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I NTRODUCT I ON 

One o f  the main obs tac les  t o  the  use of coa l  as an a l t e r n a t e  energy source i s  
t h a t  i t  con ta ins  s u l f u r  which c o n t r i b u t e s  t o  a i r  p o l l u t i o n  when the coa l  i s  burned. 
I t  i s  est imated t h a t  o n l y  few percent  of c o a l s  i n  the Un i ted  States w i l l  be a b l e  t o  
meet EPA SO emission s tandards ( I ) .  A l t i o u g h  some chemical procedures have been 
repo r ted  t o  be e f f e c t i v e  f o r  d e s u l f u r i z a t i o n  o f  coa ls ,  most, i f  no t  a l l ,  of the s u l -  
f u r  t h a t  i s  removed i s  inorganic .  There i s  l i t t l e  i n fo rma t ion  about what a c t u a l l y  
happens t o  the  o rgan ic  s u l f u r  when coals  a r e  subjected t o  these process c o n d i t i o n s .  
A major reason f o r  t h i s  ignorance i s  the l a c k  o f  i n f o r m a t i o n  about t h e  n a t u r e  and 
d i s t r i b u t i o n  o f  t h e  o rganosu l fu r  f u n c t i o n a l  groups i n  the  coal .  

s u l f u r  can be removed by o x i d a t i v e  processes ( 2 - 6 ) .  Wheelock, e t .  a l .  ( 2 )  repo r ted  
tha t  under the  f o l l o w i n g  c o n d i t i o n s :  150OC, 200 p s i g  0 0 .2M aq. NaZC03, 1 hour; 
up t o  40% o f  the o r g a n i c  s u l f u r  can be removed f rom coa j ’w i thou t  significantly r e -  
duc ing the recovery o f  combust ib le  o rgan ic  ma t te r .  

process i n  the  d e s u l f u r i z a t i o n  o f  coa l .  Instead o f  us ing  coa l ,  model o rganosu l fu r  
compounds were subjected t o  Ames process c o n d i t i o n s .  Our approach i s  based on the  
assumption t h a t  a d e f i n i t i v e  knowledge o f  t h e  o rganosu l fu r  f u n c t i o n a l  groups and 
t h e i r  d i s t r i b u t i o n  i n  coa l  i s  n o t  a p r e r e q u i s i t e  f o r  i n v e s t i g a t i n g  t h e  v i a b i l i t y  o f  
d e s u l f u r i z a t i o n  processes. Thus, i t  i s  s u f f i c i e n t  t o  measure t h e  p ropens i t y  o f  a 
rep resen ta t i ve  spectrum o f  o rganosu l fu r  model m a t e r i a l s  toward d e s u l f u r i z a t i o n  under 
process cond i t i ons .  

I n  our  study, t h e  f o l l o w i n g  o rganosu l fu r  compounds have been subjected t o  Ames 
process c o n d i t i o n s  e i t h e r  by themselves o r  i n  t h e  presence of coal .  For comparison, 
some model s u l f u r  compounds were also run under t h e  same c o n d i t i o n s  except t h a t  n i -  
trogen was used i n  p lace  o f  oxygen. The r e s u l t s  o f  our  s tudy a r e  summarized i n  
Tables I and 1 1 .  
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Recent ly ,  severa l  workers have repor ted t h a t  o r g a n i c  s u l f u r  as w e l l  a s  i no rgan ic  

I n  t h i s  paper we w ish  t o  r e p o r t  our  e v a l u a t i o n  o f  t h e  e f f e c t i v e n e s s  of t h i s  Ames 
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E X P E R  I MENTAL 

Reactions i n  t h e  Absence o f  Coal 

The r e a c t i o n s  were run e i t h e r  i n  an 1 l i t e r  o r  a 300 m l  au toc lave .  I n  a t y p i c a l  
run,  approx imate ly  5 g ( f o r  the  I l i t e r  au toc lave)  o r  1 gram ( f o r  t h e  300 m l  au to-  
c l a v e )  of o r g a n i c  s u l f i d e  was placed i n  a g l a s s  l i n e r  o f  an au toc lave .  A f t e r  adding 
300 m l  ( I  1 autoc lave)  or 50 m l  (300 m l  au toc lave)  o f  0 .2M aqueous sodium carbonate 
s o l u t i o n ,  t h e  r e a c t o r  was sealed, f l u s h e d  w i t h  N2, and heated as r a p i d l y  as p o s s i b l e  
t o  150OC. A f t e r  the r e a c t o r  had e q u i l i b r a t e d  a t  15OoC (10-15 minutes) ,  t h e  system 
was pressur ized  t o  200 p s i g  w i t h  oxygen and the  r e a c t o r  was f lushed w i t h  a slow 
stream o f  oxygen f o r  3 minutes.  A c o l d  t r a p  was connected t o  the  vent tube o f  the 
au toc lave  t o  c o l l e c t  t h e  s t a r t i n g  s u l f i d e  ( u s u a l l y  a smal l  amount) which escaped 
from t h e  r e a c t o r  d u r i n g  the f l u s h i n g  process ( t h e  c o l l e c t e d  s u l f i d e  was combined 
w i t h  t h e  r e a c t i o n  m i x t u r e  i n  t h e  au toc lave  a f t e r  the r e a c t i o n ) .  The r e a c t o r  was 
then sealed, and temperature (I5O0C), s t i r r i n g  (1500 rpm) and pressure (200 p s i g )  
were maintained f o r  one hour. Dur ing  t h e  i n i t i a l  p r e s s u r i z a t i o n  and t h e  f i r s t  20- 
30 minutes o f  t h e  r e a c t i o n ,  c o o l i n g  o f  the  r e a c t o r  w i t h  water was sometimes requ i red .  

p e r a t u r e  and t h e  conten ts  werepoured i n t o  a beaker. The r e a c t o r  and t h e  g l a s s  l i n e r  
were washed w i t h  benzene and w i t h  water.  The r e a c t i o n  m i x t u r e  and these washings 
were combined and e x t r a c t e d  w i t h  benzene, and t h e  benzene e x t r a c t  was d r i e d  (Na SO4) 
and f i l t e r e d .  To the r e a c t i o n s  run i n  the  300 m l  au toc lave  an i n t e r n a l  standar8 was 
added d i r e c t l y  t o  the  d r i e d  benzene e x t r a c t  and t h e  s o l u t i o n  was analyzed by gas 
chromatography ( G C )  t o  de termine the q u a n t i t y  o f  s t a r t i n g  s u l f i d e  l e f t  and v o l a t i l e  
compounds formed i n  t h e  r e a c t i o n .  G C  response f a c t o r s  f o r  the  s u l f i d e s ,  p roduc ts  
and the  standards were generated i n  the  form o f  c a l i b r a t i o n  t a b l e  us ing  standard so- 
l u t i o n s  c o n t a i n i n g  t h e  s u l f i d e ,  products and the  standard.  For the  r e a c t i o n s  run i n  
t h e  1 l i t e r  au toc lave ,  the  volume o f  d r i e d  and f i l t e r e d  benzene e x t r a c t  was ad jus ted  
t o  500 rnl, and a 50 m l  of a l i q u o t  o f  t h e  benzene s o l u t i o n  was withdrawn. An i n t e r -  
n a l  standard was added t o  t h e  50 m l  s o l u t i o n ;  t h e  s o l u t i o n  was analyzed w i t h  GC. 

s u l f i d e  r e a c t i o n  m i x t u r e  was a c i d i f i e d  w i t h  concent ra ted  h y d r o c h l o r i c  a c i d ,  and wash- 
ed w i t h  benzene. 
a f f o r d  a res idue wh ich  NMR and I R  a n a l y s i s  showed t o  6e benzoic a c i d .  
aqueous layer was evaporated t o  dryness, and the r e s i d u e  was analyzed by NMR, IR, 
and UV spectroscopy. 

React ion i n  the  Presence o f  Coal Under Oxygen o r  Under N i t r o g e n  Atmosphere 

A f t e r  one hour,  t h e  heater  was tu rned o f f ;  t h e  r e a c t o r  was cooled t o  room tem- 

The e x t r a c t e d  aqueous l a y e r  of t h e  benzyl phenyl s u l f i d e  o r  the  benzyl  methyl 

The benzene washings were d r i e d  (Na SO4) and f l a s h  evaporated t o  
The remaining 

The coal used was Iowa coal  ( L o v i l i a ,  200 mesh) and was d r i e d  a t  llO°C overn igh t .  
The r e a c t i o n s  i n  the  presence o f  coal  were run in a 300 m l  au toc lave .  The r e a c t i o n  
procedures were t h e  same as those mentioned above except t h a t  E 4.0 g o f  coal  was 
added to  the r e a c t i o n  m i x t u r e  f o r  each run. A f t e r  the  r e a c t i o n ,  the  r e a c t i o n  m i x t u r e  
and washings were combined and f i l t e r e d ,  and the  f i l t r a t e  was e x t r a c t e d  w i t h  benzene. 
The coal  c o l l e c t e d  w i t h  f i l t r a t i o n  was washed w i t h  acetone, then benzene several  
t imes. 
and analyzed w i t h  GC u s i n g  i n t e r n a l  standards.  

The benzene and the acetone-benzene e x t r a c t s  were combined, d r i e d  (Na2S04) 

RESULTS AND DISCUSSION 

Tables I and I I  demonstrate t h a t  among the  model compounds t h a t  we s tud ied ,  o n l y  

Thiophenol  was converted t o  phenyl d i s u l f i d e  which was r e s i s t a n t  
th iopheno l  and compounds c o n t a i n i n g  a b e n z y l i c  s u l f i d e  l i n k a g e  were o x i d i z e d  t o  an 
apprec iab le  e x t e n t .  
t o  f u r t h e r  o x i d a t i o n .  Benzyl phenyl s u l f i d e  was o x i d i z e d  and cleaved t o  g i v e  benzlde- 
hyde, benzoic a c i d  and benzenesu l fon ic  a c i d ;  benzyl  methyl  s u l f i d e  gave s i m i l a r  r e -  
s u l t s .  The o t h e r  model compounds were u n r e a c t i v e  under the Ames proces's c o n d i t i o n s  
e i t h e r  by themselves or i n  t h e  presence of coa l .  Even i n  t h e  presence o f  c o a l ,  more 
than 70% of the  s t a r t i n g  s u l f i d e  was recovered. The reduced r e c o v e r i e s  o f  s t a r t i n g  
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Table I .  React ion Resu l ts  o f  Compounds Run Under the  Ames Process Cond i t ions  
i n  the  Absence o f  Coala 

Compound 
Recovered Y i e l d  (%) 
o f  S t a r t i n g  S u l f i d e  Product 

- - - - - - - Benzothiophene 87 

Dibenzothiophene 96 

Th iphenol 0 

Phenyl s u l f i d e  98 

Phenyl methyl  s u l f i d e  89 

- - - - - - - 

Phenyl D i s u l f i d e  

- - - - - - - 
- - - - - - - 

Benzyl methyl  s u l f i d e  

Benzyl phenyl s u l f i d e  

36 

29 

Benzoic a c i d  

Benzaldehyde 

Methanesu l fon ic  a c i d  

Benzoic a c i d  

Ben za 1 de hyd e 

Benzenesul fonic a c i d  

- - - - - - - N-Octyl s u l f i d e  90 

a Ames process c o n d i t i o n s :  150°C, 200 p s i g  02, 0.2M aqueous Na C O  1 hour.  
2 3 ’  

Table I I .  React ion Resu l ts  o f  Compounds Run Under the Ames Processa 
Cond i t ion  i n  t h e  Presence o f  Coal b 

Compound 

Dibenzothiophene 

Phenyl s u l f i d e  

Benzyl methyl s u l f i d e  

N-oc ty l  s u l f i d e  

Recovered Y i e l d  (%)  
o f  S t a r t i n g  S u l f i d e  

N,C 021! 
- - 
83 76 

76 74 

75 13 

a2 - _  

a Ames process c o n d i t i o n s :  1 5 O o C ,  200 p s i g  02, 0.2M aqueous Na2C0 , 1 
hour.  blows L o v i l  i a  Coal. CReact ion run  under n i t r o g e n  atmosJhere. 
React ion run under oxygen atmosphere. 
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m a t e r i a l s  i n  t h e  presence o f  coa l  (see Tab le  I I )  can be a t t r i b u t e d  t o  abso rp t i on  o f  
the o rganosu l fu r  compound by t h e  microporous s t r u c t u r e  of  coal  and the  mechanical 
loss associated w i t h  work ing up the r e a c t i o n  m ix tu re .  T h i s  hypo thes i s  was confirmed 
by the  co r respond ing ly  low recove r ies  o f  s t a r t i n g  s u l f i d e s  from r e a c t i o n s  run i n  
the  presence o f  coal  under n i t r o g e n  atmosphere--an i n e r t  atmosphere. Furthermore, 
no o x i d a t i o n  p roduc ts  were de tec ted  i n  the  r e a c t i o n  m ix tu res .  C l e a r l y ,  o f  the com- 
pounds inves t i ga ted  thus  f a r ,  o n l y  benzyl s u l f i d e s  and th iopheno l  underwent any 
chemical r e a c t i o n ,  and ( t h e  benzyl s u l f i d e s  were the  o n l y  compounds i n  which carbon 
s u l f u r  bond c leavage occurred.  

The base-cata lyzed r e a c t i o n  of compounds c o n t a i n i n g  a b e n z y l i c  s u l f i d e  l i nkage  
w i t h  molecular  oxygen has been s tud ied  under a v a r i e t y  o f  c o n d i t i o n s .  Wallace et. 
- a l .  (7 )  r e p o r t e d  t h a t  benzyl phenyl s u l f i d e  can be o x i d i z e d  w i t h  molecular  oxygen i n  
2M potassium t-butoxide-HMPA a t  80°C t o  y i e l d  benzoic  ac id .  
t h a t  the  r e a c t i o n  proceeded via the fo rma t ion  o f  an a-carbanion fo l l owed  by reac t i on  
between the  ion  and oxygen. 

The au tho rs  proposed 

@-CH -S-@ base > 0-?H-S-@ 
2 

> @-c-s-g 2 
0 

@-EH-s-Q 
I o-o- 

The r e s u l t i n g  a - p e r o x i d e  anion can then decompose i n  e i t h e r  a s tepwise o r  concerted 
manner t o  form benzaldehyde and benzenesul fenate which a r e  o x i d i z e d  t o  the  corres-  
ponding c a r b o x y l i c  and s u l f o n i c  ac ids.  I n  t h e  f i r s t  s t e p  of t h i s  mechanism, the  
a-carbanion i s  s t a b i l i z e d  by t h e  d - o r b i t a l  o f  t h e  ad jacen t  d i v a l e n t  s u l f u r  atom. 

0- 
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We b e l i e v e  t h a t  a s i m i l a r  mechanism i s  invo lved i n  the  o x i d a t i o n  o f  benzyl  phenyl  
s u l f i d e  under Ames process c o n d i t i o n s .  

O x y d e s u l f u r i z a t i o n  o f  the  o r g a n i c  s u l f i d e s  i n  coa l  has been fo rmula ted  as a 
two-step process (8) :  I .  S e l e c t i v e  o x i d a t i o n  o f  the  s u l f u r  t o  s u l f o x i d e s  and S U I -  
fones w i t h  the l a t t e r  as the  favorab le  p roduc t ;  and 2 .  Thermal decomposi t ion o f  
the  o x i d a t i o n  produc ts ,  u s u a l l y  under b a s i c  c o n d i t i o n s .  

Step 1 .  

R 0 
R \  '& R 

R" 's - R'/s=o - R , /  \ o  

Step 2 .  

or .A> Hydrocarbons + SOx 

In t h i s  fo rmula t ion ,  t h e  r e a c t i o n  i s  i n i t i a t e d  by o x i d a t i o n  o f  t h e  s u l f u r  and, i n  
f a c t ,  i s  made p o s s i b l e  by t h i s  o x i d a t i o n  wh ich  r e s u l t s  i n  p o l a r i z a t i o n  and weakening 
o f  the  carbon t o  s u l f u r  bonds ( 8 ) .  

We f i n d  no evidence to  support  t h i s  hypothes is ;  o x i d a t i o n  o f  t h e  s u l f u r  was de- 
t e c t e d  o n l y  in th iopheno l  and i n  t h e  benzyl  s u l f i d e s .  I n  the  f i r s t  case, o x i d a t i o n  
o f  mercaptans t o  d i s u l f i d e s  i s  a f a c i l e  r e a c t i o n  known t o  occur under c o n d i t i o n s  
such as the  Ames process. No f u r t h e r  o x i d a t i o n  o f  the  d i s u l f i d e  was de tec ted .  In 
the l a t t e r  case, we submit t h a t  c a r b o n - s u l f u r  bond cleavage i s  i n i t i a t e d  by o x i d a -  
t i v e  a t t a c k  a t  the  benzyl  p o s i t i o n  ins tead o f  a t  s u l f u r .  T h i s  p o s t u l a t e  i s  supported 
by our recent d i s c o v e r y  t h a t ,  under Ames process c o n d i t i o n s ,  f l u o r e n e  was o x i d i z e d  
r a p i d l y  and q u a n t i t a t i v e l y  t o  f luorenone w h i l e  dibenzothiophene was removed unchanged 
from the  same r e a c t i o n  m i x t u r e .  

a s u b s t a n t i a l  impact on t h e  development o f  processes for t h e  oxydesu l fu r  
c o a l .  We intend t o  i n v e s t i g a t e  t h i s  phenomenon and e x p l o r e  methods f o r  

Ox ida t ion  o f  b e n z y l i c  carbon hydrogen bonds i n  p re fe rence t o  s u l f u r  would have 

r e v e r s i n g  the r a t i o  o f  b e n z l i c  t o  s u l f u r  o x i d a t i o n .  
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