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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  
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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 
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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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