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1. I n t r o d u c t i o n  

The physical and chemical p roper t i es  and processing c h a r a c t e r i s t i c s  of 
most coals are extremely sens i t i ve  t o  storage condi t ions. ( l -3)  Both d ry ing  and t h e  
a i r  induced ox ida t i on  a re  known t o  produce subs tan t i a l  changes t o  coal. Conse- 
quently, they have been the  subject o f  study throughout t h e  h i s t o r y  o f  coal 
research. I n  t h i s  paper we discuss some o f  t he  recen t l y  obtained data i n d i c a t i n g  
tha t  these processes i nvo l ve  a few simple chemical t ransformat ions which are c l o s e l y  
coupled by v i r t u e  o f  t h e i r  k i n e t i c  behavior. I n - s i t u  FT- i r  analys is  used t o  examine 
the ove ra l l  chemical changes i s  examined herein. L i g h t  and neutron s c a t t e r i n g  were 
used t o  examine the concomitant s t ruc tu ra l  changes thereby prov id ing some informa- 
t i o n  on the l o c a t i o n  o f  some o f  t he  reac t i ve  f u n c t i o n a l i t y  w i t h i n  the  coal matr ix .  
These s tud ies w i l l  appear elsewhere.(4-7) 

Dry ing i s  be l ieved t o  r e s u l t  p r i n c i p a l l y  i n  the l o s s  o f  adsorbed water, 
though some stud ies suggest t h a t  chemical a l t e r a t i o n s  occur. That d ry ing  produces 
some a l t e r a t i o n  i s  evidenced by the rou t i ne  use o f  d ry ing  p r i o r  t o  almost a l l  coal 
studies or processing. The de-facto s tandard izat ion leads t o  a coal having repro- 
duc ib le  cha rac te r i s t i cs .  Despite considerable study, s i m i l a r  standardized pro- 
cedures t o  m i t i g a t e  the  e f f e c t s  o f  ox idat ions are not  c u r r e n t l y  avai lab le.  

Since ox ida t i on  o f  coal i s  genera l ly  be l ieved t o  i n f l uence  many coal 
proper t ies,  the r e s u l t i n g  l i t e r a t u r e  i s  extensive. The p r i n c i p a l  cause o f  changes 
associated w i t h  the "weathering" o f  coal i s  a t t r i b u t e d  t o  ox idat ion.  From a u t i l i -  
zat ion standpoint, a i r  ox ida t i on  a l t e r s  p roper t i es  o f  t h e  coal which, depending upon 
t h e  p a r t i c u l a r  end-usage o f  t h e  coal, may e i t h e r  be det r imenta l  or advantageous. 
For example, t h e  heat content  o f  coal decreases upon ox ida t i on  r e s u l t i n g  i n  
increased amounts o f  coal being needed i n  any p a r t i c u l a r  appl icat ion.  However, 
ox ida t i on  increases the  heteroatom content o f  t h e  coal r e s u l t i n g  i n  a greater  number 
o f  s i t e s  ava i l ab le  f o r  chemical react ion and c a t a l y s t  binding. Changes t o  the 
swel l ing and f l u i d i t y  p roper t i es  o f  coals are co r re la ted  t o  ox idat ion.  This imp l i es  
t h a t  ox ida t i on  a l t e r s  t h e  fundamental geometrical s t r u c t u r e  o f  t he  coal i n  add i t i on  
t o  the chemical composition and w i l l  l i k e l y  have a secondary e f f e c t  on a l l  coal 
chemical react ions through induced a l t e r a t i o n  o f  mass and thermal t ranspor t  through 
the  "semi-sol i d "  coal. 

I n  order  t o  understand these complex r e a c t i v i t y / s t r u c t u r e  re la t i onsh ips ,  
we have examined both the  chemical and s t r u c t u r a l  changes which occur when a sub- 
bituminous (Rawhide - SBB) and a bituminous ( I l l i n o i s  No. 6 - WC) coal are reacted 
a t  low-temperature ( < 1 5 O o C ) .  In  b r i e f  we f i n d  t h a t  d ry ing  produces chemical a l t e r a -  
t i o n s  which compete w i t h  some o f  the chemical react ions which occur dur ing the 
ox idat ion.  Oxidation consis ts  o f  a t  l e a s t  two separate sets o f  react ions which are 
d i s t i ngu ishab le  by t h e i r  t ime and/or temperature dependencies. Corre la t ions between 
t h e  r e a c t i v i t y  s tud ies and s t r u c t u r a l  s tud ies c a r r i e d  out w i t h  sca t te r i ng  methods 
suggests the  species which reac t  both thermal ly  and o x i d a t i v e l y  res ide  on vo id 
surfaces and are r e a d i l y  access ib le  t o  t h e  environment.(7-9) 

I n  t h i s  paper we review some o f  our evidence support ing the  presence of 
m u l t i p l e  competing thermal and ox ida t i on  react ions.  The co r re la ted  s t r u c t u r a l  
s tud ies a r e  a v a i l a b l e  elsewhere.(8,9) 
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11. Experimental 

Experimental procedures employed are described elsewhere.(4,5,7) As 
prev ious ly  describes, samples employed f o r  FT- i r  s tud ies are t h i n  sections having a 
nominal thickness of 0.4 micro-meters and an area o f  approximately 1 mn2. Ana- 
l y t i c a l  data rep resen ta t i ve  o f  the samples are contained i n  Table l. A two- 
dimensional ma t r i x  o f  these sect ions i s  prepared using s e r i a l l y  cu t  sect ions t o  
ob ta in  the des i red t o t a l  sample area on an appropr ia te substrate. 

111. Resul ts  and Discuss ion 

We have found t h a t  several react ions take place a t  low-temperature when 
dry  coal i s  e i t h e r  heated o r  exposed t o  oxygen. I n  order t o  examine the  ox ida t i on  
chemistry, i t  i s  f i r s t  necessary t o  remove the  e f f e c t s  o f  drying. We the re fo re  
discuss the thermal ly  induced changes p r i o r  t o  deal ing w i t h  the ox idat ion.  

D ry ing  Results i n  decarboxylation/decarbonylation 

The e f f e c t  o f  d ry ing  on th in -sec t i on  samples o f  Rawhide (SBB) and I l l i n o i s  
No. 6 (Hv-C) coals  were examined i n  a se r ies  o f  experiments. The coal t h in -s  c t i o n s  
were dr ied a t  room temperature by subject ing them t o  a moderate vacuum t o r r )  
f o r  a t  l e a s t  12 hours. Observation o f  t h e  hydroxyl s t r e t c h i n g  reg ion i nd i ca tes  t h a t  
t he  physisorbed water i s  removed w i t h i n  the f i r s t  hour. We bel ieve t h a t  such vacuum 
d r y i n g  i s  ab le t o  remove most o f  the water f o r  two reasons: 1) O'Rourke and Mraw 
found t h a t  room-temperature "dry ing"  o f  coal us ing a h i g h l y  des i cca t i ve  environment 
was capable o r  r ov ing greater  t h a t  98% o f  t he  adsorbed water from powdered samples 
o f  s i m i l a r  coalsfirB and 2) we f i n d  tha t  subsequent d ry ing  by heating under vacuum a t  
100°C does not f u r t h e r  reduce t h e  hydroxyl s t r e t c h i n g  reg ion i n tens i t y .  

An example o f  t he  e f f e c t  o f  heat ing such a d r i e d  I l l i n o i s  No 6 coal sample 
f o r  ca 6 hours under vacuum i s  shown i n  Fig. 1. mly t h e  reg ion o f  the i r  spectrum 
i n d i c a t i n g  carbonyl content  ( 0 0  s t r e t c h  and -C-0-H modes) i s  shown. The d i f f e r e n c e  
spectrum c l e a r l y  i n d i c a t e s  l o s s  o f  carbonyl i n t e n s i t y  a t  ca 1707 an-'. This reg ion 
o f  the spectrum does n o t  un iquely  i d e n t i f y  t he  s p e c i f i c  carbonyl species l o s t .  We 
assign the  l oss  t o  hydrogen bonded o r  dimerized a l i p h a t i c  ca rboxy l i c  acids based 
upon several l i n e s  o f  reasoning. These w i l l  be discussed subsequently. 

The observed frequency loss a t  ca 1707 cm-l i s  genera l ly  assigned (9) t o  
t h e  C=O s t r e t c h  i n  dimers o f  a l i p h a t i c  ca rboxy l i c  ac ids i n  which t h e  a l i p h a t i c  chain 
i s  conta ins more than 3 carbons. ( l l )  It can a l so  be assigned t o  a v a r i e t y  o f  ketone 
and aldehyde species. I t  i s  unusual f o r  aromatic carbonyls t o  absorb a t  such a high 
frequency. Th is  f a c t  together  w i t h  surface f u n c t i o n a l i t y  in format ion obtained from 
neutron small-angle s c a t t e r i n g  (8)  makes an assignment t o  aromatic carbonyl func- 
t i o n a l i t y  l ess  p laus ib le .  Despite t h e  p o s s i b l i l i t y  t h a t  the absorption i s  due t o  
non-carboxyl ic a c i d  carbonyl species, t he  weight o f  t he  evidence summarized below i s  
i n  favor o f  t he  ca rboxy l i c  ac id  assignment. A more complete d iscuss ion o f  a l t e rna te  
assignments i s  a v a i l a b l e  e l  sewhere. (6) 

I! spec t ra l  l o s s  i s  ob erved a t  1285 cm-l which i s  observed t o  f o l l o w  the 
same k i n e t i c s  as the  1707 cm-I l oss  feature. Therefore these two absorptions 
probably r e s u l t  from d i f f e r e n t  v i b r a t i o n a l  modes o f  t he  same species. When present 
i n  add i t i on  t o  a carbonyl s t re tch,  t he  1285 cm-l mode i s  d iagnost ic  f o r  carboxy l ic  
a c i d  dimers. We have attempted t o  determine whether t h e  reac t i ve  f u n c t i o n a l i t y  was 
loca ted  on t h e  vo id  surface o r  i ns ide  the  organic ma t r i x  by performing so lvent  
permeation s tud ies and examining the induced s t r u c t u r a l  changes and permeabi l i ty  
r e s t r i c t i o n s  us ing neutron and l i g h t  s c a t t e r i n g  techniques. Neutron sca t te r i ng  
measurements suggest t h a t  a l i p h a t i c  ca rboxy l i c  ac id  species a re  present on t h e  void 
(Pore) surface.(8) I n  view o f  our spectroscopic assignments above, we be l i eve  the  
thermal ly  r e a c t i v e  ca rboxy l i c  ac id  species t o  be l oca ted  a t  t h e  pore surface. 
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Res t r i c ted  m o b i l i t y  o f  both o f  reactant  and product molecules w i t h i n  the  
coal ma t r i x  i s  expected. Indeed, h igher  temperature p y r o l y s i s  o f  coal shows t h a t  
d i f f e r e n t  chemical transformations occur when c a r r i e d  out  under vacuum as compared 
t o  a closed atmosphere.(lZ) This i s  understandable when t h e  ove ra l l  r eac t i on  i s  t h e  
r e s u l t  o f  secondary react ions o f  some i n i t i a l l y  formed reac t i ve  intermediate. We 
inves t i ga ted  t h i s  by ca r ry ing  out the same thermal reac t i on  i n  a closed c e l l  under a 
s t a t i c  he1 ium atmosphere. The o v e r a l l  thermal react ion was unchanged. Only minor 
changes i n  some o f  the r e l a t i v e  i n t e n s i t i e s  o f  t h e  absorpt ion losses were seen. 
This i nd i ca tes  t h a t  mass t ranspor t  l i m i t e d  secondary react ions are no t  important 
under these condi t ions.  Therefore the  thermal reac t i on  i s  e i t h e r  1) b imolecular  
between two t o p o l o g i c a l l y  adjacent po r t i ons  o f  the ma t r i x  o r  2 )  sequential wi th t h e  
f i r s t  step being the  formation o f  a r e a c t i v e  species by a unimolecular decomposition 
fol lowed by reac t i on  with a nearby p o r t i o n  o f  the ma t r i x  surface. The a v a i l a b l e  
data does not un iquely  determine e i t h e r  p o s s i b i l i t y .  

Avai lab le func t i ona l  group ana lys i s  o f  t he  I l l i n o i s  No. 6 coal used fo r  
t he  experiments discussed above ind i ca tes  t h a t  on l y  a r e l a t i v e l y  small amount of 
ca rboxy l i c  ac id  f u n c t i o n a l i t y  (0.5 COOH per  100 carbon atoms) i s  present. We are 
not c u r r e n t l y  ab le t o  quan t i f y  t he  number o f  cdrbonyl groups which we observe s ince 
an e x t i n c t i o n  c o e f f i c i e n t  f o r  these v i b r a t i o n s  i s  no t  ava i l ab le  f o r  species present 
i n  a s i m i l a r  environment. Therefore we were p a r t i c u l a r l y  i n te res ted  i n  observing 
t h e  thermal behavior o f  a lower rank coal conta in ing a l a r g e r  ca rboxy l i c  ac id  
content. Rawhide coal conta in ing ca 3.2 COOH per 100 carbon atoms was used. 

I n  con t ras t  t o  t h a t  observed f o r  t h e  I l l i n o i s  coal, a s i g n i f i c a n t  l oss  o f  
i n t e n s i t y  which could be assigned t o  a l o s s  o f  0 0  species was not  seen. There a re  
several poss ib le  explanations: 1) ca rboxy l i c  ac id  species are unreactive; 2) t h e  
predominant ca rboxy l i c  species a re  n o t  dimers and t h e  ca rboxy l i c  ac id  species which 
do react  form some other  carbonyl con ta in ing  species (e.g., ketones o r  aldehydes); 
o r  3)  t h e  a b s o r p t i v i t y  o f  t he  a f fec ted  carbonyls i s  small. We d iscount  3) s ince 
observed 0 0  s t r e t c h i n g  i n t e n s i t i e s  a re  s t rong i n  l i q u i d ,  polymer and s o l i d  sys- 
tems. I n  order t o  d i s t i n g u i s h  between 1) and Z ) ,  we employed py r id ine  as a spectro- 
scopic t i t r a n t  f o r  a c i d  f u n c t i o n a l i t y .  

Several o f  t he  ring-based carbon v i b r a t i o n s  o f  p y r i d i n e  a re  s e n s i t i v e  t o  
the  existence and s t reng th  o f  any hydrogen-bonds formed with the unpaired e lec t rons  
on the  nitrogen. Such spectroscopic i n fo rma t ion  has been used f o r  i n v e s t i g a t i o n s  o f  
a c i d i c  f u n c t i o n a l i t y  on surfaces.( l3) We show the  dependence o f  some o f  t h e  
pyridine-based v i b r a t i o n s  on thermal treatment i n  Fig. 2. Absorptions a t  1485 and 
1465 cm-l character ize p y r i d i n e  which i s  hydrogen bonded t o  two types o f  s i t e s  which 
d i f f e r  i n  the s t reng th  o f  t h e  hydrogen bond formed. Cnly 0-y type o f  hydrogen 
bonded p y r i d i n e  i s  seen p r i o r  t o  thermal treatment (1485 on ). A f te r  thermal 
treatment two p y r i d i n e  b ind ing  s i t e s  a re  seen. The o r i g i n a l  1485 un-l absorpt ion i s  
narrower fo l l ow ing  thermal treatment. Therefore thermal t eatment has converted 
p a r t  o f  t he  ac id  f u n c t i o n a l i t y  asso i a t e d  w i t h  t h e  1485 an-' v i b r a t i o n  t o  an ac id  
center character ized by the  1465 cm-! absorpt ion and having a greater  hydrogen bond 
s t reng th  than the  o r i g i n a l  species. It i s  genera l ly  be l ieved t h a t  t he  on ly  s i g n i f i -  
cant a c i d i c  f u n c t i o n a l i t y  present i s  phenol ic  and carboxy l ic . ( l )  Yncomi tan t  spec- 
t roscop ic  changes i n d i c a t i n g  phenol ic  reac t i on  (e g., 1600 cm- loss) I s  not  
observed. I n  add i t i on  the frequency l oss  (1485 cm-l) i nd i ca tes  t h a t  t h e  o r i g i n a l  
species bound t o  p y r i d i n e  have s i m i l a r  hydrogen bond strength. Therefore we assign 
the  ac id  group l o s s  t o  ca rboxy l i c  species. Since corresponding l o s s  i n  the  GO 
s t r e t c h i n g  region does no t  occur, we conclude t h a t  a reac t i on  o f  t h e  t ype  

-(C=O)-OH + MATRIX o r  ENTRAINED SPECIES --> -(C=O)- (1) 

occurs. I f the species which reac ts  w i t h  the  ca rboxy l i c  ac id  i s  a p a r t  o f  t he  
" s o l i d "  matr ix ,  a new covalent  " c ross - l i nk "  w i l l  be formed a t  t h e  expense o f  one 
hydrogen-bonded "cross-1 ink" .  
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(bridation o f  t he rma l l y  t r e a t e d  coal  a t  100°C produces new oxygen f u n c t i o n a l i t y  

The e f fec t  of O2 ox ida t i on  o f  I l l i n o i s  No. 6 coal a t  100°C was examined. 
An example of  t he  spectroscopic changes r e s u l t i n g  from 0, ox ida t i on  a t  100°C i s  
shown i n  Fig. 3 f o r  a sample which had been thermal ly  t rea ted  a t  100°C t o  remove t h e  
reac t i ve  ca rboxy l i c  a c i d  species. The dependence o f  t h e  ox ida t i on  changes on p r i o r  
treatment (thermal, c losed c e l l  or  ambient ox ida t i on )  was examined. The p r i n c i p a l  
changes could be a t t r i b u t e d  t o  the  same ox ida t i on  react ions i n d i c a t i n g  t h a t  t he  
100DC ox idat ion i s  reasonably independent o f  sample h i s t o r y .  

The p r i n c i p a l  changes observed are absorpt ion increases which occur i n  
reg ions a t t r i b u t a b l e  t o  oxygen f u n c t i o n a l i t y  on carbonaceous ubstances. I n t e n s i t y  

ketone o r  ca rboxy l i c  ac id  formation. _{he observation t h a t  most o f  t he  i n t e n s i t y  
increase i s  broadly  centered a t  1670 cm suggests t h a t  oxygen add i t i on  t o  aromatic 
y unsaturated carbon residues I n t e n s i t y  increases occur i n  t h e  

a re  suggestive. 

The r e a c t i o n  o f  coal w i t h  02 t o  form thermal ly  unstable hydroperoxide 
in termediates has been f requen t l y  proposed as the  p r i n c i p a l  a i r  and/or 02 ox ida t i on  
react ion.  D e f i n i t i v e  spectroscopic evidence showing hydroperoxides has not  been 
reported. Compelling non-spectroscopic evidence i s  repor ted by deVries, e t  
a1.(14) Our spectroscopic changes are cons is ten t  w i t h  t h e  formation o f  a l l  o f  t he  
expected decomposition products o f  t r a n s i e n t  hydroperoxides w i t h  t h e  exception o f  
alcohols. Hydroperoxide decomposition proceeds by two p a r a l l e l  pathways: one leads 
t o  carbonyl formation wh i l e  the  other  leads t o  alcohol formation. deVries found, 
and our data supports, t h e  conclusion t h a t  t he  a l c o h o l i c  pathway i s  no t  important i n  
coal ox idat ion.  

We do n o t  b e l i e v e  t h a t  s i g n i f i c a n t  numbers o f  ca rboxy l i c  acids are formed 
e i t h e r .  An increase i n  i n t e n s i t y  i n  the OH s t re t ch ing  reg ion associated hydrogen- 
bonding i s  no t  seen. Nor does a c i d  group t i t r a t i o n  us ing p y r i d i n e  i n d i c a t e  a change 
i n  the  number o f  a c i d i c  groups as a r e s u l t  o f  ox idat ion.  The p r i n c i p a l  reac t i on  can 
be summarized as 

increases i n  the  carbonyl s t r e t c h i n g  reg ion (1650 t o  1750 an- f ) i nd i ca tes  aldehyde, 

e the r "  reg ion (1000 t o  1150 cm- 1 which, though no t  d iagnos t i c  f o r  e ther  formation, 
as taken place. 

(COAL)-C=C- + 02 --> (COAL)-(GO)-C- (11) 

where we have i n d i c a t e d  the  reac t i on  having occurred w i t h  unsaturated carbon as 
noted above. 

A new ox ida t i on  r e a c t i o n  i s  found a t  room-temperature 

The e f f e c t  o f  lengthy O2 on I l l i n o i s  No. 6 coal was examined 
spect roscopica l ly .  While some changes were seen, they were o f  low i n t e n s i t y  and 
d i f f i c u l t  t o  resolve. Since the  100°C ox ida t i on  and the  thermal decarboxy lat ion are 
obv ious ly  independent react ions,  we expected the  room-temperature ox ida t i on  t o  have 
no effect on any thermal chemistry. This d i d  not prove t o  be correct .  Lengthy room- 

t i ons .  The room-temperature ox ida t i on  reactions, though not  r e s u l t i n g  i n  any s t r i  k- 
i n g  a b s o r p t i v i t y  changes, have a dramatic r e a c t i v i t y  e f f e c t .  

We propose t h e  ex is tence o f  a h i t h e r t o  unrecognized reac t i on  which i s  
compet i t ive with t h e  thermal decarboxy lat ion react ion.  The reac t i on  i s  summarized 
as : 

temperature ox ida t i on  e l im ina ted  a1 1 evidence o f  t he  thermal decarboxyl a t i o n  reac- \ 
{ 
< 
1 

(Coal)-C=O + 9 ---> (Coal) + $0 + C% + CO (111) 

We have examined the k i n e t i c  behavior o f  t h i s  new ox ida t i on  reac t i on  and f i n d  t h a t  
t h e  reac t i on  i s  r a p i d  by 50 t o  6OOC. (XI t h e  other  hand, t h e  thermal decarboxylat ion 

106 



reac t i on  i s  n e g l i g i b l e  below 60 t o  70°C. Therefore the re  i s  a temperature "window" 
from approximately 50 t o  8 O o C  i n  which the  react ions w i l l  compete and t h e  o v e r a l l  
spectroscopic and chemical changes are extremely s e n s i t i v e  t o  temperature and atmo- 
sphere. I n  add i t i on  we p r e d i c t  t h a t  any experiment employing a temperature-jump 
encompassing t h i s  temperature "window" w i l l  be heat ing r a t e  dependent. Such a 
temperature-jump i s  r o u t i n e l y  employed i n  coal d ry ing  procedures. A survey o f  the 
1 i t e r a t u r e  examining t h e  low-temperature ox ida t i on  o f  coal reveals  many statements 
t h a t  t h e  coal used must be c a r e f u l l y  predr ied under p r e c i s e l y  def ined cond i t i ons  
(see, f o r  example, deVries, e t  a1.(14) and the  d iscuss ion and references i n  7). We 
take t h i s  t o  be a consequence o f  the need t o  con t ro l  these competing react ions.  The 
s e n s i t i v i t y  t o  t h e  pre-ox idat ion cond i t i ons  suggests t h a t  t h e  r e a c t i v i t y  d i f f e rences  
a r i s i n g  from the thermal and room-temperature ox ida t i on  are s i g n i f i c a n t  even though 
t h e  i .r. spectroscopic changes are r e l a t i v e l y  weak and non-speci f ic .  

Quidation kchan lsm 

Based upon the  above evidence w i t h  a j f d i t i ona l  conf i rmat ion from studies 
not  included herein, we propose the f o l l o w i n g  mechanism" f o r  t he  low-temperature 
o x i d a t i o n  o f  coal. The ox ida t i on  a t  any moderate temperature i s  comprised o f  a 
combination o f  t h e  react ions observed i n  the s ing le-s tep procedures which we have 
discussed and summarized as 1-111. Thermal decomposition r e s u l t s  i n  l o s s  o f  
ca rboxy l i c  ac id  f u n c t i o n a l i t y  ( I ) .  These can be p a r t i a l l y  rep len ished du r ing  oxida- 
t i o n  by the  formation o f  a v a r i e t y  o f  new carbonyl species (11) r e s u l t i n g  from the 
decomposition o f  t r a n s i e n t  hydroperoxide intermediates. The v a r i e t y  o f  carbonyl 
species formed i s  l a r g e r  than l o s t  due t o  the thermal decomposition. I f  the  oxida- 
t i o n  i s  allowed t o  proceed f o r  a long time, the  net  change i n  carboxyl absorbance 
can approach zero. Consequently t h e  ne t  r e s u l t  o f  t h e  thermal ox ida t i on  i s  t o  
convert ca rboxy l i c  ac id  f u n c t i o n a l i t y  i n t o  a more extens ive v a r i e t y  o f  oxygenated 
species. The oxygen-to-carbon r a t i o  w i l l  be l e s s  s e n s i t i v e  t o  these changes than 
might be expected on f i r s t  cons iderat ion s ince carbon may be l o s t  through the  
product ion o f  CO and C02 and the  change o f  carbonyl f u n c t i o n a l i t y  w i l l  depend upon 
both t h e  l eng th  o f  t ime al lowed f o r  reac t i on  and the  heat ing rate.  A second oxida- 
t i o n  reac t i on  (111) occurs a t  a s i g n i f i c a n t  r a t e  s l i g h t l y  above room temperature. 
Over some temperature ranges, t h i s  reac t i on  occurs simultaneously wi th t h e  thermal 
decomposition reac t i on  ( I )  and i s  e i t h e r  compet i t ive o r  invo lves a common i n t e r -  
mediate species. Since the  absorbance changes associated w i t h  I1 are  r e l a t i v e l y  
weak, reac t i on  I w i l l  dominate t h e  i.r. d i f f e r e n c e  spectra when it i s  present. 

S e n s i t i v i t y  t o  water content  

We have observed t h a t  t he  r e l a t i v e  c o n t r i b u t i o n  o f  t he  th ree  i nd i ca ted  
react ions i s  sens i t i ve  t o  water. This has not  been sys temat i ca l l y  explored i n  our 
experiments. S im i la r  dependencies have been reported.(l4,15) devr ies,  e t  a1 .(14) 
p o i n t  out  t h a t  water w i l l  i n f l uence  t h e  hydroperoxide decomposition reactions. 
Marinov f i n d s  evidence f o r  m u l t i p l e  react ions i n  the low-temperature chemistry o f  
coal.( l5) Marinov fu r the r  f i nds  t h a t  water i s  both a product and a reac tan t  i n  the  
low-temperature chemistry o f  coal. Comparion o f  t h e  cond i t i ons  employed by Marinov 
and ourselves i nd i ca tes  t h a t  t h e  two sets  o f  observed react ions may be t h e  same. 
Therefore water i s  l i k e l y  i nvo l ved  i n  two o r  more o f  t he  react ions which we observe 
and w i l l  lead t o  extremely complex time-temperature-water content dependencies. 

The condi t ions which we have employed and those o f  t h e  other  c i t e d  s tud ies 
were c a r r i e d  out i n  the  temperature range and us ing coals  which a re  subject  t o  
"spontaneous" i g n i t i o n .  These complex i t ies associated w i t h  water content w i l l  be 
one o f  several f a c t o r s  which w i l l  con t r i bu te  t o  the  i n i t i a t i o n  o f  such an uncon- 
t r o l l e d  ox idat ion.  We be l i eve  t h a t  our r e s u l t s  a re  suggestive o f  several new 
approaches which might be b e n e f i c i a l  i n  prevent ing "spontaneous" i g n i t i o n  and, more 
genera l ly ,  improving the  s t a b i l i t y  o f  d r y  coal. Hydroperoxide o x i d a t i o n  i s  not 
important u n t i l  r e l a t i v e l y  h igh  temperatures and i s  endothermic i n  model compounds. 
Our i d e n t i f i c a t i o n  o f  two add i t i ona l  react ions which occur a t  much more modest 
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temperatures and a re  compe t i t i ve l y  coupled provides s p e c i f i c  react ion- types which 
might be amenable t o  c o n t r o l .  It i s  l i k e l y  t h a t  i n t e r r u p t i n g  e i t h e r  reac t i on  w i l l  
t o  improved coal s t a b i l i t y  and may even be e f f e c t i v e  i n  reducing o r  e l im ina t i ng  a 
key reac t i on  leading t o  spontaneous i g n i t i o n .  

V. Conclusions 

Analys is  of FT- i r  d i f f e r e n c e  spectra obtained when coal i s  subject  t o  
d i f f e r e n t  ox ida t i on  and thermal condi t ions i nd i ca tes  t h a t  thermal ox ida t i on  cons is t s  
o f  a t  l eas t  t h ree  reac t i ons  a l l  o f  which occur i n  a low-temperature (25 - 100OC) 
ox ida t i on  region. Reaction types (1-111) account f o r  t he  observed data. Two of  t h e  
react ions i nvo l ve  oxygen d i r e c t l y ;  t h e  t h i r d  i s  a thermal decarboxy lat ion o r  
decarbonylat ion r e a c t i o n  which proceeds i n  the absence o f  oxygen. Oxidation a t  
100°C resu l t s  i n  t h e  format ion o f  a v a r i e t y  of oxygenated species. The p r i n c i p a l  
products a re  be l ieved t o  be carbonyl species which r e s u l t  fran t h e  decomposition o f  
thermal ly  unstable hydroperoxides formed by oxygen a d d i t i o n  t o  some species i n  t h e  
coal. In  contrast ,  o x i d a t i o n  a t  25'C r e s u l t s  i n  a net  l oss  o f  absorbance which we 
I n t e r p r e t  as a l oss  o f  carbonyl species. The thermal process r e s u l t s  i n  s i g n i f i c a n t  
1 .r. absorption l o s s  a t  frequencies which are c h a r a c t e r i s t i c  o f  ca rboxy l i c  ac id  
species. Since carbonyl species can e i t h e r  be l o s t  o r  gained depending upon which 
pathway dominates, t he  t ime-temperature p r o f i l e  employed i n  ox ida t i on  s tud ies w i l l  
have a s i g n i f i c a n t  e f f e c t  on the  o v e r a l l  composition o f  t he  ox id i zed  coal. Commonly 
employed coal pre-dry ing procedures p r i o r  t o  ox ida t i on  i s  expected t o  a l t e r  t h e  
composit ion o f  the f i n a l  ox id i zed  coal since such pre-dry ing i s  s i m i l a r  t o  t h e  
thermal step examined i n  t h i s  work. 
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