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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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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 

40 



I 

3800 500 
(ern-') 

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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