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ABSTRACT 

E lec t ron  Spectroscopy f o r  Chemical Analys is  (ESCA o r  
XPS)  and t ransmiss ion F o u r i e r  Transform I n f r a r e d  Spectroscopy 
(FTIR) were used t o  examine aged bituminous coals .  The c o a l s  
were obta ined from t h e  I l l i n o i s  # 6 ,  Kentucky #9, P i t t s b u r g h  
and Upper Freepor t  seams. THe coals  were s to red  under e i t h e r  
ambient a i r ,  mine s i t e  t a p  water or n i t r o g e n  as they were 
exposed f i r s t  t o  c o l d  weather (10 C), warm weather ( 2 5  C )  and 
t h e  f o l l o w i n g  c o l d  season. Samples over the  t ime p e r i o d s  
were analyzed as raw, m i l l e d  and processed coals .  Emphasis 
was p laced on changes i n  C ,  0, N and S f u n c t i o n a l i t i e s  on t h e  
sur face  by ESCA a n a l y s i s ,  and i n  t h e  b u l k  by t ransmiss ion 
F T I R .  

INTRODUCTION 
The aging o f  coa l  i s  o f  i n t e r e s t  bo th  t o  the  f u e l  and 

cok ing i n d u s t r y  due t o  t h e  phys ica l  and chemical changes 
aging causes. The changes can a f f e c t  t h e  behavior and 
p r o p e r t i e s  o f  coa l ,  and t h e r e f o r e  a f f e c t  the  coal as i t  i s  
processed and u t i l i z e d .  I n  the  m a j o r i t y  o f  cases, t h e  
e f f e c t s  are negat ive.  Ox ida t ion ,  a major mechanism i n  t h e  
aging process, can decrease t h e  f u e l  va lue  o f  coal .  
Processing can become more problemat ic  as aging occurs. (1-3) 

Storage o f  coal  i s  where s i g n i f i c a n t  o x i d a t i o n  can occur  
as coal  ages. ( 1 , 2 )  Coal i s  commonly s t o r e d  i n  l a r g e  
s t o c k p i l e s  open t o  weather cond i t ions .  I n  t h i s  s tudy,  
s torage c o n d i t i o n s  were mod i f ied  t o  i n v e s t i g a t e  what e f f e c t s  
they may have on c o n t r o l l i n g  o r  i n h i b i t i n g  aging. ( 4 )  
Samples were s t o r e d  under n i t r o g e n  gas, t a p  water o r  ambient 
a i r .  

EXPERIMENTAL 
Coal samples, ob ta ined by O t i s c a  I n d u s t r i e s ,  L td . ,  were 

c o l l e c t e d  as they were brought  up o u t  o f  the  mine. Coal was 
c o l l e c t e d  from t h e  I l l i n o i s  116, Kentucky # 9 ,  P i t t s b u r g h  and 
Upper Freepor t  seams. The coal  was p laced under one o f  t h r e e  
atmospheres upon c o l l e c t i o n :  n i t rogen,  ambient a i r  o r  l o c a l  
mine s i t e  t a p  water. 

Upon a r r i v a l  a t  Ot isca ,  the  samples were r i f f l e d  and 
crushed t o  30m x 0 f o l l o w i n g  ASTM methods, and r e t u r n e d  t o  
t h e i r  respect ive environments. The coa l  was s to red  i n  5 
g a l l o n  p a i l s  h o l d i n g  approximately 1 7  l b s .  each, and exposed 
to l o c a l  weather d u r i n g  c o l d  weather (10  C), the f o l l o w i n g  
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warm season (25 C) and another c o l d  season. I n d i v i d u a l  
samples were taken a f t e r  each weather exteme. Samples were 
analyzed as raw samples, m i l l e d  samples, and m i l l e d  and 
processed samples. Raw coal was reduced t o  60m x 0. M i l l e d  
samples were b a l l  m i l l e d  t o  15 m x 0. Processed samples were 
f i r s t  m i l l e d  and then agglomerated us ing  pentane. A t  t h i s  
p o i n t  minera l  mat te r  was removed. 

before exposure t o  weather t o  e s t a b l i s h  a base l ine  f o r  t h e  
ag ing  s tudy.  The handl ing,  ana lys is ,  and r e s u l t s  o f  these 
analyses were presented i n  a prev ious p r e p r i n t . ( 5 )  

The samples received from Ot isca  were handled as 
p r e v i o u s l y  descr ibed ( 5 ) .  Analys is  was done us ing a P e r k i n  - 
Elmer Phys ica l  E l e c t r o n i c s  5100 ESCA spectrometer u s i n g  a 
non - monochromatized Mg K d  X - ray  source under t h e  
c o n d i t i o n s  300W, 20mA and 15kV. Transmission FTIR s p e c t r a  
were c o l l e c t e d  on a N i c o l e t  7199A F T I R  spectrometer w i t h  an 
MCT detec tor ,  t a k i n g  1000 scans, and a Mattson Alpha Centaur i  
FTIR spectrometer w i t h  DTGS de tec tor ,  t a k i n g  32 scans. 

I n i t i a l l y  a s e t  o f  samples from each seam was analyzed 

RESULTS AND DISCUSSION 

analyzed t o  e s t a b l i s h  what i n f o r m a t i o n  can be obta ined from 
t h e  ESCA and FTIR analyses. I n  t h a t  s tudy i t  was shown t h a t  
as t h e  samples went f rom raw t o  m i l l e d  t o  processed t h e r e  was 
a decrease i n  minera l  mat ter .  I n  t h e  m i l l e d  samples, minera l  
sur faces  were g e n e r a l l y  covered by a t h i n  f i l m  o f  o rgan ic  
m a t t e r .  I n  t h e  processed samples, most minera l  mat te r  was 
separated from t h e  coa l  dur ing  agglomeration. I t  was a l s o  
shown there  was no s i g n i f i c a n t  d i f f e r e n c e  i n  the base l ine  
samples due t o  d i f f e r i n g  s torage c o n d i t i o n s .  

I n  t h i s  s tudy,  t h e  t rends  from raw t o  m i l l e d  t o  
processed coal  were observed throughout t h e  s torage per iod ,  
as would be expected. No major d i f f e r e n c e s  due t o  s to rage 
c o n d i t i o n s  were observed, b u t  some d i f f e r e n c e  was seen i n  the  
n i t r o g e n  s to red  samples. 

As t h e  coa l  aged (see Table 1 ) .  changes i n  t h e  sur face  
percent  atomic concent ra t ion  (%AC), oxygen t o  carbon r a t i o s  
( O / C ) ,  and peak shape changes were examined. Changes i n  %AC 
carbon and oxygen would be an i n d i c a t i o n  o f  ox ida t ion ,  as 
would peak shape changes. Peak shape changes were examined 
i n  t h e  FTIR spec t ra .  

a tomic concentrat ions.  The inorgan ic  elements such as A1 and 
S i  showed no no tab le  changes over t h e  s torage per iod.  Su l fu r  
a l s o  remained c o n s i s t e n t  throughout ag ing,  and n i t r o g e n  
e x h i b i t e d  o n l y  minor f l u c t u a t i o n s  over  t h e  aging per iod .  The 
l a r g e s t  change was seen i n  %AC carbon o f  t h e  raw samples. 
There was an increase o f  up t o  10 XAC between t h e  b a s e l i n e  
and f i r s t  aged samples i n  a l l  4 seams. See F igure  1. There 
were s l i g h t  v a r i a t i o n s  through t o  t h e  7 t h  batch, w i t h  o n l y  
I l l i n o i s  showing a s i g n i f i c a n t  decrease i n  %AC C. See F igure  
2. 

I n  t h e  prev ious  s tudy ( 5 ) ,  the  base l ine  samples were 

A s  t h e  coa l  aged, t rends were i n v e s t i g a t e d  i n  percent  

The m i l l e d  samples showed a s l i g h t  decrease i n  %AC from 
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the base l ine  t o  1 s t  aged sample. S l i g h t  decreases were seen 
i n  batch 4 or  5 i n  a l l  seams, w i t h  t h e  l a r g e s t  seen i n  t h e  
P i t t sbu rgh  samples. 

I n  the  processed samples, The %AC C was cons is ten t  
through batch 1 - 7 except f o r  the Kentucky seam, where a 
decrease was seen over ba tch  4 - 6, w i t h  an increase i n  t h e  
7 th  batch. 

l i t t l e  change was observed. I n  a l l  f o u r  seams, no 
s i g n i f i c a n t  change i n  %AC C was seen i n  the  a i r  o r  water  
stored. D i f fe rences  due t o  n i t r o g e n  storage was on ly  
s i g n i f i c a n t  i n  the  Upper Freeport  seam. 

The t rend  i n  %AC t o t a l  oxygen decreased through t h e  
processed samples due t o  the  removal o f  minerals.  Sur face 
organic oxygen was ca l cu la ted  us ing  the  method o f  Pe r ry  and 
G r i n t  ( 3 ) ,  by sub t rac t i ng  oxygen as S i O d  and A1,03 . There 
were f l u c t u a t i o n s  i n  %AC sur face  organic oxygen as t h e  
samples aged. The l e a s t  f l u c t u a t i o n  was seen i n  t h e  
P i t t sbu rgh  seam, the  most i n  t h e  Upper Freeport  seam. 

The ca l cu la ted  %AC sur face  organ ic  oxygen was used t o  
c a l c u l a t e  O/C r a t i o s .  A n  increase i n  t h i s  r a t i o  would 
i n d i c a t e  ox ida t i on  o f  t he  coal  was occur r ing .  The l a r g e s t  
d i f f e rence  i n  O/C r a t i o  between treatments was seen i n  t h e  
I l l i n o i s  and Upper Freeport  seams, the  l e a s t  i n  Kentucky and 
P i t tsburgh.  No t rend  o f  inc reas ing  O/C r a t i o  was seen except 
i n  I l l i n o i s  raw samples. See F igure  3. 

The C 1s envelope exh ib i t ed  no gross changes as the  samples 
aged. S l i g h t  increases i n  t h e  shoulder and t a i l i n g  towards 
the  h igh  b ind ing  energy s i d e  were observed over a l l  
treatments through batch 7.  Th i s  would i n d i c a t e  a s l i g h t  
increase i n  the  ox id ized  carbon f u n c t i o n a l i t i e s  and p o s s i b l y  
a s l i g h t  increase i n  aromat ic carbon. See F igure  4. 

The 0 1s envelope has c o n t r i b u t i o n s  from bot l i  o rgan ic  
and inorgan ic  species. I t  i s  a broad s l i g h t l y  assymmetric 
peak. A s  t he  coal  aged, a more d i s t i n c t  shoulder was seen 
towards low b ind ing  energy. The most severe case was seen i n  
the  processed samples. The ino rgan ic  matter was l a r g e l y  
remcved a t  t h i s  p o i n t .  The shoulder was due t o  o rgan ic  
(carbon - bound) oxygen. See F igure  5. 

The S 2p peak shape d i d n ’ t  vary much over the  s to rage 
per iod.  The presence o f  one o r  two peaks and t h e  r e l a t i v e  
i n t e n s i t i e s  o f  these two peaks var ied .  No s o l i d  t rends  were 
seen between the  seams. I n  t h e  Kentucky seam raw samples, 
t he re  was one peak i n  the  water  s to red  sample and base l i ne  
n i t rogen  s to red ,  bu t  two peaks i n  the  a i r  s to red  and l a s t  
n i t rogen  s to red .  The r e l a t i v e  i n t e n s i t y  o f  these two peaks 
va r ied  as w e l l .  I n  the  water s to red  m i l l e d  base l ine  samples, 
the  inorgan ic /ox id ized  organ ic  species peak ( 5 )  was more 
intense than the  organ ic  species peak. I n  the 3rd  ba tch  
sample, the r e l a t i v e  i n t e n s i t i e s  were reversed. See F igu re  
6.  I n  the  Upper Freeport  samples, t he  t rend  was reversed f o r  
the  respec t ive  samples. No d e f i n i t e  t rend  was seen i n  o r  

Looking a t  what e f f e c t  t he  storage cond i t i ons  had, very 

Peak shape changes were o n l y  no tab le  f o r  C, 0, N and S. 
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between t h e  seams. 

The i n f r a r e d  r e s u l t s  r e f l e c t e d  the  removal o f  t he  
minera l  mat te r  w i t h  decreases i n  i n t e n s i t y  o f  inorgan ic  
peaks. There was l i t t l e  d i f f e r e n c e  between raw and m i l l e d  
samples, b u t  t he re  was s i g n i f i c a n t  d i f f e r e n c e  between r a w  and 
processed samples. There were some d i f f e rences  i n  general 
between t h e  seams, p a r t i c u l a r l y  i n  the  1400 - 700 cm-1, 
reg ion  where bands corresponding t o  c l a y  mineral  mat te r  
appears. Kentucky and P f t t sbu rgh  had l e s s  of t h i s  mat te r  
than I l l i n o i s  and Upper Freeport .  Th i s  was most ev iden t  i n  
t h e  raw and m i l l e d  samples. 

Over the  f o u r  seams the re  was one t r e n d  i n  the  1800 - 1650 
cm-1 reg ion .  I n  the  e a r l y  samples the re  was a smal l  peak a t  
approx imate ly  1730 cm-1 o r  a shoulder  between 1800 - 1650 
cm-1. As t h e  coa l  aged t h i s  smal l  peak became l e s s  in tense 
o r  t h e  shoulder  l ess  prominent. Th i s  i nd i ca tes  the re  may be 
a decrease i n  carbonyl  as the  coa l  aged. See F igure  7 .  

No major  changes were obvious from the  i n f r a r e d  spectra.  

CONCLUSIONS 
Th is  study shows t h a t  no major ox ida t i on ,  e i t h e r  i n  the  

bu lk  o r  a t  t h e  surface, was evidenced i n  these s tud ies  over 
the  t ime pe r iod  and temperature range they were s to red  a t  
based on these analyses. 
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Batch # Storage H i s t o r y  
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1 s t  co ld  season 
warm season 
2nd co ld  season 
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FIGURE 1 

KENTUCKY #9 (AIR) - ALL TREATMENTS 
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FIGURE 2 

ILLINOIS #6 (AIR) - ALLTREATMENTS 
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