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

The major u s e  of c o a l  i s  i n  d i r e c t  combustion f o r  t h e  g e n e r a t i o n  o f  e l e c t r i c i t y .  
Because of t h e  env i ronmen ta l  h a z a r d s  involved i n  i t s  u s e ,  c o n s i d e r a b l e  r e s e a r c h  has 
become n e c e s s a r y  t o  f u l l y  unde r s t and  t h e  behavior  of t h e  d i f f e r e n t  compunds  
appea r ing  i n  c o a l  and t h e  ways i n  which they  t r a n s f o r m  th roughou t  t h e  cour se  o f  
p rocess ing .  

Of a l l  t h e  m i n e r a l s  p r e s e n t  i n  c o a l ,  i r o n  d i s u l f i d e s  ( p y r i t e  and m a r c a s i t e )  a r e  
t h e  most d e l e t e r i o u s .  They a r e  one o f  t h e  major s o u r c e s  o f  SO p o l l u t i o n .  Clay 
m i n e r a l s  r e p r e s e n t  a l a r g e  p e r c e n t a g e  of t h e  i n o r g a n i c  ma t t e r   in- coa-1.. -These ~ - 
minera l s  a r e  t r ans fo rmed  a t  high-temperat-uure t o  f e r r o u s  and f e r r i c  g l a s s  phases .  
ljldssbauer spec t roscopy  can be v e r y  h e l p f u l  i n  u n d e r s t a n d i n g  t h e  t r a n s f o r m a t i o n  of 
i ron -bea r ing  m i n e r a t q ) d u r i n g  combust ion.  Such a t e c h n i q u e  w ~ s  used t o  s t u d y  t h e  
o x i d a t i o n  o f  p y r i t e  a t  modera t e  t e m p e r a t u r e s  (maximum 400 C ) .  The o x i d a t i o n  o f  
py rb te  i n  an IL116 c o a l  o c c u r s  i n  Lhree s t e g s :  a )  t o  i r o n  s u l f a t e s  between 25’ t o  
310 C ,  
a l s o  obseyyyd t h a t  tt?e r a t e  of o x i d a t i o n  is s t r o n g l y  p a r t i c l e  s i z e  dependent .  
:Jendeborn enumerates  no l e s s  an s i x t e e n  c o n c u r r e n t  r e a c t i o n s  f o r  t h e  o x i d a t i o n  
of p y r i t e .  Schwab and P h i l i n i s  
o x i d a t i o n  o f  p y r i t e  p roceeds  ma in ly  th rough  t h e  fo rma t ion  of o x i d e s .  S u l f a t e  
formation amounted t o  o n l y  12% of t h e  o x i d e  fo rma t ion  a t  t h e  lower t empera tu re  and 
dec reased  w i t h  i n c r e a s i n g  tempera From therrnodynatnics and k i n e t i c s  o f  t h e  
r e a c t i o n  o f  s u l f u r  i n  c o a l ,  A t t a r tYresugges t ed  t h a t  t h e  f i n a l  p r o d u c t s  o f  t h e  
r e a c t i o n  depend on t e m p e r a t u r e ,  p y r i t e  p a r t i c l e  s i z e  and oxygen p a r t i a l  p r e s s u r e .  
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b )  t o  y-Fe20 between 310 and 325 C ,  and c )  t o  a-Fe 0 above 325°C.(1;4)was 
2 3  

( @ observed t h a t  i n  t h e  range o f  400-5OO0C, t h e  

The iJiossbauer e f f e c t  h a s  a l s o  been used by lluffman and I l ~ g g i n s ( ~ )  t o  s t u d y  t h e  
r e s i d u a l  a s h e s  i n  c o a l .  They obse rved  t h e  t2gnsforrnat ion o f  p y r i t e  t o  h e m a t i t e ,  
s i d e r i t e  t o  h e m a t i t e ,  and o f  a n k e r i t e  and Fe i n  c l a y s  t o  f e r r i c  ions i n  g l a s s y  
m a t e r i a l s .  The compos i t ion  o f  t h e  a s h e s  was s t r o n g l y  dependent  on t h e  o r i g i n a l  
mine ra l s  and t h e  c o o l i n g  c o n d i t i o n s .  

I n  t h i s  work we r e p o r t  a s e r i e s  o f  i n  s i t u  M6ssbauer rneasurernents i n  four 
w e l l - c h a r a c t e r i z e d  b i tuminous  c o a l s .  We i n t e n d  t o  s t u d y  t h e  sequence o f  chemical  
r e a c t i o n s  t a k i n g  p l a c e  d u r i n g  t h e  t r a n s f o r m a t i o n  o f  t h e  i ron -bea r ing  m i n e r a l s .  
S p e c i a l  emphasis  is p laced  upon t h e  va l ence  s t a t e  o f  t h e  i r o n  and t h e  i d e n t i f i c a t i o n  
o f  t h e  i n t e r m e d i a t e  s t a t e s .  

11. Experimental  D e s c r i p t i o n  

The c o a l s  used i n  t h i s  s t u d y  were: B l a c k s v i l l e  12 ,  Powhatan 115, Ky 9/14 and 

The o x i d a t i o n  p r o c e s s  was c a r r i e d  o u t  i n  a s p e c i a l l y  b u i l t  
I L  116 ob ta ined  from S t .  C l a i r  County,  I l l i n o i s .  
o f  t h e s e  f o u r  c o a l s .  
r e a c t o r .  The r e a c t o r  chamber c o n s i s t s  of a q u a r t z  c y l i n d e r  w i th  an o u t e r  d i ame te r  
of 2.5 cm. 
a i r  through it .  The q u a r t z  t u b e  was p laced  i n s i d e  a h o r i z o n t a l  f u r n a c e  c a p a b l e  o f  
r each ing  1200°C. 
r e a c t o r  nea r  t h e  sample t o  d e t e c t  t h e  t empera tu re .  The r e a c t o r  was he ld  

T a b l e  I g i v e s  t h e  u l t i m a t e  a n a l y s i s  

T h e  sample was mounted i n  t h e  c e n t e r  o f  t h e  c y l i n d e r  a l l o w i n g  t h e  f low of 

A chromel-alumel thermocouple  was i n s e r t e d  i n t o  t h e  middle of t h e  
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h o r i z o n t a l l y .  The sarnple,  a c o a l  p e l l e t ,  was mounted between two g r a p h i t e  h o l d e r s  i n  
t h e  c e n t e r  of t h e  r e a c t o r .  For t h e  p r o c e s s  o f  o x i d a t i o n ,  a i r  was al lowed t o  f low 
through t h e  sample a t  a c o n s t a n t  r a t e .  A computer ized i4'cissbauer spec t romete r  was 
used i n  t h i s  s t u d y  t o  accumulate ,  r eco rd  and f i t  t h e  d a t a .  The f i t t i n g  is based on a 
non-l inear  l e a s  squa re  p rocedure  assuming Loren tz i an - l ike  s h a p e s .  The source  used 
was a -100 m C i  '7Co i n  a rhodium m a t r i x .  A krypton ( 3 %  C H q )  p r o p o r t i o n a l  c o u n t e r  was 
used a s  a d e t e c t o r  ( c a r e  a s  t aken  t o  c o o l  t h e  windows o f  t h e  d e t e c t o r  du r ing  t h e  
measurements).  0 &kc 5rFe I 6 s s b a u e r  s p e c t r a  o f  a l l  t h e  samgles were recorded 
d u r i n g  o x i d a t i o n  a t  v a r i o u s  t e m p e r a t u r e s  between 22OC and 710 C. 
s h i f t s  a r e  given i n  r e f e r e n c e  t o  a-Fe ( t h e  z e r o  v e l o c i t y  s t a n d a r d ) .  The r e d u c t i o n  
measurements were pe r fo rned  under hydrogen f low a s  w e l l  a s  under  a n i t r o g e n  
atmosphere.  

A l l  t h e  isomer 

111. ExEerirnental  Hesultz-a_nd Discussion 

The Mossbauer s p e c t r a  of a l l  t h e  c o a l s  a t  room t empera tu re  show t h e  p re sence  o f  
FeS2 ( p y r i t e )  i n  v a r i o u s  amounts.  The spectrum o f  p y r i t e  is known t o  g ive  a 
c h a r a c t e r i s t i c  quadrupo le  s p l i t  d o u b l e t ,  isomer s h i f t  (IS) = 0.31 mm/sec and 
quadrupole  s p l i t t i n g  ( Q S )  = 0.61 ian/sec. I n  a l l  t h e  c o a l s  depending on t h e  degree o f  
wea the r ing  (room tempera tu re  o x i d a t i o n ) ,  t h e  p re sence  of FeS04* H 2 0  ( s zomolnok i t e )  was 
obse rved ,  I S  = 1.18 m d s e c  and QS = 2.69 mm/sec. I n  some samples  [minor amounts of 
j a r o s i t e  and coquimbite  ( f e r r i c  s u l f a t e s )  were a l s o  obse rved .  The major i ron -bea r ing  
c l a y  m i n e r a l s  d e t e c t e d  i n  t h e  p r e s e n t  expe r imen t s  were i l l i t e  and mixed c l a y s  ( a s  
d e t e c t e d  by x-ray d i f f r a c t i o n ) .  The amount of i r o n  i n  such m i n e r a l s  is ve ry  sma l l  
and d e t e c t i o n  becomes e a s i e r  a f t e r  a n a l y z i n g  t h e  h igh  t empera tu re  a s h e s .  On h e a t i n g  
t h e  c o a l  i n  a i r ,  FeS2 w i l l  be ox id i zed  t o  a mix tu re  of s u l f a t e s  and o x i d e s ,  and we 
would expect  t h e  Mossbauer spectrum t o  c o n s i s t  o f  a s u p e r p o s i t i o n  o f  a [magnet ical ly  
s p l i t  s i x - l i n e  p a t t e r n  due t o  t h e  iron o x i d e s  and d o u b l e t s  r e s u l t i n g  from unreac ted  
FeS and i r o n  s u l f a t e s .  The above r e a c t i o n s  could be subnnarized as: 

2 

1 )  

2 )  

2 FeS2 + 302 FeS04 + S O  

3FeS2 + 10 O2 -t FeS04 + Fe2(S04)3  + 2S02 

Fe2(S04)3 + Fe2a3 + 3S03 

I n  F igu res  1 and 2 t h e  i n  s i t u  Mossbauer s p e c t r a  f o r  t h e  B l a c k s v i l l e  12  and IL#G 
c o a l  a r e  shown. On h e a t i n g  t h e  c o a l s  through t h e  v a r i o u s  t e m p e r a t u r e s  it was 
observed 1 )  f o r  FeS2, t h e  QS remains a lmos t  unchanged b u t  i t s  isomer s h i f t  d e c r e a s e s  
r a p i d l y .  The d e c r e a s e  i n  t h e  IS  is a t t r i b u t e d  mainly to  t h e  second o r d e r  Doppler 
s h i f t .  
d e c r e a s e  is mainly due t o  t h e  t empera tu re  dependence of t h e  e l e c t r i c  f i e l d  g r a d i e n t  
( t h rough  popu la t ion  o f  e x c i t e d  e l e c t r o n i c  s t a t e s ) .  The a r e a  f r a c t i o n  o f  i r o n  
s u l f a t e s  i n c r e a s e d  wi th  t empera tu re ;  t h i s  is due t o  t h e  fo rma t ion  o f  s u l f a t e s  through 
r e a c t i o n s  ( 1 )  and ( 2 ) .  
p e r i o d s  o f  time, t h e  fo rma t ion  o f  f e r r i m a g n e t i c  y-Fe20 
1 ) .  The fo rma t ion  o f  Y-Fe 0 has  a l s o  been r e p o r t e d  b$ o t h e r  authors . 'g)  On f u r t h e r  
h e a t i n g  t h e  c o a l  t o  350°C,2tite conve r s ion  o f  y-Fe 0 to a-Fe203 is observed ( e a s i l y  
d e t e c t e d  by t h e  d i f f e r e n c e  i n  magnet ic  h y p e r f i n e  8 i J l d s ) .  The conve r s ion  o f  y-Fe 0 
t o  a-Fe20 
i s  obse rvsd .  The p resence  o f  Y-Fe20 a s  an i n t e r m e d i a t e  s t a t e  depends on t h e  coa12aJ 
w e l l  a s  o x i d a t i o n  t ime .  The l o n g e r  ?he t ime ,  t h e  more Y-Fe 0 
is observed.  
composi t ion a f f e c t s  t h e  amount o f  Y-Fe 0 formed is n o t  $e11 under s tood ,  a l though  one 
i s  i n c l i n e d  t o  b e l i e v e  t h a t  p a r t i c l e  ~ $ 2 2  and i m p u r i t i e s  i n  t h e  p y r i t e  ( o r  i na rcas i t e )  
would be impor t an t  f a c t o r s  i n  t h i s  p rocess .  The above was a l s o  observed i n  a l l  t h e  
c o a l s  s t u d i e d .  Two t y p i c a l  room tempera tu re  S p e c t r a  for t h e  B l a c k s v i l l e  82 and IL16 
c o a l s  a r e  shown i n  F i g u r e s  3 and 4. The s i x - l i n e  spec t rum c h a r a c t e r i s t i c  o f  a-Fe 0 
is e a s i l y  observed a s  t h e  dominant f e a t u r e  i n  t h e  f i g u r e s .  Noted i s  t h e  p re sence  01 

2 )  For FeSO * fi20, t h e  QS is observed t o  d e c r e a s e  a t  h igh  t empera tu res .  This  

On i n c r e a s i n g  t h e  t empera tu re  above 300°C and f o r  s h o r t  
is  observed ( s  r e f e r e n c e  

is Complete a t  400°C, and a c h a r a c t e r i s t i c  s i x - l i n e  p a t t e r n  due t o  a-F$ d 
t o  a-Fe 0 conversion 

O f  c o u r s e  a t  h ighe r  t empera tu res  o n l y  a-Fe 0 2ij s t a b l e . 2  dow t h e  c o a l  

2 
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two e x t r a  d o u b l e t s  c o n t a i n i n g  Fe3+, a t t r ’ b u t e d  t o  decomposi t ion of t h e  c l a y s  and  
fo rma t ion  o f  amorphous m a t e r i a l s  w i t h  Fe’+ a s  an impur i ty .  The d o u b l e t s  a r e  not  
i d e n t i c a l  i n  both s p e c t r a  i n d i c a t i n g  t h a t  t h e  environment  o f  Fe3+ is d i f f e r e n t .  
is i n d i c a t i v e  of a v a r i a t i o n  i n  c l a y  composi t ion between t h e  two c o a l s .  Because of 
t h e  s m a l l  amounts o f  i r o n  i n  such phases ,  t h e i r  c l e a r  i d e n t i f i c a t i o n  i s  r a t h e r  
d i f f i c u l t  and still  remains a c h a l l e n g i n g  problem f o r  t h e  s p e c t r o s c o p i s t .  S i m i l a r  
s p e c t r a  were a l s o  observed f o r  t h e  o t h e r  two c o a l s .  

This  

I 
The l 6 s s b a u e r  e c t r  1 a r e a  o f  each s p e c i e s  was used t o  de t e rmine  t h e  r e l a t i v e  

( n o t  a s  o x i d e )  and Fe 0 amounts o f  FeS2! Fe”,  Fe” 
n e g l e c t  any v a r i a t i o n  i n  Debye-Waller (D-IJ) f a c t o r s  between t h e  d i f f e r e n t  s p e c i e s .  
Consequent ly  t h e  r e l a t i v e  amounts  w i l l  i n d i c a t e  t h e  q u a l i t a t i v e  v a r i a t i o n  i n  sample 
composi t ion a t  t h e  d i f f e r e n t  t empera tu res .  The a b s o l u t e  amounts va ry  depending on 
t h e i r  r e s p e c t i v e  D-kl f a c t o r s .  S i n c e  such a c o r r e c t i o n  is ve ry  d i f f i c u l t ,  we l i m i t  
o u r s e l v e s  t o  t h e  assumption t h a t  a l l  t h e  s p e c i e s  show a s i m i l a r  t empera tu re  
dependence f o r  t h e  D-!J f a c t o r s .  F igu re  5 shows t h e  decornposit ion o f  FeS a s  a 
fu2p t ion  of t empera tu re  f o r  a l l  t h e  c o a l s  under  s t u d y .  F i g u r e  6 shows t 2 e  amount of 
Fe a s  a f u n c t i o n  o f  t e m p e r a t u r e  f o r  a l l  t h e  c o a l s ;  t h e  d i v a l e n t  ‘on c o n t r i b u t i o n  is 
mainly from t h e  f e r r o u s  s u l f a t e s .  I n  F igu re  7 t h e  v a r i a t i o n  i n  Fe’+ and i r o n  ox ides  
(bo th  y and a )  a r e  shown a s  a f u n c t i o n  of t empera tu re .  It i s -~e .v iden t - - tha t - - fo i - - the  
most weathered c o a l s ,  t h e r e  is more ferr1.c  s u l f a t e  pre-sent  - (e .g .  IL116). 
f r e s h e r  c o a l  (&1/.2), .the amount-of  f e r r i c  s u l f a t e  i s  s m a l l g r  and t h e  t r a n s f o r m a t i o n  

-. .----from f r o n  - s u l f i d e s - t o  s u l f a t e s - t o  o x i d e s  is r a p i d .  A t  710 C t h e  f e r r i c  i o n  i s  
p r e s e n t  ma in ly  a s  a-Fe 0 . A t  t h i s  t empera tu re  we a r e  above t h e  a n t i f e r r o m a g n e t i c  t o  
paramagnet ic  t r ans i t i on2  2empera tu re  o f  a-Fe 0 and no magnet ic  s p l i t t i n g  i s  observed.  
The Cr-Fe 0 

nuc leus  is p l o t t e d  v e r s u s  t e m p e r a t u r e .  The t empera tu re  dependence is ve ry  s i m i l a r  
f o r  a l l  t h e  samples  ( o n l y  a-Fe 0 p l o t t e d )  i n d i c a t i n g  s i m i l a r  p a r t i c l e  s i z e s .  Most 
l i k e l y  s i n t e r i n g  has  occur red  gu? ing  combustion. 
one of t h e  major f a c t o r s  h i n d e r i n g  t h e  r a p i d  conve r s ion  o f  FeS t o  o x i d e s  a t  low 
t empera tu res .  Even tua l ly  a t  h i g h e r  t e m p e r a t u r e s  t h e  f e r r i c  s u f f a t e  p a r t i c l e s  a r e  
conve r t ed  t o  o x i d e s .  It a p p e a r s  t h a t  t h e  p r e s e n c e  o f  p a r t i c l e s  of f e r r o u s  and f e r r i c  
s u l f a t e s  s lows down t h e  r a p i d  o x i d a t i o n  o f  FeS2. There is a l s o  a p h y s i c a l  f a c t o r  
p r e s e n t .  I t  is h i g h l y  p robab le  t h a t  t h e  s m a l l e r  s u l f i d e  p a r t i c l e s  were o x i d i z e d  a t  
room t empera tu re  i n  a ( y 5 t h e r e d  c o a l  and t h e  remaining p a r t i c l e s  a r e  l a r g e r  and more 
d i f f i c u l t  t o  o x i d i z e .  It is  e v i d e n t  t h a t  t h e  f r e s h e r  c o a l  ox id i zed  f a s t e r  t han  
t h e  o t h e r s  ( s e e  F igu re  7 ) .  

I n  t h i s  a n a l y s i s  we w i l l  
2 3’ 

For t h e  

, 
p a r t i c l e  s i z e s  seems t o  be very2s?milar  i n  a l l  t h e  c o a l s  s t u d i e d .  h i s  

is e v i d e n t  2 3  from F i g u r e  8 where t h e  normalized magnet ic  h y p e r f i n e  f i e l d  a t  t h e  5’Fe It 

Weather ing of t h e  c o a l  seems t o  be 

r 

Under  r e d u c t i o n  c o n d i t i o n s  and below 45OoC, a l l  t h e  i r o n  s u l f i d e s  a r e  
t ransformed i n t o  p y r y p y t i t e s .  
as t h e  type  o f  c o a l .  The major f a c t o r  a f f e c t i n g  t h e  Fe/S r a t i o  i n  t h e  p y r r h o t i t e s  
i s  t h e  t o t a l  amount of s u l f u r  a v a i l a b l e  as H2S. P a r t i a l  H2S p r e s s u r e  is t h e  c r u c i a l  
q u a n t i t y  c o n t r o l l i n g  t h e  s t o i c h i o m e t r y  of t h e  p y r r h o t i t e s .  A h i g h  pe rcen tage  o f  H2S 
i n  t h e  r e a c t o r  a t  h igh  t e m p e r a t u r e s  a s s u r e s  t h e  fo rma t ion  o f  p y r r h o t i t e s  w i th  a h igh  
number of me ta l  v a c a n c i e s .  
p re sence  o f  hydrogen. The p r o d u c t s  a r e  removed from t h e  s u r f a c e  and t h e  p y r r h o t i t e s  
r e t a i n  a me ta l  c h a r a c t e r .  
t r a n s f o r m  i n t o  t r o i l i t e  and e v e n t u a l l y  i n t o  i r o n  me ta l .  The fo rma t ion  o f  t r o i l i t e  
(FeS)  i s  a l s o  p o s s i b l e  a t  lower t e m p e r a t u r e s  i f  H2S i s  c o n t i n u a l l y  removed from t h e  
r e a c t o r  by f lowing  hydrogen. 
w i th  t h e  i r o n  ion  p r e f e r r i n g  t o  r e t a i n  a d i v a l e n t  s t a t e .  
t r a n s f o r m a t i o n  is s t r o n g l y  c o a l  dependent .  

The d e g r e e  o f  t r a n s f o r m a t i o n  depends on t ime  a s  we l l  

‘ 

The p y r r h o t i t e  s u r f a c e  i n t e r a c t s  w i t h  CO and C02 i n  t h e  

A t  t e m p e r a t u r e s  h ighe r  t han  450°C t h e  p y r r h o t i t e s  s t a r t  t o  

The c l a y  m i n e r a l s  a r e  a l s o  t r ans fo rmed  d u r i n g  r e d u c t i o n  
The degree  of 

The a u t h o r s  acknowledge t h e  s u p p o r t  o f  t h e  Energy Research Center  o f  Uest  
V i r g i n i a  Un ive r s i ty .  
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TABLE I U l t ima te  Ana lys i s  (UT%, dry  b a s i s )  

Coal H C N s 0 HTA 

I L # 6  4.7 67.6 1.2 4.0 8.0 13.96 
Powhatan #5 4.9 71.1 1.1 3.5 7.5 11.8 

\ 

Ky 9/14 4.9 71.3 1.5 3.4 9.7 9.3 

B l a c k s v i l l e  #2 5.2 75.83 1.4 3.4 3.5 10.1 
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FIGURE 3 
t i o n  91 710°C o f  the E l a c k s v i l l e  #2  c o a l .  
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F I G U R E  4. The same a s  above b u t  IL #6 i n s t e a d  of  E l a c k s v i l l e  
#2 9 
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F I G U R E  5 Decomposition o f  FeS i n  percent  as  a func t ion  o f  temperature .  
BL2: Blacksvi l le  # 2 ;  Po5: P o d a t a n  #5 ;  Ky 9 /14;  and IL6: IL #6. 

" 4 0  

1 0 0  n 5 0 0  
C" 

FIGURE 6 
Key t o  t h e  f i g u r e  i s  found i n  Figure 5. 

Transformation o f  Ye2+ in percentage v s .  temperature .  
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3+ FIGUR: 7 Convers ion  t o  Fe 0 and Fe ( n o t  o x i d e s )  as a 
f u n c t i o n  o f  t empera tu re .  
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l l a a n e t i c  h v o e r f i n e  f i e l d  no rma l i zed  t o  room 
tempera tu re  ' fo r  a l l  t h e  samples vs .  t e n p e r a t u r e l  
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