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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 
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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 -  
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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  , 
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REFERENCES 

The method was o r i g i n a l l y  conce ived  b y  Vernon F. Raaen,  I n o r g a n i c  and Organ ic  
S e c t i o n  Bimonthly R e p o r t s ,  Chemistry D i v i s i o n ,  ORNL, Aug. 11, 1975,  p .  1 2 ;  
Feb. 1 2 ,  1976 ,  p .  27; June  1 4 ,  1976,  p .  1 5 .  

Bone, W .  A . ,  H o r t o n ,  L. and Ward, S .  G. P roc .  of t h e  Royal SOC. (London) 
S e r i e s  A 1930 ,  w, 480.  

D j u r i c i c ,  M. V . ,  V i t o r o v i c ,  D . ,  Andresesen ,  B.  D . ,  Herz,  H .  S . ,  Murphy, R .  C . ,  
P r e t i ,  G. a n d  Biemann, K .  Advances i n  Organ ic  Geochemistry,  (Eds. H .  R. v .  
G a e r t n e r  and H .  Wehner) Pergamon P r e s s ,  New York, 1972,  p .  305. 

Dryden, I. G .  C .  i n  Chemistry of Coal U t i l i z a t i o n ,  Suppl .  Vol .  (Ed. H .  H .  
Lowry)  John Wiley,  New York,  1973,  Ch. 6 ,  p .  272. 

Yohe, G .  R . ,  H i l l ,  D .  R . ,  Dunbar, J. E.  and S c h e i d t ,  F. M .  J .  Am. Chem. SOC. 
1953,  a, 2688. 

T a y l o r ,  W.  I .  and B a t t e r s b y ,  A. R. O x i d a t i v e  Coupling of Pheno l s ,  Marcel 
Dekker, New York, 1967.  

Van Kreve len ,  D. W. ~ Coa l ,  Elsevier,  London, 1961,  p. 227 

Benjamin, B .  M . ,  Raaen,  V .  F . ,  Hagaman, E .  W .  and Brown, L .  L .  J.  Org. Chem. 
1978,  $3, 2986. 

Swann, P.  D . ,  Harris,  J. A . ,  Siemon, S .  R. and Evans,  D .  G .  Fuel 1972 ,  &?,, 
154 .  

18 



OH 0 

2 3 - I 
c 

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. 
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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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