedict and Berry (3 )  and Goodarzi and 
Murchison ( 4 ) .  

used i n  the study of c o a l .  
samples must be l e s s  than about 20 micrometers t h i c k .  Th in  s e c t i o n  microscopy o f  
coal  was common some 40 years  ago. I n  p a r t i c u l a r ,  Thiessen (5 )  and o ther  workers a t  
the  U.S. Bureau o f  Mines used t h i s  technique ex tens ive ly .  However, a l though some 
workers cont inue t o  use t h i n  s e c t i o n  techniques t o  study coa l ,  s ince  t h e  1950's 
r e f l e c t e d  l i g h t  microscopy o f  coal  using po l i shed surfaces and immersion o i l  has be- 
come predominant. Reasons f o r  t h i s  inc lude ease o f  p repara t ion  o f  t h e  samples and the 
a b i l i t y  t o  r e a d i l y  o b t a i n  q u a n t i t a t i v e  data from measurements o f  t h e  r e f l e c t i v i t y  o f  
the  coal surface. There are a few references t o  the  use o f  t h i n  sec t ions  f o r  t h e  
study o f  thermal ly  metamorphized coals,  such as the  work by Marshal l  ( 6 ) ,  b u t  no 
references t o  the  use o f  t r a n s m i t t e d  l i g h t  microscopy f o r  the  study o f  coa ls  ox id ized  
a t  e levated temperatures have been found. I n  t h e  present study i t  was discovered 
t h a t  t ransmi t ted  l i g h t  microscopy using t h i n  s e c t i o n  samples o f  coal  was f a r  more 
s e n s i t i v e  t o  the e f f e c t s  o f  o x i d a t i o n  than the convent ional  r e f l e c t e d  l i g h t  microscopy 
of coal .  
pathways f o r  r a p i d  p e n e t r a t i o n  o f  oxygen i n t o  coa l .  

The o x i d a t i o n  o f  coal  i s  important t o  a range o f  coal  technologies.  These 

A number o f  s tud ies  o f  coal  o x i d a t i o n  us ing  r e f l e c t a n c e  microscopy have 
Peters and Juntgen (1) observed o x i d a t i o n  borders around p a r t i c l e s  of 

Other r e f l e c t a n c e  s tud ies  on o x i d i z e d  o r  weathered 

Transmit ted l i g h t  o p t i c a l  microscopy employing t h i n  s e c t i o n  samples i s  a lso  
Because o f  the high l i g h t  absorp t ion  o f  coa l ,  these 

I n  t h e  present  i n v e s t i g a t i o n  t h i n  s e c t i o n  samples are  u t i l i z e d  t o  study the 

Experimental 

I l l i n o i s  #6 coa l  was ground and sieved t o  o b t a i n  a 2 0 x 3 0  U.S. mesh c u t .  
Th is  sample was washed o f  f i n e s  i n  d i s t i l l e d  water and then d r i e d  overn igh t  i n  vacuum 
a t  120°C. 
ox id ized  a t  atmospheric pressure i n  a Perkin-Elmer TGS-2 thermogravimetr ic analyzer.  
The gas cons is ted  of 1 mole per  cent  oxygen i n  argon. The samples descr ibed i n  t h i s  
study were heated a t  160°C per minute tn  3 6 5 O C  2nd he!.'- :t t5- t  t:xp:xt;;-e fci- :: 
minutes unless otherwise noted. 

were prepared us ing  procedures s i m i l a r  t o  those descr ibed by Ting ( 7 ) .  
Ortholux 11-Pol BK microscope was used f o r  observing t h e  samples and a Wi ld photo- 
automat MPS 50 automat ic 35mm camera system was used f o r  t a k i n g  photomicrographs 
w i t h  Kodak High Speed Ektachrome ASA 400 d a y l i g h t  f i l m .  
ver ted  t o  black and w h i t e  p r i n t s  f o r  t h i s  paper. 

I t  was then s to red  i n  n i t r o g e n  a t  room temperature. The samples were 

They were then cooled r a p i d l y .  
The o x i d i z e d  coa l  p a r t i c l e s  were embedded i n  epoxy, and t h i n  s e c t i o n  samples 

A L e i t z  

The c o l o r  s l i d e s  were con- 
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Results and Discussion 

A p a r t  o f  a t h i n  sec t i on  o f  an ox id i zed  coal  p a r t i c l e  i s  shown i n  the  t rans-  
m i t t e d  l i g h t  photomicrograph o f  F igu re  1. 
r i n i t e ,  has a t h i n  o x i d a t i o n  border  around i t s  per iphery.  
four micrometers t h i c k ,  i s  unusal l y  uniform; t h i s  i s  i n d i c a t i v e  o f  the homogeneity 
Of t h i s  p a r t i c u l a r  p iece  of coal .  
f u s i o n  o f  the oxygen i n t o  the homogeneous v i t r i n i t e  i s  q u i t e  slow. 

An i n t e r n a l  reg ion  o f  a sample o f  v i t r i n i t e ,  which was ox id i zed  a t  365°C 
f o r  t h ree  minutes, i s  shown i n  F igure 2. The sample i s  permeated by a number Of 
cracks and holes.  The dark areas border ing these reg ions are ox id ized.  
t h a t  cracks and holes are pathways f o r  r a p i d  pene t ra t i on  o f  oxygen i n t o  the coal  
s t ruc tu re .  
were a t  the sur face o f  the p a r t i c l e  i n  F igure 1. 
and cracks the re  are massive blackened areas. 
become microporous p e r m i t t i n g  r a p i d  pene t ra t i on  by the  oxygen. 

of l o c a l i z e d  heat ing of  t he  coal  o r  py ro l ys i s .  There a re  several  reasons why l o c a l -  
i z e d  heating would n o t  be a problem: 

This  specimen, o f  r e l a t i v e l y  uniform v i t -  
The border, which i s  about 

The narrowness o f  t he  border shows t h a t  the d i f -  

Th is  shows 

Around some o f  these reg ions the  o x i d a t i o n  borders a re  t h i n ,  much as they 
However, around most of the ho les  

I n  these reg ions t h e  v i t r i n i t e  has 

The darkened ox ida t i on  reg ions i n  these coal  p a r t i c l e s  a re  n o t  a consequence 

(a )  

(b) 

The oxygen concentrat ion i n  the surrounding qas i s  q u i t e  low, on l y  
1.0 mole pe r  cent ,  

Oxidat ion occurs along deep cracks and a t  o the r  spots deep w i t h i n  t h e  
coal ,  as w e l l  as a t  t he  surface. This  i nd i ca tes  t h a t  t h e  o x i d a t i o n  
i s  n o t  apprec iab ly  enhanced by temperature gradients  f rom the su r face  
t o  the i n t e r i o r  o f  the  p a r t i c l e s ,  

( c )  Many o f  t he  o x i d a t i o n  borders a re  q u i t e  narrow, so the  temperature 
gradients  across them must be q u i t e  small ,  

(d)  When t h i s  coal  i s  heated i n  t h e  absence o f  oxygen t o  more than 20°C 
h ighe r  than the  temperatures used i n  t h i s  experiment, no blackening 
e f f e c t s  such as those caused here by o x i d a t i o n  a re  observed, 

The temperature o f  the coal  i n  t h i s  experiment was c a r e f u l l y  c o n t r o l l e d  
and t h e  sample s i z e  was on ly  about 20 mg, 

F i n a l l y ,  s i m i l a r  darkening e f f e c t s  due t o  o x i d a t i o n  were observed i n  
coal  which was ox id i zed  a t  temperatures as low as  150°C. 

( e )  

( f )  

I n  F igure 3 exac t l y  the same region o f  the same p a r t i c l e  as was shown i n  
Figure 2 i s  again shown, except t h i s  t ime i t  i s  viewed i n  r e f l e c t e d  l i g h t  us ing 
immersion o i l .  Many o f  the ox id i zed  areas a re  n o t  r e a d i l y  ev ident .  Th i s  shows t h a t  
t ransmi t ted l i g h t  microscopy o f  t h i n  sect ions i s  a f a r  more s e n s i t i v e  technique f o r  
s tudy ing the e f f e c t s  o f  o x i d a t i o n  o f  coal  a t  e levated temperatures than i s  r e f l e c -  
tance microscopy. 

A sec t i on  of coal  con ta in ing  a c i r c u l a r  maceral i s  shown i n  F igure 4. This  
maceral, which i s  c l a s s i f i e d  as a " r e s i n  r o d l e t "  i s  a type o f  v i t r i n i t e .  Resin rod-  
l e t s  appear t o  q u i t e  homogeneous and they apparent ly  have very l i t t l e  po ros i t y .  Th is  
i s  i l l u s t r a t e d  i n  F igure 4 where almost the whole i n t e r f a c e  between t h e  r e s i n  r o d l e t  
and the  comnon type o f  v i t r i n i t e  i s  darkened by ox ida t i on ;  b u t  a l though the  o x i d a t i o n  
extends we l l  i n t o  the  common v i t r i n i t e  ma te r ia l ,  t he re  i s  almost no pene t ra t i on  o f  
the  r e s i n  r o d l e t .  

from the v a r i a t i o n s  i n  the  l i gh tness  o f  the ma te r ia l  (apa r t  from ox ida t i on ) .  Th is  
heterogenei ty  i s  probably the  reason f o r  the r a t h e r  h igh  degree o f  pene t ra t i on  o f  oxygen 

The o v e r a l l  sample i n  F igure 4 i s  somewhat heterogeneous as can be seen 
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i n t o  t h i s  p a r t i c l e  ( t h e  blackened reg ions)  bo th  i n  i n t e r i o r  reg ions  and a t  the surface 
( f o r  example, compare t h i s  p a r t i c l e  w i t h  the  one i n  F igure  1). Note t h a t  some par ts  
o f  the  surface o f  t h i s  p a r t i c l e  have a very narrow o x i d a t i o n  border--such as j u s t  
below the l a r g e  crack-whereas around most o f  t h e  sur face  t h e r e  i s  s u b s t a n t i a l  pene- 
t r a t i o n .  Also, 
note t h a t  the  o x i d a t i o n  border along the l a r g e  crack i s  narrow from i t s  mouth up t o  
about h a l f  way a long i t s  leng th ,  b u t  the end reg ion  o f  the  crack has a massive ox id ized  
area around it. 
are  probably a r e s u l t  o f  the f r a c t u r e  mechanism ( o r  the  t e r m i n a t i o n  of f r a c t u r e  pro- 
pagation) i n  the c o a l .  I t  i s  l i k e l y  t h a t  a m u l t i t u d e  o f  m i c r o f r a c t u r e s  a r e  formed a t  
the  t i p  of the  propagat ing crack due t o  the  stresses created i n  t h e  f r a c t u r e  process. 
These mic ro f rac tu res  broaden the r e g i o n  o f  s t r e s s  concent ra t ion  around t h e  crack t i p  
and thereby te rmina te  crack propagat ion.  

A sample of coal con ta in ing  a considerable amount o f  l i p t i n i t e  mater ia l  i s  
shown i n  F igure  5. Some 
o f  the  l i p t i n i t e  i s  d e r i v e d  from spore w a l l s  and p o s s i b l y  some o f  i t  i s  resinous 
mater ia l .  I t  i s  c l e a r  from t h i s  photomicrograph t h a t  the oxygen o n l y  penetrates the  
l i p t i n i t e  reg ions  s lowly  ( i n  the absence o f  c racks) .  
no f a s t e r  than f o r  t h e  ad jacent  v i t r i n i t e  regions. Even where oxygen penetrated 
across one o f  the  l i p t i n i t e  macerals a t  the top  o f  the  photomicrograph (probably 
along a crack),  t h e  f u r t h e r  d i f f u s i o n  o f  oxygen i n t o  the  maceral was slow. 
no i n d i c a t i o n  o f  oxygen p e n e t r a t i o n  a t  the  i n t e r f a c e  between the  l i p t i n i t e  and 
v i t r i n i t e  bands. Th is  i n d i c a t e s  very  i n t i m a t e  bonding between these macerals. 
ever, there does appear t o  be penet ra t ion  o f  oxygen (darkened d i f f u s e  l i n e s )  a t  t h e  
i n t e r f a c e s  between some r e c t a n g u l a r  v i t r i n i t e  macerals i n  the l e f t - m i d d l e  p a r t  of the 
f i g u r e  and the l a r g e r  bands o f  v i t r i n i t e  i n  which they  are contained. 

Only a smal l  f r a c t i o n  o f  t h e  pieces o f  coal  observed i n  t h i s  study a t  365OC 
showed the fo rmat ion  o f  vacuoles ( i . e .  s w e l l i n g ) .  
one o f  the pieces c o n t a i n i n g  a vacuole. 
m a t e r i a l  a t  t h e  s u r f a c e  b u t  t h e r e  i s  no t r a c e  o f  o x i d a t i o n  on the i n t e r i o r  border o f  
the  vacuole. 
o f  the coal p a r t i c l e ,  o r  i f  there  were such pathways, gases escaping from the vacuole 
prevented s i g n i f i c a n t  counter d i f f u s i o n  o f  oxygen. 
b i l i t y ,  i t  should be noted t h a t  cracks i n  the coal  which have an opening on the  surface 
i n v a r i a b l y  have an o x i d a t i o n  border i n  s p i t e  o f  any gases being re leased from the 
c o a l - - t h i s  even inc ludes  v e r y  long and very narrow microcracks.  
a vacuole has f a r  more surface area t o  take up any oxygen which en ters  i t  than does a 
crack. It i s  i n t e r e s t i n g  t h a t  i n  s p i t e  o f  t h e  l a r g e  vacuole i n  t h i s  p a r t i c l e ,  no 
d i s t o r t i o n  of the surface o f  the p a r t i c l e  i s  evident.  
r i m  has a s t rong r e i n f o r c i n g  and s t a b i l i z i n g  e f f e c t  on the surface o f  t h e  p a r t i c l e .  

On the  
l e f t  s ide of t h i s  photomicrograph are  some resin r o d l e t s  embedded i n  s t r i a t e d  ( t h i n  
bands) v i t r i n i t e .  I n  t h i s  d is rup ted  reg ion  o f  the  c o a l ,  s u b s t a n t i a l  penet ra t ion  of 
oxygen ( the  black areas) i s  found. 
i n d i c a t i n g  poor c o n t a c t  o r  bonding a t  the i n t e r f a c e s  between t h e  d i f f e r e n t  macerals. 
However, i n  many p a r t i c l e s  which have a r e l a t i v e l y  r e g u l a r  banding p a t t e r n ,  penet ra t ion  
of t h e  coal s t r u c t u r e  has been observed t o  be s l i g h t .  

A sample o f  r e l a t i v e l y  homogeneous v i t r i n i t e  w i t h  several  pieces of p y r i t e  
embedded i n  i t  i s  shown i n  F igure  8. This photomicrograph u t i l i z e d  a combination o f  
t ransmi t ted  l i g h t  and r e f l e c t e d  l i g h t  on a t h i n  s e c t i o n  sample. The l i g h t  spots i n  
t h e  coal  a re  the  p y r i t e ,  t h e  d i f f u s e  dark regions a r e  the ox id ized  areas. I n  t rans-  
m i t t e r !  ! i nh t  ?!..e th: ;yr;tc ;;x:d :a :;,i&, j, 
from an ox id ized  r e g i o n  o n l y  by i t s  shape o r  by i t s  sharp border (as contrasted w i t h  
t h e  d i f fuse  borders o f  o x i d i z e d  reg ions) .  I n  F igure  8, however, t h e  area around the  
p y r i t e  has been o x i d i z e d  so use of  r e f l e c t e d  l i g h t  was necessary i n  order t o  see the  
i n t e r f a c e  between the p y r i t e  and the  ox id ized  reg ions  o f  t h e  v i t r i n i t e .  
t h a t  contained p a r t i c l e s  o f  p y r i t e  it was o f t e n  found t h a t  t h e  area around the p y r i t e  
was ox id ized  such as was seen i n  F i g u r e  8 - - e s p e c i a l l y  i f  t h e  p y r i t e  was near the  sur -  
face of the p a r t i c l e .  

These v a r i a t i o n s  are i n d i c a t i v e  o f  the  he terogen ie ty  o f  t h i s  p a r t i c l e .  

Large ox id ized  areas around the  ends o f  cracks a r e  q u i t e  connnon; they 

The l i p t i n i t e  i s  the l i g h t e r  bands i n  the  photomicrograph. 

The penet ra t ion  appears t o  be 

There i s  

How- 

F igure  6 i s  a photomicrograph o f  
The p a r t i c l e  has a t h i n  border o f  ox id ized  

This i n d i c a t e s  t h a t  e i t h e r  t h e r e  were no s i z a b l e  pathways t o  the surface 

With respec t  t o  t h i s  l a t t e r  possi-  

On the  o ther  hand, 

This suggests t h a t  the o x i d a t i o n  

A heterogeneous r e g i o n  o f  v i t r i n i t e  m a t e r i a l  i s  shown i n  F igure  7.  

The o x i d a t i o n  tends t o  f o l l o w  along the  s t r i a t i o n s  

p y r i i e  couid be d is t ingu isned 

I n  samples 

Apparent ly the  i n t e r f a c e  between the  pyrite and t h e  ,,itrinite 
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i s  porous o r  perhaps the p a r t i c l e s  o f  p y r i t e  have porous s t ruc tu res .  

temperature o f  365"C, observat ions were made r e c e n t l y  on samples ox id ized  a t  temper- 
a t u r e  as low as 150OC. 
observable i n  t h i n  sec t ion  samples as darkened areas. These r e s u l t s  are i n  c o n t r a s t  
t o  r e f l e c t a n c e  s tud ies  o f  coal  o x i d a t i o n  where o x i d a t i o n  r ims have n o t  been observed 
f o r  exposure temperatures below 170°C and where d e t e c t i o n  o f  o x i d a t i o n  i s  extremely 
d i f f i c u l t  even f o r  an exposure temperature o f  200°C (8) .  

Conclusions 

I n  a d d i t i o n  t o  t h e  s tud ies  o f  o x i d a t i o n  descr ibed above us ing  an exposure 

Even a t  15OOC ox id ized regions o f  t h e  coal  were r e a d i l y  

Transmit ted l i g h t  o p t i c a l  microscopy us ing  t h i n  s e c t i o n  samples has been 
found t o  be s u b s t a n t i a l l y  more s e n s i t i v e  t o  reg ions  o f  coal  ox id ized  a t  e leva ted  
temperatures than convent ional  r e f l e c t e d  l i g h t  coal microscopy. T h i s  h i g h e r  sen- 
s i t i v i t y  enables d e t e c t i o n  o f  m i l d  o x i d a t i o n  which would go undetected i n  r e f l e c t a n c e  
observat ions.  
than i s  poss ib le  w i t h  r e f l e c t a n c e  microscopy. 
r a p i d  penet ra t ion  o f  oxygen i n t o  coal  p a r t i c l e s  inc luded rnaceral i n t e r f a c e s ,  hetero- 
geneous o r  d i s r u p t e d  mic ros t ruc tures ,  and mineral  mat te r ,  as w e l l  as cracks and 
holes. Penet ra t ion  o f  oxygen i n t o  coal  was slow i n  homogeneous v i t r i n i t e  and i n  t h e  
observed l i p t i n i t e  macerals. Penet ra t ion  was p a r t i c u l a r l y  slow i n  r e s i n  r o d l e t s .  
The pathways f o r  penet ra t ion  o f  coal by oxygen are probably a l s o  r e l e v e n t  t o  the  
penet ra t ion  o f  coal by o ther  gases, vapors, and even l i q u i d s .  
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Fig.  1. Thin o x i d a t i o n  border  around r e l a t i v e l y  homogeneous v i t r i n i t e  

F ig .  2 .  I n t e r n a l  o x i d a t i o n  around c racks  and ho le s  and i n  mic ro - f i s su red  r e g i o n s  
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Fig.  3. Ref lec t ed  l i g h t  i l l u m i n a t i o n  u s i n g  immersion o i l  of same a r e a  

a s  was shown i n  Fig.  2 

Fig.  4 .  Oxidat ion a t  a maceral  i n t e r f a c e ,  bu t  w i t h  v e r y  l i t t l e  p e n e t r a t i o n  

of a r e s i n  r o d l e t  
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Fig. 5 .  Slow oxygen penetration i n t o  l i p t i n i t e  macerals with no observed 

penetration along the l i p t i n i t e - v i t r i n i t e  in ter face  

s 

._- - _ _  

Fig .  6 .  Vacuole with no oxidation along i t s  i n t e r i o r  surface 



Fig. 7 .  Extensive oxidation i n  heterogeneous regions i n  a par t i c l e  of coa l  

Fig. 8 .  Oxidation around pyrite  granules a s  observed in  combined transmitted 

and re f l ec ted  l i g h t  
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CHEMICAL STUDIES OF THE AMES OXYDESULFURIZATION PROCESS 

Thomas G. Squires ,  Clifford G. Venier, Lawrence W .  Chang, and Thomas E .  Schmidt 

Anes Laboratory*, Iowa State  University, Ames, Iowa 50011 

In f resh ly  mined coal ,  sulfur  i s  present i n  two major forms: as iron pyrite 
and as organic s u l f u r ,  i . e . ,  as su l fur  chemically bonded t o  carbon and thus com- 
pr is ing an in tegra l  part of  the organic coal matrix(1). 
dis t r ibuted i n  varying proportions between large framboidal pyr i te ,  the major 
portion, and microfine pyr i te  which i s  encapsulated in  the organic coal matrix. 
While the majority of the pyri te  can usually be removed by conventional physical 
beneficiation processes, encapsulated microfine pyr i te  as well as organic sulfur  
are  n o t  responsive t o  these cleaning procedures. Consequently, a number of  chemi- 
cal oxydesulfurization procedures have been proposed and investigated in order t o  
supplement the physical beneficiat ion of coal. One of these techniques, the Ames 
Process(2), u t i l i z e s  0.2 M aqueous Na2C03 a t  150°C under a pressure of 200 psi 02 
for  one hour. 

and Wheelock(3). 
pyri te  and were able  t o  demonstrate qu i te  dramatically t h a t  pyr i te  (FeS2) i s  con- 
verted to  hematite (Fe203) under the process conditions. 

from coal i s  much more complicated due t o  the inaccuracy of the ASTM method for  
determining organic su l fur  i n  coal and the paucity of  information de ta i l ing  the 
organic s u l f u r  functional group d is t r ibu t ion  in coal. 
t i t a t i v e  method f o r  determining organic s u l f u r  can be a t t r ibu ted  p a r t i a l l y  t o  a 
lack of precision i n  the ASTM method of determining organic sulfur  by difference,  
which Paris(4)  has found t o  be as high as ~ 2 5 %  a t  two standard deviations. 
additional source o f  e r ror  has been shown by Greer(5) t o  involve organical ly  en- 
capsulated microfine pyri te .  While th i s  pyri te  would be i n e r t  t o  extract ion with 
n i t r i c  acid i n  the raw coal and t h u s  would report  as organic s u l f u r ,  subjecting the 
coal t o  150-200°C for an hour in  the presence of water and oxygen should remove 
t h i s  microfine pyr i te  or, a t  l e a s t ,  render i t  accessible to  the n i t r i c  acid ex- 
t ract ion.  
moval of organic su l fur .  
organic su l fur  removal by the ASTM method could eas i ly  be in  error  by as much as 
?50% of  the  raw coal value. 
cesses claim the removal of organic su l fur  from coal u p  t o  a maximum of 40%, we s e t  
out to  assess the v a l i d i t y  of these claims by subjecting model compounds t o  the 
Ames conditions. 

process involving i n i t i a l  oxidation a t  su l fur  t o  produce sulfoxides and sulfones. 
This step i s  then though t o  be followed by the thermal a n d ,  in  the Ames Process, 

The p y r i t i c  su l fur  i s  

Some of the e a r l y  model compound work on the h e ,  Process was done by Greer 
These workers investigated the e f fec t  of the Ames Process on iron 

The assessment of the eff icacy o f  the  Ames Process in  removing organic sulfur  

The inaccuracy of the  quan- 

An 

The data  generated from the  t reated coal would indicate  a n  apparent re- 
On the basis of these considerations, the evaluation of 

Since b o t h  the  PETC and Ames Oxydesulfurization Pro- 

Conceptually, t h i s  type of oxydesulfurization has been described as a two s tep  

(0) heat and/or 
R2S ,-> R2SOx -> R - R  t SOx 

base 

base assis ted extrust ion of  SO,. 
f u r  f a c i l i t a t e s  desulfur izat ion by polarizing and weakening the carbon t o  sulfur  
bond ( 6).  

I n  t h i s  formulation, the i n i t i a l  oxidation a t  sul-  

*Operated f o r  the U. S .  Department of Energy by Iowa State  University under Contract 
No. W-7405-Eng-82. This research was supported by the  Assistant Secretary f o r  Fossil 
Energy, Office of Coal Mining, WPAS-AA-75-05-05. 
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The r e s u l t s  f o r  model compounds are presented i n  Table 1 .  The lack  of 
r e a c t i v i t y  e x h i b i t e d  was su rp r i s ing .  
may a c t  as a c a t a l y s t  i n  the ox ida t i on ,  reac t i ons  o f  severa l  compounds were c a r r i e d  
ou t  i n  the presence o f  coal. These r e s u l t s  a re  shown i n  Table 2. 

TABLE I. 

I n  o rde r  t o  assess the p o s s i b i l i t y  t h a t  coa l  

EFFECT OF AMES PROCESS ON MODEL ORGANIC SULFUR COMPOUNDSa 

Y IELOS 

RECOVERED 
START I NG 
MATERIAL 

VYa 

!x 

96% 

8 i% 

98x 

9VL 

3 6"/, 

29% 

PRODUCTS 

@S03Na (95%) 

@S03Na (9%) 

No reac t i on  

No r e a c t i o n  

No r e a c t i o n  

a1500C, 200 p s i  0 2 ,  0.2M aqueous Na2C03, 1 hour. 

TABLE 2 .  EVALUATION OF POSSIBLE COAL CATALYSIS IN AMES PROCESS 

Model Compound 

Dibenzothiophene 

Diphenyl  S u l f i d e  

O i o c t y l  S u l f i d e  

Benzyl Methyl S u l f i d e  

Y i e l d  of Recovered S t a r t i n q  M a t e r i a l  

Model Compound L o v i l i a  Coal Added 

O2 - N2 
Alone - 
96% 83% 76% 

98 76 74 

90 -- 
36 75 13 

a2 
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I n  order t o  take  i n t o  account t h e  decreased recovery expected due t o  adsorp t ion  
o f  t h e  model compounds on to  coa l ,  runs us ing  bo th  oxygen and n i t r o g e n  were per-  
formed. 
c i p l e  func t i ona l  groups expected t o  be i n  coa l ,  a re  i n e r t  t o  o x i d a t i o n  under the  
Ames Process cond i t ions .  

o x i d a t i o n  t o  d i s u l f i d e s  (7)  
f o n i c  acids under more f o r c i n g  c o n d i t i o n s  i s  a l so  known(8). 
s u l t s  o f  t h e  r e a c t i o n  o f  two compounds, benzyl  methyl  s u l f i d e  and benzyl phenyl 

The r e s u l t s  c o n f i r m  t h a t  s imp le  s u l f i d e s  and dibenzothiophene, the  p r i n -  

O f  t h e  r e a c t i v e  func t i ons ,  th iopheno ls  a re  w i d e l y  known t o  underqo f a c i l e  a i r  
and t h e  o x i d a t i o n  o f  th iopheno ls  and d i s u l f i d e s  t o  su l -  

That leaves the  re -  

3)  
NaOH, O 2  

c a t a l y s t  o r  h e a t  

s u l f i d e ,  t o  be explained. The f a c t  t h a t  i t  i s  o n l y  t h e  b e n z y l i c  s u l f i d e s  which 
a r e  r e a c t i v e  i s  remin iscent  o f  hydrocarbon a u t o x i d a t i o n ,  a l ong  known and w e l l  
s t u d i e d  process which i nvo l ves  t h e  f r e e  r a d i c a l  a b s t r a c t i o n  o f  hydrogen from weak 
carbon-hydrogen bonds (9). Table 3 presents  t h e  r e l a t i v e  r a t e s  o f  hydrogen ab- 
s t r a c t i o n  f rom some r e p r e s e n t a t i v e  compounds by phenyl r a d i c a l  ( l o ) ,  t he  most 
s t u d i e d  o f  t h e  hydrogen a b s t r a c t o r s  and t - b u t y l p e r o x y  r a d i c a l  ( l l ) ,  more c l o s e l y  
s i m i l a r  t o  t h e  peroxy r a d i c a l s  which we p o s t u l a t e  would be t h e  hydrogen a b s t r a c t i n g  
spec ies  i n  t h e  Ames Process, as w e l l  as the  a u t o x i d a t i o n  r a t e  o f  t he  pure compounds. 

RELATIVE RATES OF HYDROGEN ABSTRACTION BY FREE RADICALS TABLE 3. 

Compound Ph', 60°Ca (CH3)3COO' , 30°Cb RH + R O O . ,  30°Cb 

'Data o f  r e f e r e n c e  10. 

o x i d i z e d  t o  e i t h e r  t h e  s u l f o x i d e  o r  s u l f o n e ,  which then are respons ib le  f o r  t he  ob- 
served products, both benzyl phenyl s u l f o x i d e  and benzyl phenyl su l fone were sub- 
j e c t e d  t o  t h e  r e a c t i o n  cond i t i ons .  Because t h e  s u l f o n e  i s  i n e r t ,  i t  can be r u l e d  
o u t  as a p o s s i b l e  r e a c t i o n  in te rmed ia te .  
g ives  sulfone as one o f  t h e  products.  Since su l fone i s  no t  i s o l a t e d  i n  the  o x i -  
d a t i o n  o f  s u l f i d e  under process c o n d i t i o n s ,  t h e  s u l f o x i d e  i s  a l so  e l i m i n a t e d  as a 

bData o f  r e f e r e n c e  11. 

I n  o rder  t o  r u l e  ou t  t h e  p o s s i b i l i t r  t h a t  t h e  b e n z v l i c  s u l f i d e s  are i n  fact. 

Al though i t  does reac t ,  t h e  s u l f o x i d e  
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,-> No Reaction (93% recovery) (4) 

22% 45% 

poss ib le  r e a c t i o n  in termediate.  

Beside benzy l i c  s u l f i d e s ,  one would expect t h a t  some hydrocarbons, f o r  ex- 
ample, f luorene,  would a l so  be r e a c t i v e  t o  the o x y d e s u l f u r i z a t i o n  cond i t i ons .  
Under Ames process cond i t i ons ,  f l uo rene  i s  indeed degraded t o  i t s  known au tox i -  
d a t i o n  product ,  f l uo renone( l3 ) .  Whi le  we have n o t  y e t  r u n  o t h e r  hydrocarbons 
which m igh t  be expected t o  be r e a c t i v e ,  we b e l i e v e  t h a t  t hey  w i l l  behave s i m i l a r l y .  

F l e d g l i n g  s tud ies  o f  s u l f u r - c o n t a i n i n g  s y n t h e t i c  po l ymers ( l4 )  add support t o  
t h e  model compound s tud ies .  Table 4 shows the  r e s u l t s  o f  s u b j e c t i n g  t h r e e  modi- 
f i e d  polystyrenes t o  t h e  h e s  Process cond i t i ons .  Both the  phenyl th iomethy l  and 
t o l y l  t h iomethy l  po lystyrenes are analogs o f  t h e  model compound, benzyl phenyl 
s u l f i d e .  
f o r  s o l i d  c o a l ,  were r e a c t i v e ,  b u t  l ess  so than t h e  corresponding model compound. 
Polystyrene c ross - l i nked  by dibenzothiophene i s  un reac t i ve ,  con f i rm ing  t h e  i n e r t -  
ness o f  t h e  dibenzothiophene mo ie ty  t o  o x y d e s u l f u r i z a t i o n .  

As we had an t i c ipa ted ,  t he  s o l i d  polymers, which should be b e t t e r  models 

TABLE 4. EFFECT OF THE AMES PROCESS ON SULFUR-CONTAINING POLYSTYRENE POLYMERS~ 

% S u l f u r  Removed 

10% 

2 0% 

0 

a150"C, 200 p s i  02, 0.2 M aqueous Na2C03, 1 hour. 

b@= po lys ty rene  backbone; s u b s t i t u e n t s  are at tached through t h e  para p o s i t i o n .  

OBT = dibenzothiophene nucleus, 

5 3  



F i n a l l y ,  we have sub jec ted  the  p y r i d i n e  e x t r a c t  o f  an I l l i n o i s  #6 coal  t o  
t h e  Ames Process cond i t ions .  
and hence, t h e  q u i t e  accurate t o t a l  s u l f u r  d e t e r m i n a t i o n  i s  a l so  t h e  organ ic  s u l -  
f u r  de termina t ion .  
does no t  reduce t h e  organ ic  s u l f u r  l e v e l  o f  t h e  e x t r a c t .  On t h e  o t h e r  hand, some 
o f  t h e  e x t r a c t  i s  apparent ly  o x i d i z e d  as judged by t h e  inc rease i n  S/C r a t i o ,  the  
inc rease i n  o x y F n  content,  and t h e  increased O/C r a t i o .  

model compound s tud ies  are,  i n  summary, t he  f o l l o w i n g :  

A l l  o f  t h e  s u l f u r  i n  an e x t r a c t  i s  o r g a n i c a l l y  bound 

The r e s u l t s  i n  Tab le  5 show t h a t  o x y d e s u l f u r i z a t i o n  apparent ly  

Our conclusions concerning t h e  o x y d e s u l f u r i z a t i o n  process as gleaned from 

1. Thiophenols and d i s u l f i d e s  a r e  the  o n l y  groups o x i d i z e d  a t  s u l f u r .  
2. S u l f i d e s ,  i n c l u d i n g  thiophenes, are n o t  o x i d i z e d  a t  s u l f u r .  

4. React ive  carbon-hydrogen bonds i n  f u n c t i o n s  no t  c o n t a i n i n g  s u l f u r  a l s o  
reac t .  

5. The Ames Process i s  d i r e c t l y  analogous t o  hydrocarbon au tox ida t ion .  
6. More e f f i c i e n t  s u l f u r  removal w i t h o u t  severe degradat ion  o f  t he  coal  

i s  n o t  p o s s i b l e  under the  present  process c o n d i t i o n s .  

The success which these model compound s tud ies  have had i n  d e f i n i n g  t h e  l i m i t s  

. 3. React ive s u l f i d e s  a re  o x i d i z e d  a t  r e a c t i v e  carbon-hydrogen bonds. 

of t h e  e f f i c a c y  o f  t he  Ames o x y d e s u l f u r i z a t i o n  process encourage us t o  b e l i e v e  
t h a t  t h i s  approach w i l l  be q u i t e  v a l u a b l e  i n  t h e  e v a l u a t i o n  o f  o t h e r  proposed 
chemical coal  c l e a n i n g  techniques. 

Table 5 .  EFFECT 

Datum 

We i gh t recove red 

OF AMES PROCESS ON PYRIDINE EXTRACT OF ILLINOIS #6 COALa 

Ames Processed E x t r a c t  

E x t r a c t  NZb 0 ZC 

_- 93% 85% 
d E 1 emental Ana 1 ys i s  

C 76.6 77.9 
H 6.1 5.8 
S 0.8 0.8 

O(by d i f f . )  14.4 12.8 

68.5 
4.9 
0.9 

22.3 
S/C r a t i o  (moles) 0.028 0.026 0.034 
H/C r a t i o  (moles) 0.95 0.90 0.85 
O/C r a t i o  (moles) 0.25 0.22 0.43 

a1500C, 0.2 M aqueous Na2C03, 1 hour. b200 p s i  N pressure. '200 p s i  O2 pressure. 
2 

dSamples c o n t a i n  a small amount of ash o r  NaCI. Element percents a r e  expressed ash 
o r  NaCl f r e e .  
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The r e s u l t s  f o r  model compounds are presented i n  Table 1 .  The lack  of 
r e a c t i v i t y  e x h i b i t e d  was su rp r i s ing .  
may a c t  as a c a t a l y s t  i n  the ox ida t i on ,  reac t i ons  o f  severa l  compounds were c a r r i e d  
o u t  i n  the presence o f  coa l .  These r e s u l t s  a re  shown i n  Table 2. 

I n  o rde r  t o  assess the p o s s i b i l i t y  t h a t  coa l  

TABLE I .  EFFECT OF AMES PROCESS ON MOOEL ORGANIC SULFUR C O M P O U N D S ~  

~ 

RE COVE REO 
START I NG 
MATER 1 AL 

@/, 

5% 

96% 

a n  

98% 

9% 

3 6% 

2 91/, 

PRODUCTS 

@-S03Na (95%) 

@S03Na (9'3%) 

No reac t i on  

No r e a c t i o n  

No r e a c t i o n  

'I5O0C, 200 p s i  02, 0.2M aqueous Na CO 1 hour. 
2 3'  

TABLE 2 .  EVALUATION OF POSSIBLE COAL CATALYSIS IN AMES PROCESS 

Mode 1 Compound 

f i ;  henzgthinnhrne 

Diphenyl S u l f i d e  

D i o c t y l  S u l f i d e  

Benzyl Methyl S u l f i d e  

Y i e l d  of Recovered S t a r t i n q  M a t e r i a l  

Model Compound L o v i l i a  Coal Added 

O2 - N2 
Alone - 

96% ax 76% 

98 76 74 

a2 90 _ _  
36 75 13 

i 6 
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I n  order  t o  take  i n t o  account t h e  decreased recovery expected due t o  adso rp t i on  
O f  the model compounds onto coal ,  runs us ing  b o t h  oxygen and n i t r o g e n  were per- 
formed. 
c i p l e  f u n c t i o n a l  groups expected t o  be i n  coa l ,  are i n e r t  t o  o x i d a t i o n  under t h e  
Ames Process cond i t i ons .  

o x i d a t i o n  t o  d i s u l f i d e s  ( 7 )  and t h e  o x i d a t i o n  o f  th iophenols  and d i s u l f i d e s  t o  s u l -  
fon ic  ac ids  under more f o r c i n g  cond i t i ons  i s  a l s o  known(8). 
s u l t s  o f  t he  r e a c t i o n  o f  two compounds, benzy l  methyl s u l f i d e  and benzyl phenyl 

The r e s u l t s  con f i rm  t h a t  s imple s u l f i d e s  and dibenzothiophene, the  p r i n -  

O f  t h e  r e a c t i v e  func t i ons ,  t h iopheno ls  a re  w i d e l y  known t o  underqo f a c i l e  a i r  

That leaves the r e -  

su l f i de ,  t o  be expla ined.  The f a c t  t h a t  i t  i s  o n l y  t h e  b e n z y l i c  s u l f i d e s  which 
a re  r e a c t i v e  i s  remin iscent  o f  hydrocarbon au tox ida t i on ,  a l ong  known and w e l l  
s tud ied  process which i nvo l ves  t h e  f r e e  r a d i c a l  a b s t r a c t i o n  o f  hydrogen from weak 
carbon-hydrogen bonds(9). Table 3 presents  t h e  r e l a t i v e  r a t e s  o f  hydrogen ab- 
s t r a c t i o n  from some rep resen ta t i ve  compounds by phenyl r a d i c a l  ( l o ) ,  t he  most 
s tud ied o f  t h e  hydrogen abs t rac to rs  and t -bu ty lpe roxy  r a d i c a l  ( l l ) ,  more c l o s e l y  
s i m i l a r  t o  t h e  peroxy r a d i c a l s  which we p o s t u l a t e  would be t h e  hydrogen a b s t r a c t i n g  
species i n  t h e  Ames Process, as w e l l  as the  a u t o x i d a t i o n  r a t e  o f  the pure compounds. 

TABLE 3. RELATIVE RATES OF HYDROGEN ABSTRACTION BY FREE RADICALS 

Compound Ph', 60°Ca (CH3)3COO'  , 30°Cb RH + R O O . ,  30°Cb 

(1.0) (1.0) 

3.6 5 . 0  

5 . 1  8.9 

(1.0) 

2.3 

8.3 

aData o f  r e f e r e n c e  10. 

ox id i zed  t o  e i t h e r  the s u l f o x i d e  o r  su l fone,  which then are respons ib le  f o r  t he  ob- 
served products ,  both benzyl phenyl s u l f o x i d e  and benzyl phenyl su l fone  were sub- 
j e c t e d  t o  the r e a c t i o n  cond i t i ons .  Because t h e  su l fone  i s  i n e r t ,  i t  can be r u l e d  
o u t  as a poss ib le  r e a c t i o n  in termediate.  
gives su l fone  as one o f  t he  products. 
d a t i o n  o f  s u l f i d e  under process cond i t i ons ,  t he  s u l f o x i d e  i s  a l s o  e l im ina ted  as a 

bData o f  re fe rence  11. 
I n  o rde r  t o  r u l e  ou t  t he  p o s s i b i l i t y  t h a t  t h e  b e n z y l i c  s u l f i d e s  are i n  f a c t  

Although i t  does r e a c t ,  t he  s u l f o x i d e  
Since su l fone  i s  no t  i s o l a t e d  i n  the o x i -  
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No React ion  (93% recovery)  (4) 

2 2% 7 3% 

poss ib le  r e a c t i o n  in termediate.  

Beside benzy l i c  s u l f i d e s ,  one would expect t h a t  some hydrocarbons, f o r  ex- 
ample, f luorene,  would a l so  be r e a c t i v e  t o  the o x y d e s u l f u r i z a t i o n  cond i t i ons .  
Under h e s  process cond i t i ons ,  f l u o r e n e  i s  indeed degraded t o  i t s  known a u t o x i -  
d a t i o n  product, f l uo renone( l3 ) .  Wh i le  we have no t  y e t  r u n  o t h e r  hydrocarbons 
which might be expected t o  be r e a c t i v e ,  we b e l i e v e  t h a t  they w i l l  behave s i m i l a r l y .  

n 

F ledg l i ng  s tud ies  o f  s u l f u r - c o n t a i n i n g  s y n t h e t i c  po lymers( l4)  add suppor t  t o  
t h e  model compound stud ies.  Table 4 shows the  r e s u l t s  o f  s u b j e c t i n g  t h r e e  modi- 
f i e d  polystyrenes t o  t h e  Ames Process cond i t i ons .  Both the  phenyl th iomethy l  and 
t o l y l t h i o m e t h y l  po lystyrenes are analogs o f  t h e  model compound, benzyl phenyl 
s u l f i d e .  
f o r  s o l i d  coa l ,  were r e a c t i v e ,  bu t  l e s s  so than t h e  corresponding model compound. 
Polystyrene c ross - l i nked  by  d ibenzoth iophene i s  un reac t i ve ,  con f i rm ing  t h e  i n e r t -  
ness o f  t h e  dibenzothiophene mo ie ty  t o  oxydesu l fu r i za t i on .  

As we had a n t i c i p a t e d ,  t h e  s o l i d  polymers, which should be b e t t e r  models 

TABLE 4. EFFECT OF THE AMES PROCESS ON SULFUR-CONTAINING POLYSTYRENE P O L Y M E R S ~  
b Po 1 ymer 

@ - C H 2 - S G  

@ C H ~ - S ~ C H ~  

@ - C H ~ - D B T - C H ~ ~  

% S u l f u r  Removed 

10% 

2 0% 

0 

-150"C, 200 p s i  02, 0.2 M aqueous Na2C03, 1 hour. 

'@= po lys ty rene  backbone; s u b s t i t u e n t s  are at tached through the  para p o s i t i o n .  

DBT = dibenzothiophene nucleus, 

5% 



Finally, we have subjected the pyridine ex t rac t  of an I l l i n o i s  #6 coal t o  
the Ames Process conditions. 
and hence, the qui te  accurate to ta l  su l fur  determination i s  a lso the organic sul- 
f u r  determination. 
does not reduce the organic su l fur  level of the ex t rac t .  On the other  h a n d ,  some 
of the extract  i s  apparently oxidized as judged by the increase i n  S/C r a t i o ,  the 
increase i n  oxygen content, and  the  increased O / C  r a t i o .  

model compound s tudies  a re ,  in  summary, the following: 

All of the sulfur  i n  a n  extract  i s  organically bound 

The resu l t s  in  Table 5 show tha t  oxydesulfurization apparently 

Our conclusions concerning the  oxydesulfurization process as gleaned from 

1. Thiophenols and d isu l f ides  a re  the only groups oxidized a t  su l fur .  
2 .  Sulf ides ,  including thiophenes, are  n o t  oxidized a t  sulfur .  
3.  Reactive sulf ides  are  oxidized a t  react ive carbon-hydrogen bonds. 
4. Reactive carbon-hydrogen bonds in  functions not containing su l fur  a lso 

react .  
5. The Ames Process i s  d i r e c t l y  analogous t o  hydrocarbon autoxidation. 
6.  More e f f i c i e n t  su l fur  removal without severe degradation of the coal 

i s  not possible under the present process conditions. 
The success which these model compound s tudies  have had in defining the l imi t s  

of the eff icacy of the Ames oxydesulfurization process encourage us to  believe 
tha t  t h i s  approach will be qui te  valuable i n  the evaluation of other  proposed 
chemical coal cleaning techniques. 

Tab le  5. EFFECT OF AMES PROCESS ON PYRIDINE EXTRACT OF I L L I N O I S  #6 COALa 

Ames Processed E x t r a c t  

Datum E x t r a c t  NZb 02= 

Weight recovered -- 9 3% 85% 
Elementa l  Ana lys i s  

C 76.6 77.9 68.5 

d 

H 6.1 5.8 4.9 
S 0.8 0.8 0.9 

O(by d i f f . )  14.4 12.8 22.3 

S / C  r a t i o  (moles) 0.028 0.026 
H/C r a t i o  (moles) 0.95 0.90 
o/c r a t i o  (moles) 0.25 0.22 

0.034 
0.85 
0.43 

3 ,  1 hour. b200 p s i  N pressure .  ‘200 p s i  0 p ressure .  
2 2 

a1500C, 0.2 H aqueous NapCO 

dSamples c o n t a i n  a smal l  amount o f  ash o r  NaCl. Element pe rcen ts  a r e  expressed ash 
o r  NaCl f ree .  
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HPLC A N D  PHASE TRANSFER CATALYSIS 

IN THE ANALYSIS OF OXIDATION PRODUCTS 

OF L IGNITE LIQUIDS AND MODEL COMPOUNDS 

Edwin S .  Olson and B r u c e  W .  Farnum 

Grand  Forks  Energy Technology Center  

Department o f  Energy 

Box  8213 U n i v e r s i t y  Stat ion 

G r a n d  Forks,  N o r t h  Dakota 58202 

T h e  object ive o f  these s tud ies was to  develop new methods f o r  t h e  analysis o f  

t h e  types a n d  quant i t ies  o f  a r y l  g roups  and  a l ky l  g roups  p resen t  in t h e  a lky larenes 

and  hydroarenes which a r e  major const i tuents  o f  t h e  l iquefact ion p roduc ts  de r i ved  

f r o m  l ign i te  coals. A number  o f  ox idat ion reactions o f  light oi l  hyd roca rbon  m ix tu res  

a n d  model compounds were invest igated.  In o r d e r  t o  g e t  high y ie ld  ox idat ion 

reactions, phase t r a n s f e r  cata lysts  were u t i l i zed  in some o f  the reactions. Der i va t i -  

zat ion of t h e  reaction p r o d u c t s  to g i v e  h i g h l y  UV absorb ing compounds fac i l i ta ted t h e  

analys is  o f  t h e  p roduc ts  w i t h  HPLC. 

Tr i f luoroperacet ic  ac id  has been descr ibed as a usefu l  reagent  f o r  t h e  analysis 

o f  a l ky l  g roups  since it easi ly degrades t h e  aromatic r i n g s  present  in t h e  s t r u c t u r e  

a n d  g ives a l iphat ic  ca rboxy l i c  acids i nco rpo ra t i ng  t h e  a l ky l  groups(1) .  Un fo r tuna te l y ,  

m ix tu res  o f  p roduc ts  have  been obta ined f rom t h e  ox idat ion o f  s ing le compounds;( l  ,2) 

e .g. ,  indan gave 27% succ in ic  and 27% g lu ta r i c  acids(1). Su rp r i s ing l y ,  t e t ra l i n  was 

repo r ted  t o  vield cvc lohexene- I ,  2-d icarboxy l ic  anhydr ide  as the  o n l y  p r o d u c t  (1). 

Te t ra l i n  was ox id ized a t  60° u s i n g  Deno's procedure(1)  and t h e  resu l t i ng  ac id  

m i x t u r e  was conver ted to t h e  p-bromophenacyl esters  b y  r e f l u x i n g  w i t h  
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p-bromophenacyl bromide in 50% ethanol-water a t  pH.6.8. T h e  esters  were analyzed 

on  a 101.1 Spherisorb-ODS HPLC column u s i n g  a programmed g r a d i e n t  e lu t ion of 

methanol-water (F igu re  1C). The p rog ram was dev ised so t h a t  t h e  monoesters can 

be  e lu ted followed by t h e  d iesters  (see Table 1). T h e  major components of t h e  

p roduc t  m ix tu re  were succinic, g lu ta r i c  and adip ic  monoesters and  d ies te rs  (F igu re  

la) .  The  peaks corresponding t o  t h e  p-bromophenacyl monoester o f  cyc lohexene- I  ,2- 

d i ca rboxy l i c  acid and  t h e  e t h y l  p-bromophenacyl  mixed ester were v e r y  small. Since 

a un ique  p roduc t  was n o t  obtained f rom te t ra l i n  n o r  f rom most o t h e r  hydroaromat ics 

and alkylarenes, it i s  d i f f i c u l t  t o  see how any  quan t i t a t i ve  in format ion about  coal o r  

coal oi l  s t r u c t u r e  can be obtained w i t h  t h i s  method o f  ox idat ion.  

T A B L E  1 

Peak No. Retention Time, (min. )  Compound 

1 
2 
3 
4 
5 
6 
7 

9 
10 

11 

12 

a 

4.0 
5.5 
7.4 

15.9 
20.3 
21.5 
26.5 

30.1 
17.2 

29.8 

28.8 

34.5 

succinic mono ester  
g lu ta r i c  mono ester  
adipic mono ester 
p-bromophenacyl alcohol 
p-bromophenacyl t r i f l uo roace ta te  
p-bromophenacyl bromide 
succinic d ies te r  
g l u t a r i c  d ies te r  
ad ip ic  d iester  
mono p - bromop henacyl 
cyclohexene-1 ,2-d icarboxy late 
p-bromophenacyl e thy l  cyc lo-  
hexene- I  ,2-d icarboxy late 
d i  p-bromophenacyl cyc lo-  
hexene-1 ,2-d icarboxy late 

Oxidat ion o f  a light oi l  f r om t h e  l iquefact ion o f  Beulah, N .D .  l i gn i te  w i th  

synthes is  gas a t  460° a n d  27.5 MPa (3) was c a r r i e d  o u t  w i t h  CF3C03H-H2S04. 

HPLC analysis ( F i g u r e  2) o f  t h e  p-bromophenacyl esters o f  t h e  react ion p roduc ts  

exh ib i t ed  peaks corresponding t o  a range ca rboxy l i c  acids in t h e  range  of 4 t o  9 

carbon atoms. 

The ox idat ion o f  aromatic r i n g s  w i t h  R u 0 4  was invest igated as an a l te rna t i ve  t o  

t h e  t r i f luoroperacet ic  acid method. Since y ie lds repo r ted  in t h e  l i t e r a t u r e  (4)  v a r y  
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considerably  f o r  t h i s  reagent ,  t h e  use o f  a phase t r a n s f e r  cata lyst  to  b r i n g  t h e  

ox id i z ing  agent  fo r  R u 0 2  i n t o  t h e  o rgan ic  phase was s tud ied.  T h e  reaction o f  

t e t r a l i n  in CCI4 w i t h  NaOCl o r  Na104 in water  u s i n g  R u 0 2  and Adogen-464 

(tetraalkylammonium sal t )  gave  a- te t ra lone in low y ie ld ,  r a t h e r  t h a n  the  expected 

p roduc t ,  ad ip ic  acid. T h e  t w o  phase ox idat ion o f  I -methy lnaphthalene w i th  Na i04  in 

t h e  presence o f  R u 0 2  and Adogen-464 gave a good y ie ld  of ph tha l i c  ac id  and  

3-methy lphthal ic  ac id .  These were character ized b y  HPLC analysis o f  t h e  

p-bromophenacyl esters .  T h e  more easi ly ox id ized naphthalene r i n g s  show g rea te r  

promise in t h i s  t y p e  of analys is  than  t h e  benzene systems. 

A number  o f  o x i d i z i n g  agents a r e  avai lable f o r  ox idat ion o f  aromatic 

hyd roca rbons  to t h e  a r y l  ketones a n d  aldehydes. A high y ie ld  react ion was des i red 

f o r  use in t h e  quan t i t a t i ve  analys is  o f  l i gn i te -de r i ved  o i ls  which conta in  many methyl 

and o the r  a lky larenes as well as hydroaromat ics.  HPLC analyses o f  t h e  ox idat ion 

p roduc ts  and  t h e i r  2,4-dinitrophenyIhydrazones were c a r r i e d  ou t .  T h e  ox idat ion of 

t e t r a l i n  to a- te t ra lone u s i n g  cer ic  ammonium n i t r a t e  in n i t r i c  acid (5) could not  be 

repeated. i ns tead  t h e  n i t r a t e  ester  of te t ra lo l  was obta ined.  A similar p r o d u c t  was 

repo r ted  f o r  o -xy lene  ox ida t i on  (6) .  Us ing  acetic acid as t h e  so lvent  (7) produced 

t h e  acetate es te r  o f  a - te t ra lo l .  A mat r i x  o f  condi t ions was s tud ied u t i l i z i ng  a phase 

t r a n s f e r  ca ta l ys t  in t h e  t e t r a l i n  ox idat ion to  determine maximum y ie ld  condi t ions.  

Thus  a 74% y ie ld  o f  a- te t ra lone was obta ined u s i n g  a benzene-water system w i t h  

Adogen-464, w i t h  no  s ide  react ion p roduc ts .  

Cer ic  ammonium n i t r a t e  ox idat ion o f  naphthalenes in two  phase systems w i t h  

Adogen-464 gave naphthoquinones and m ix tu res  o f  p roduc ts ,  t h u s  t h i s  ox id i z ing  

system wil l  b e  of l imi ted usefulness i n  t h e  s t u d y  o f  naphthalen ic  and  la rge r  aromatic 

rina svstems. 

Adogen-464 was also v e r y  e f fec t i ve  in cata lyz ing t h e  ox idat ion o f  t e t ra l i n  in 

T h u s  t h e  "pu rp le  benzene" reagent  gave a benzene w i t h  KMn04 as the  o x i d a n t  (8). 

h i g h  y ie ld ,  90%, o f  a- te t ra lone.  
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O t h e r  ox id i z ing  reagents, such as n i t robenzene and  peroxydisu l fa te,  which 

sometimes g i ve  a ldehydes o r  ketones, were no t  successful in t h e  model compound o r  

light o i l  ox idat ion studies. 

Experimental Section 

T r i f l uo roperace t i c  acid ox idat ions were per formed as in Reference 1 and excess 

reagent  dest royed w i t h  Pt/asbestos. Most o f  t h e  t r i f l uo roace t i c  acid was evaporated 

a t  low ternp/pressure on  a r o t a r y  evaporator .  T h e  p H  was adjusted t o  6.8 and an 

equal volume o f  ethanol was added. The  solut ion was f i l t e red  and  re f l uxed  w i th  

p-bromophenacyl bromide f o r  15 minutes. T h e  es te rs  were ex t rac ted  w i t h  e thy l  

acetate and  analyzed w i t h  an Al tex Model 332* l i qu id  chromatograph w i t h  U.V. 

detect ion.  

Ruthenium te t raox ide  ox idat ions were pe r fo rmed  by d isso lv ing  0.3 g o f  organic  

subst rate in 25 ml CCI4 and add ing  t o  2.0 g Na104 in 25 ml water. Adogen-464 

(A ld r i ch )  (50 mg) and  20 m g  RuOZ were added and  s t i r r i n g  cont inued ove rn igh t .  A 

second 2.0 g of Na104 were added and s t i r r e d  o v e r n i g h t .  Acids were ext racted f rom 

t h e  ac id i f ied aqueous layer  and  analyzed b y  HPLC a f t e r  convers ion to  t h e  p-bromo- 

phenacyl esters. 

Cer ic  ammonium n i t r a t e  ox idat ions were pe r fo rmed  by add ing  10.5 g o f  t h e  

reagent  in 40 ml water  t o  0.3 g organic  subs t ra te  in 10 ml benzene o r  o the r  so lvent .  

Adogen-464 was added and t h e  m ix tu re  s t i r r e d  and heated a t  60-65O f o r  3 h r s .  A 

second 10.5 g of reagent  in 15 ml water  was added and  heat ing cont inued f o r  5 h r s .  

Ext ract ion o f  t h e  m i x t u r e  w i t h  pentane gave t h e  ca rbony l  p roduc ts .  Permanganate 

ox idat ion was c a r r i e d  o u t  s imi lar i ly .  

* Reference t o  speci f ic  b r a n d  names and models i s  done to  fac i l i ta te  understanding 

and  ne i the r  const i tu tes n o r  implies endorsement b y  t h e  Department o f  Energy.  
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TFPA OXIDATION OF 
TETRALIN, p- BrPHENACYL 

IOpm SPHERISORB ODS 
Iml/min 
4.6 x 250mm 

TFPA OXIDATION OF 
TETRALIN, p-BrPHENACYL 
ESTERS SPIKED W\TH MONO 
AND DI-p-BrPHENACYL 
CYCLOHEXENE -I, 2 -DI- 
CARBOXYLATE 

GRADIENT ELUTION PROGRAM 
% CH30H IN WATER 

5 IO 15 20 25 30 

TIME, minutes 

F igure 1. - Separations o f  p-bromophenacyl e s t e r s  o f  t e t r a l i n  
TFPA o x i d a t i o n  products. 
compounds i n  Table 1 .  

Peak numbers r e f e r  t o  
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THE UTILISATION OF HYDROGEN I N  UK COAL LIQUEFACTION 

Glyn 0. Davies and Derek F. W i l l i a m s  

NCB, Coal Research Establ ishment ,  Cheltenham, UK 

INTRODUCTION 

Though a t  p resent  t h e  North Sea wel l s  provide a l l  t h e  crude o i l  t h a t  t h e  UK 
r e q u i r e s ,  t h i s  is unl ike ly  t o  be t h e  case much beyond t h e  end of t h e  decade. As 
BrStain has  adequate l a r g e  coa l  r e s e r v e s ,  the  Nat ional  Coal Board is preparing 
f o r  t h i s  s i t u a t i o n  by developing two processes  t o  convert c o a l  i n t o  l i q u i d  
hydrocarbons. The main f e a t u r e  o f  these  processes  is t h a t  they a r e  aimed a t  t h e  
production of premium products such as g a s o l i n e ,  d i e s e l  and j e t  f u e l s ,  a f e a t u r e  
which could a l s o  prove a t t r a c t i v e  outs ide  t h e  U K A  

When producing l i g h t  hydrocarbons i n  high y i e l d  it is e s s e n t i a l  t o  u t i l i s e  
hydrogen e f f i c i e n t l y  as  t h e  production of  hydrogen is expensive. I n  both 
processes  t h i s  is achieved by a two-stage conversion. I n  t h e  f i r s t  s t a g e  t h e  
coa l  i s  e x t r a c t e d ,  i n  t h e  absence of  gaseous hydrogen, such t h a t  t h e  mineral  
mat ter  can be removed and t h e  i n i t i a l  coa l  breakdown products  can be s t a b i l i s e d .  
This  makes i t  poss ib le  t o  use a s e l e c t i v e  c a t a l y s t  i n  t h e  second s t a g e  t o  
hydrocrack and r e f i n e  t h e  coa l  e x t r a c t .  

The paper descr ibes  t h e  two processes  under development, and i l l u s t r a t e s  t h e  
u t i l i s a t i o n  of hydrogen wi th  a s e t  of mater ia l  balance and hydrogen consumption 
d a t a  f o r  t h e  preparat ion of gaso l ine  and d i e s e l  f u e l .  

THE PROCESSES 

The two processes  under development a r e  t h e  Liquid Solvent  Ext rac t ion  (LSE) 
process  and the  S u p e r c r i t i c a l  G a s  Ext rac t ion  (SGE) process .  

The LSE process  involves  t h e  use of t h e  high b o i l i n g  ( +  3 O O 0 C )  f r a c t i o n  from 
t h e  hydrocracker product t o  e x t r a c t  coa l  a t  about 400OC. Because no gaseous 
hydrogen is needed a t  t h i s  s t a g e ,  t h e  e x t r a c t i o n  is c a r r i e d  o u t  a t  only a few 
atmospheres pressure ,  which is  a cons iderable  advantage where s o l i d s  handl ing i s  
involved. S u f f i c i e n t  hydrogen t r a n s f e r  t o  s t a b i l i s e  t h e  e x t r a c t e d  mater ia l  is 
ef fec ted  by v i r t u e  o f  t h e  hydrogen donor property of t h e  hydrogenated recyc le  
so lvent .  High e x t r a c t  y i e l d s  a r e  obtained as  v i r t u a l l y  a l l  of  t h e  coa l  except 
some of the  i n e r t i n i t e / f u s i n i t e  f r a c t i o n  is d isso lved .  
choice of e x t r a c t i o n  condi t ions  it i s  poss ib le  t o  produce a s o l u t i o n  t h a t  has  
favourable f i l t r a t i o n  p r o p e r t i e s ,  i e  low f i l t r a t e  v i s c o s i t y  and high f i l t e r  cake 
permeabi l i ty (1) .  

Furthermore by a s u i t a b l e  

The c lean  coa l  s o l u t i o n  (0.04% ash)  is reac ted  with hydrogen over a c a t a l y s t  
a t  about 425'C and 200 b a r ,  as a r e s u l t  of which t h e  aromatic s t r u c t u r e s  present  
a r e  hydrogenated and cracked,  and oxygen, n i t rogen  and sulphur  a r e  removed. Some 
of the commercially a v a i l a b l e  petroleum hydrot rea t ing  c a t a l y s t s  of t h e  Co/Mo/ 
alumina, Ni/Mo/alumina type a re  s u i t a b l e  for t h i s  duty but  o ther  s p e c i a l l y  
formulated c a t a l y s t s  are being inves t iga ted .  

The hydrocrackate is d i s t i l l e d  i n t o  t h r e e  f r a c t i o n s :  a naphtha,  nominally 
IPB-200'C. a mid-d is t i l l a te  (200-3OO0C) and a higher  b o i l i n g  f r a c t i o n  for recyc le  
as coa l  solvent .  
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The naphtha is a s t a b l e  c o l o u r l e s s  l i q u i d  which i s  r i c h  i n  naphthenes and 
contains  13% hydrogen, 400 ppm ni t rogen  and 10 ppm sulphur .  A f t e r  f u r t h e r  vapour 
phase hydrofining t o  reduce t h e  n i t rogen  and sulphur  t o  acceptab le  l e v e l s  it can 
be dehydrogenated by reforming t o  produce a high octane gasol ine .  
i n  one t e s t ( 2 )  the  reformate produced i n  95% y i e l d  had a RON o f  108. 

The m i d - d i s t i l l a t e  i s  near ly  c o l o u r l e s s  and is a mixture of two and t h r e e  

For example, 

r i n g  hydro-aromatics and naphthenes,  and some aromatics .  
and, l i k e  t h e  naphtha, on ly  small q u a n t i t i e s  of  heteroatoms. Batches of 
m i d - d i s t i l l a t e s  have been f u r t h e r  hydro t rea ted  t o  produce d i e s e l  f u e l  f o r  engine 
tests. Sa tura t ion  o f  t h e  aromatic  content  r a i s e d  t h e  hydrogen composition t o  13% 
and t h e  o v e r a l l  performance of t h e  f u e l  i n  t h e  Ricardo(3)  t e s t  engine was 

e q u i v a l e n t t o  t h a t  of c u r r e n t  UK road v e h i c l e  f u e l .  I t  had a Cetane No of 46, and 
a Bosch Smoke Index t h a t  w a s  h a l f  t h a t  of  petroleum gas o i l  a t  high load.  I t  had 
a very low f r e e z i n g  (-78OC) and low cold f i l t e r  plugging p o i n t  (-5OOC) which 
ind ica ted  a complete absence of hydrocarbon waxes. 

I t  c o n t a i n s  11% hydrogen, 

The naphtha, m i d - d i s t i l l a t e  and hydrogenated m i d - d i s t i l l a t e s  have a l s o  been 
assessed as steam cracker  feedstocks f o r  t h e  product ion of o l e f i n s  and a r o m a t i c s ( 2 ) .  
Tests made by I C 1  gave good cracking  p a t t e r n s :  33% o l e f i n s  and 24% aromatics ,  and 
I C 1  gave t h e  hydrogenated m i d - d i s t i l l a t e  a commercial va lue  index of 95 compared 
with 100 f o r  a s tandard petroleum naphtha. 

I n  an i n t e g r a t e d  process  as shown i n  F i g  1, coa l  is t h e  only input  and ex t ra  
coa l  w i l l  be requi red  to  supplement t h e  e x t r a c t i o n  r e s i d u e s  t o  provide t h e  
hydrogen and process  energy. 
s c a l e  p lan t  have i n d i c a t e d  an o v e r a l l  thermal e f f i c i e n c y  of  65-7077. 

Prel iminary estimates from a s tudy o f  a commercial 

The process  has  been developed a t  t h e  Coal Research Establ ishment  on a 
2 kg/h s c a l e .  An i n t e g r a t e d  p l a n t  (F ig  2) has  been run f o r  long cont inuous 
per iods ,  up t o  1200 h ,  p rovid ing  d i s t i l l a t e s  f o r  assessment and d a t a  f o r  t h e  
design of l a r g e r  p l a n t s .  
and it is  hoped t o  b u i l d  it wi th in  the  next  two years .  I t  should then  be poss ib le  
t o  go s t r a i g h t  t o  a s i n g l e  s t ream p l a n t  consuming 2-5000 tpd  and s o  t o  f u l l  sca le  
commercial product ion by t h e  mid-1990s. 

The design of a 1 tph  p l a n t  has  a l ready been prepared 

The S u p e r c r i t i c a l  Gas Ext rac t ion  process  (F ig  3) involves  t h e  use  of  an 
aromatic so lvent  c l o s e  t o  its c r i t i c a l  temperature t o  d i s s o l v e  coa l  at about 42OOC. 
I n  t h i s  condi t ion  t h e  f l u i d  i s  l e s s  dense and l e s s  viscous than a l i q u i d  would be,  
bu t  t h e  molecules a r e  s u f f i c i e n t l y  c lose  toge ther  t o  a c t  as a so lvent .  A t  
ambient condi t ions  t h e  s o l v e n t  i s  a l i q u i d  so can be used t o  s l u r r y  t h e  c o a l .  
The s u p e r c r i t i c a l  s o l v e n t  s e l e c t i v e l y  e x t r a c t s  the  smaller  molecular spec ies  which 
conta in  more hydrogen than t h e  r e s t  of the  c o a l ( 4 ) .  The carbonaceous res idue  
recovered after e x t r a c t i o n  i s  s u i t a b l e  f o r  g a s i f i c a t i o n  and combustion t o  provide 
t h e  process requirements  as shown i n  t h e  Figure.  
c o a l s ,  an e x t r a c t  y i e l d  s u f f i c i e n t  t o  provide t h i s  o v e r a l l  balance,  between 40% 
and 50% of t h e  daf c o a l ,  can be obtained.  This  is a l s o  the  case f o r  lower rank 
c o a l s ,  depending on t h e i r  composition. 

For high v o l a t i l e  bituminous 

No hydrogen gas  i s  needed i n  t h e  e x t r a c t i o n  s t a g e ,  but  t h e  n a t u r e  of t h e  
so lvent  leads  t o  an e x t r a c t i o n  pressure  or 200 b a r .  
s u p e r c r i t i c a l  s o l u t i o n  s t ream causes  the  e x t r a c t  t o  be p r e c i p i t a t e d  and al lows t h e  
so lvent  t o  be recycled.  The e x t r a c t  i s  hydrocracked, toge ther  with recyc led  heavy 
o i l ,  t o  produce s i m i l a r  products  t o  those obtained i n  the  LSE process  a t  an 
est imated o v e r a l l  thermal  e f f i c i e n c y  of 65%. 

Depressurisat ion of t h e  
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The SGE method of e x t r a c t i o n  has  been demonstrated on a 5 kgh-' s c a l e ,  and 
W i l l  be s tud ied  at a s c a l e  o f  1 tph  as p a r t  of t h e  t e s t  f a c i l i t y ,  a l ready  
re fer red  t o  i n  the  LSE process  d e s c r i p t i o n .  

HYDROGEN UTILISATION 

I n  order  t o  i l l u s t r a t e  t h e  u t i l i s a t i o n  of hydrogen i n  NCB coa l  l i q u e f a c t i o n  
one s e t  o f  d a t a  f o r  the  LSE process  has  been considered i n  d e t a i l .  
obtained from t h e  in tegra ted  u n i t  shown i n  Fig 2, when equi l ibr ium condi t ions  
were assumed t o  p r e v a i l .  

The d a t a  were 

A UK bituminous coa l  - Annesley - was used and its composition is shown i n  
The y i e l d s  of  products  and hydrogen consumption a r e  given i n  Table 2. Table 1. 

The l i q u i d  products ,  under t h e  spec i f ied  s e t  of  condi t ions ,  cons is ted  of naphtha 
and m i d - d i s t i l l a t e  and a cons iderable  y i e l d  of p i t c h .  
shown were not recovered i n  t h e  t e s t  bu t  an es t imate  has  been made i n  Table 2 of  
the  e f f e c t  of recovering these  l i q u i d s  by washing and passing them t o  t h e  hydro- 
cracker  with t h e  bulk of  t h e  e x t r a c t  s o l u t i o n .  

The f i l t e r  cake l i q u i d s  

The u t i l i s a t i o n  o f  hydrogen i n  t h e  t e s t  i s  shown by the  hydrogen account of 
Table 3 .  
l i q u i d  products and is a q u a n t i t i v e  measure of t h e  e f f ic iency  of hydrogen u t i l i s -  
a t ion  during l i q u e f a c t i o n .  

This shows t h a t  66% o f  t h e  hydrogen i n  the feedstock appears  i n  the 

A s  t h e  naphtha and m i d - d i s t i l l a t e  products  a r e  considerably r e f i n e d  during 
hydrocracking, t h e i r  conversion t o  gaso l ine  and d i e s e l  f u e l  r e q u i r e s  l i t t l e  
fur ther  hydrogen consumption. The f i n a l  y i e l d  values  are given i n  Table 4.  The 
low gas y i e l d  i n  t h e  o v e r a l l  process  c o n t r i b u t e s  s i g n i f i c a n t l y  t o  t h e  e f f i c i e n t  
u t i l i s a t i o n  of hydrogen and t h e  r e l a t i v e l y  high thermal e f f i c i e n c y  of t h e  process .  

The p i t c h  obtained i n  the  run s tudied  can be reduced and poss ib ly  el iminated 
by employing more severe  hydrocracking condi t ions .  
useful  product as i t  could be used as an e l e c t r o d e  b inder ,  a source  of  carbon 
black or a l t e r n a t i v e l y  it could be coked t o  produce e lec t rode  carbon. Some coking 
t e s t s  have been made and t h e  fol lowing y i e l d s  obtained:  coke 51%; d i s t i l l a t e s  39%; 
gas 10%. 
inventory of t h e  process  and would allow some of t h e  l i g h t e r  s o l v e n t  t o  be  
removed as products .  

However, t h e  p i t c h  is a 

The l i q u i d  recovered i n  t h e  la t ter  case  would supplement t h e  so lvent  

Al te rna t ive  opt ions  of  t h i s  kind have been examined i n  a s tudy of  t h e  commer- 
c i a l  s c a l e  opera t ion  of  t h e  process  c a r r i e d  out  i n  conjunct ion with an 
I n t e r n a t i o n a l  Chemical Engineering Contractor .  The results from t h e s e  s t u d i e s  
showed t h a t  n e i t h e r  the  p l a n t  c o s t  nor t h e  o v e r a l l  thermal e f f ic iency  var ied  
g r e a t l y  between t h e  opt ions.  

The above d a t a  r e l a t e  t o  t h e  processing of bituminous c o a l .  
brown c o a l s  can a l s o  be ex t rac ted  by t h i s  process  with t h e  a d d i t i o n a l  advantage 
t h a t  much of t h e  high oxygen content  i n  these  c o a l s  is e l imina ted  i n  t h e  
e x t r a c t i o n  s tage  a s  CO thus  i n  p r i n c i p l e  saving hydrogen. I t  appears  t h a t  when 
hydrogen gas  is used d5r ing  the  e x t r a c t i o n  s t a g e  oxygen is removed a s  water .  
However although t e s t s  with brown coa ls  and l i g n i t e s  have been made i n  labora tory  
experiments, no equi l ibr ium processing d a t a  are as y e t  a v a i l a b l e .  

L i g n i t e s  and 

CONCLUSIONS 

The two l i q u e f a c t i o n  processes  being developed by t h e  Nat ional  Coal Board 
of fe r  the  prospect of an e f f i c i e n t  production of  t r a n s p o r t  f u e l s  from c o a l .  
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Test r e s u l t s  from small p i l o t  p l a n t  i n d i c a t e  y i e l d s ,  based on daf coa l  t o  
l i q u e f a c t i o n ,  of 14% g a s o l i n e  and 35% d i e s e l  f u e l ,  both meeting the  c u r r e n t  UK 
road f u e l  s p e c i f i c a t i o n s .  The hydrogen consumption i n  t h i s  test work was 6.7% 
daf coal and t h e  hydrogen recovered i n  the  l i q u i d  products  w a s  equiva len t  t o  66% 
of t h e  hydrogen fed t o  t h e  process .  

These y i e l d s  do n o t  r e p r e s e n t  t h e  maximum values  a s  an a d d i t i o n a l  21% high 
b o i l i n g  l i q u i d  product  w a s  a v a i l a b l e  f o r  f u r t h e r  conversion and a l t e r n a t i v e  
processing schemes for t h e  conversion of  t h i s  mater ia l  a r e  under i n v e s t i g a t i o n .  
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Table 1 

Analysis of Annesley Coal 

I n t e r n a t i o n a l  C l a s s i f i c a t i o n  633 

Carbon 
Hydrogen 
Oxygen 
Nitrogen 
Sulphur 

04.8% daf  coal  
5.5% " " 

7 . 5 % "  9 '  

1.9% ' 1  " 

0.8% as received 

Vola t i le  mat ter  38.6% daf coal 

V i t r i n i t e  
Exini te  
I n e r t i n i t e  
Fus in i te  1 

77% 
4% 

19% 

Swelling number 6% 

Table 2 

Product Yields  and HydroEen Consumption i n  LSE Process Unit 

Mater ia l  

Input 

Coal (daf b a s i s ) '  
Hydrogen consumed 

Products 

C -C gases 

C4-17OoC naphtha 

170-350°C m i d - d i s t i l l a t e  

> 420OC p i t c h  

Cake l i q u i d s  

Undissolved coa l  

COX,  HpO, H2S, NH3 

1 3  

Weight without Weight with 
cake washing cake washing 

100 
5.7 

10 

13 

29 

15 

17 

1 2  

10 

100 
6.0 

10 

13 

35 

2 1  

4 

12 

11 

*This does not  include t h e  addi t iona l  coa l  (approximately 60 p a r t s  by weight) 
needed t o  supplement t h e  f i l t e r  cake f o r  process  h e a t ,  power and hydrogen 
product ion.  
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Table 3 

The Hydrogen Account f o r  LSE Tes t  Run 

Conversion of 100 u n i t s  daf coa l  

Hydrogen I n  Hydrogen Out 

Coal (daf  b a s i s )  ' = 5.5 F i l t e r  cake 

Hydrogen consumed = 6.0 Heterogases 
Hydrocarbon gases  

Naphtha 
Mid-d is t i l l a te  
P i t c h  

= 0.8 
= 2.2 
= 1.1 
= 1.8 
= 4.0 
= 1.6  

TOTAL = 11.5 TOTAL = 11.5 

x 100 = 66% Hydrogen i n  Liquid Products 

Hydrogen i n  Coal + Added Hydrogen 

Hydrogen Ret r ieva l  = 

Table 4 

Products and Hydrogen 

Consumption a f t e r  Secondary Refining 

Material 

Input 

Coal  (daf  b a s i s ) *  

Hydrogen ccnsumed 

Products 

C -C gases  

Gasoline 

Diesel f u e l  

Pi tch 

1 3  

Weinht without Weight with 
cake washing cake washing 

100 

6.2 

10 

13 

29 

15 

100 

6.7 

11 

14 

35 

21 

*This does not  inc lude  coa l  needed f o r  process  h e a t ,  power and  hydrogen 
production. 
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