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In t roduc t ion  

Due t o  t h e  importance of  c o a l  as a major sou rce  of energy and t h e  environmen’tal 
hazards  involved i n  i t s  u s e ,  cons ide rab le  r e s e a r c h  has  become necessa ry  i n  o rde r  t o  
a )  f u l l y  understand t h e  d i f f e r e n t  compounds appea r ing  i n  t h e  c o a l  and t h e i r  t r ans -  
formation d u r i n g  p rocess ing ;  and b) know how t h o s e  compounds c o n t r i b u t e  t o  t h e  
p o l l u t i o n  of t h e  environment ,  i . e . ,  a c i d i t y  of water  s t reams nea r  t h e  c o a l  mines 
and p o l l u t i o n  by power p l a n t s .  
mineral  m a t t e r  i n  c o a l .  For example, r e c e n t l y  s e v e r a l  r e s e a r c h e r s  have shown t h a t  
t h e  mine ra l  matter i n  t h e  c o a l  may p lay  an important  role i n  t h e  l i q u e f a c e i o n  process  
(1). Of a l l  t h e  m i n e r a l s  i n  t h e  c o a l ,  t h e  i r o n  bea r ing  mine ra l s  seem t o  h e  t h e  
most important .  I n  most c o a l  u t i l i z a t i o n  t echn iques  t h e  c o a l  is used as r a w  mate- 
r i a l ,  and a s  a r e s u l t  both t h e  o rgan ic  and ino rgan ic  components may be c r i t i c a l  i n  
t h e  acceptance o r  r e j e c t i o n  of a c o a l  f o r  a p a r t i c u l a r  p rocess .  Owjng t o  t h e  g r e a t  
importance of i r o n  a s  n major c o n s t i t u e n t  of  th’e mine ra l  matter i n  many c o a l s  t h e  
Moessbauer e f f e c t  becomes a powerful t o o l  i n  t h e  c h a r a c t e r i z a t i o n  of t h e  i r o n  bear- 
i ng  mine ra l s .  

Some p o s i t i v e  p r o p e r t i e s  can be a s s o c i a t e d  wi th  t h e  

The most common u s e  of t h e  Moessbauer e f f e c t  i n  mineralogy and geology has  been 
t h e  de t e rmina t ion  of  t h e  o x i d a t i o n  s ta tes  of  i r o n  i n  v a r i o u s  mine ra l s  ( 2 ) .  The 
s tudy  of  t h e  Moessbauer s p e c t r a l  a r e a  a l s o  g i v e s  v a l u a b l e  in fo rma t ion  on t h e  concen- 
t r a t i o n  of t h e  d i f f e r e n t  mine ra l s  i n  rocks  ( 2 ) .  Recent ly  t h e  Moessbauer e f f e c t  w a s  
app l i ed  t o  t h e  s tudy  of i r o n  bea r ing  mine ra l s  i n  c o a l  and t o  determine t h e  amount 
n f  p y r i t i c  sill f u r  ( 3 , 4 , 5 ) .  

I n  what Lollows t h e  a p p l i c a t i o n  of  Moessbauer spectroscopy (57Fe) t o  determine 
t h e  i ron  bea r ing  m i n e r a l s  w i l l  be  desc r ibed  and a c r i t i c a l  view of  t h e  advantages 
and d i sadvan tages  of t h e  t echn ique  w i l l  be p re sen ted .  I n  t h i s  s t u d y  more than 200 
c o a l  samples were i n v e s t i g a t e d  and more than  2000 Moessbauer runs  were c a r r i e d  ou t  
on those  samples.  Be fo re  going i n t o  t h e  expe r imen ta l  r e s u l t s ,  a b r i e f  d e s c r i p t i o n  
of t h e  Moessbauer pa rame te r s  which g i v e  t h e  necessa ry  in fo rma t ion  t o  determine t h e  
compounds seems a p p r o p r i a t e .  

Moessbauer Pa rame te r s  

Isomer S h i f t  ( I S ) :  The s h i f t  observed i n  t h e  Moessbauer l i n e s  wi th  r e s p e c t  t o  
z e r o  v e l o c i t y  i s  produced by t h e  e l e c t r o s t a t i c  i n t e r a c t i o n  of t h e  nuc lea r  and s- 
e l e c t r o n s  cha rge  d i s t r i b u t i o n s .  I t  is g iven  i n  t h e  n o n - r e l a t i v i s t i c  approximation 
by (6)  

The I S  g i v e s  v a l u a b l e  and unique in fo rma t ion  on t h e  va l ence  s t a t e s  of i r o n ,  i n  
s p e c i a l  f o r  h igh  s p i n  Fe2+ and Fe3+. / 

Besides  t h e  I S  t h e r e  e x i s t s  a s h i f t  of t h e  Moessbauer l i n e s  due t o  t h e  second 
o r d e r  Doppler e f f e c t  ( 7 ) .  T h i s  s h i f t  is given by 
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where i s  t h e  thermal  average  of t h e  squa re  of t h e  v e l o c i t y  of t h e  Moessbauer 
atom i n  t h e  s o l i d .  It is a parameter t h a t  s t r o n g l y  depends on t h e  l a t t i c e  dynamical 
p r o p e r t i e s  of t h e  s o l i d .  

The hype r f ine  i n t e r a c t i o n s  a f f e c t i n g  the  Moessbauer e f f e c t  a r e  t h e  quadrupole  
and magnetic i n t e r a c t i o n s  ( 2 ) .  The quadrupole i n t e r a c t i o n  e x i s t s  when t h e  e l e c t r o n s  
and/or t h e  ne ighbor ing  atoms produce an inhomogeneous e l e c t r i c  f i e l d  a t  t h e  nuc leus ,  
and when t h e  nuc leus  posses ses  a quadrupole moment, Q. 
a s p l i t t i n g  of t h e  Moessbauer l i n e s  f o r  57Fe given by ( 2 )  

This  i n t e r a c t i o n  produces 

AE = #e?qQ (1 + n 2 / 3 ) '  3 )  Q 

where q is t h e  e l e c t r i c  f i e l d  g r a d i e n t ,  and 0 t h e  asymmetry parameter.  When q a r i s e s  
from t h e  e l e c t r o n s  of t h e  Moessbauer a om, the  tempera ture  dependence of t h e  QS i s  

.very  pronounced, l i k e  i n  h igh  s p i n  Fez compounds. Th i s  tempera ture  dependence i s  
ve ry  u s e f u l  i n  t h e  i d e n t i f i c a t i o n  of t h e  e l e c t r o n i c  ground s t a t e  of t h e  ion .  

5 

The hype r f ine  magnetic i n t e r a c t i o n  a r i s e s  from t h e  i n t e r a c t i o n  of t h e  n u c l e a r  
magnetic d i p o l e  moment wi th  a magnetic f i e l d  due t o  t h e  atom's own e l e c t r o n s .  I n  
many c a s e s  Noessbauer s t u d i e s  a t  low tempera tures  a r e  necessary  t o  f u l l y  c h a r a c t e r i z e  
a compound. In such c a s e s  one u s u a l l y  a p p l i e s  an e x t e r n a l  magnetic f i e l d .  Th i s  
technique  i s  p a r t i c u l a r l y  u s e f u l  f o r  t h e  s tudy  of t h e  e l e c t r o n i c  ground s ta te  of 
i r o n  ions  i n  minera ls  ( 8 , 9 ) .  

A very  important Moessbauer parameter is t h e  Debye-Waller f a c t o r  (DWF). The DWF 
depends on t h e  tempra ture  and i s  given in t h e  harmonic approximation by ( 2 )  

DWF = exp (-k2<x2> ) 4 )  
Y T  

where i s  t h e  mean squa re  d isp lacement  of t h e  atom a long  t h e  d i r e c t i o n  of t h e  
y-ray emission. The DWF is f r e q u e n t l y  eva lua ted  i n  Moessbauer spec t roscopy us ing  
an  e f f e c t i v e  Debye model. The DWF can be d i f f e r e n t  f o r  t h e  same compound i f  t h e  
p a r t i c l e  s i z e  is ve ry  sma l l .  One has  t o  be aware of t h i s  problem when us ing  t h e  
Moessbauer e f f e c t  a s  a q u a n t i t a t i v e  a n a l y t i c a l  t o o l .  

The Moessbauer e f f e c t  can be used no t  on ly  f o r  t h e  i d e n t i f i c a t i o n  of mine ra l  
s p e c i e s ,  b u t  a l s o  f o r  a q u a n t i t a t i v e  a n a l y s i s  of  t h e  mine ra l  c o n t e n t s .  The Moess- 
bauer s p e c t r a l  a r e a  i s  g iven  f o r  a s i n g l e  l i n e  sou rce  and absorber  by (10) 

t=n  a f a o a  P=~-B/N( - )  

where B = background (non-Moessbauer r a d i a t i o n ) ;  N(m)  = count ing  r a t e  a t  i n f i n i t y  
v e l o c i t y ;  r 
abso rbe r  an8 source ;  a = abso rp t ion  c ros s - sec t ion  a t  resonance ;  n = number 
of Moessbauer atoms pe8 squa re  cen t ime te r .  
f o r  l i n e s  s p l i t t e d  by hype r f ine  i n t e r a c t i o n s  (11). 
as a q u a n t i t a t i v e  a n a l y t i c a l  t o o l ,  c a r e  must be taken t h a t  B, f and f a r e  known. 
A d i s c u s s i o n  on t h e  q u a n t i t a t i v e  method of a n a l y s i s  w i l l  be g ivzn  a t  t g e  end of 
t h e  paper.  

= f u l l  wid th  of ha l f -he igh t  of t h e  abso rp t ion  l i n e ;  f a f s  = DIJF of 

The above formula has  t o  bg c o r r e c t e d  
When us ing  t h e  Moessbauer e f f e c t  
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Experimental  Procedures  i 
I 

The c o a l  samples used i n  t h i s  work were c o l l e c t e d  fo l lowing  s t r i c t l y  ASTM pro- 
cedure  D2013-72. The samples were mounted i n  l u c i t e  c o n t a i n e r s  t h a t  were hermet ica l -  
l y  s ea l ed .  Pressed  p e l l e t s  of t h e  gr inded  c o a l  were a l s o  used a s  samples.  The 
average s u r f a c e  d e n s i t i e s  of t h e  samples used were between 150 t o  300 mg/cm2. 
Severa l  samples from t h e  same s e a m  were analyzed i n  o rde r  t o  check f o r  cons i s t ency  
of t h e  r e s u l t s .  Some runs  were c a r r i e d  ou t  on raw c o a l s  (not gr inded)  a s  w e l l ,  f o r  
t e s t i n g  purposes .  The bulk  of t h e  samples used i n  t h i s  s tudy  w e r e  from West Vi rg in i a  
c o a l s .  The Moessbauer spec t rometer  used i n  t h i s  work was a convent iona l  cons t an t  
a c c e l e r a t i o n  spec t romete r .  
were analyzed us ing  a non- l inear  l ea s t - squa re  f i t  program and assuming Lorentz ian  
l ineshapes .  The measurements covered a wide tempera ture  range. Many r u n s  were I 

c a r r i e d  ou t  a t  low tempera tures  (4.2 K) and i n  t h e  p resence  of an e x t e r n a l  magnetic 
f i e l d  (40  kOe). The v e l o c i t y  c a l i b r a t i o n  i s  given wi th  r e s p e c t  t o  a-Fe a t  room 
temperature (RT). 

j 

A 50mC 57Co:Pd source  was used. The Moessbauer s p e c t r a  

Experimental  R e s u l t s  and Discuss ion  

The d i f f e r e n t  i r o n  bea r ing  mine ra l s  d e t e c t e d  i n  c o a l  u s ing  Moessbauer spec t ros -  
copy a r e  c l a s s i f i e d  below accord ing  t o  t h e i r  major groups,  i .e . ,  s u l f i d e s ,  c l a y s ,  
carbonates ,  and s u l f a t e s .  

Su l f ides :  I r o n  d i s u l f i d e  ( p y r i t e )  is t h e  most important of t h e  i r o n  bea r ing  minera ls  
i n  coa l .  

The s i x  d - e l e c t r o n s  a r e  occupying t h e  T ground s ta te  and no magnetic moment is  
p resen t  a t  t h e  i r o n  s i t e  (8) .  
o rd ina t ion  of  s i x  n e a r e s t  ne ighbors  s u l f u r ,  t h e  oc tahedron  be ing  s l i g h t l y  compressed 
a long  one of  t h e  a x i s .  Consequently,  t h e  c r y s t a l l i n e  f i e l d  a t  t h e  i r o n  s i t e  i s  low- 
e r  than cub ic  and a n  e l e c t r i c  f i e l d  g r a d i e n t  e x i s t s  a t  t h e  57Fe nuc leus ,  producing 
a c h a r a c t e r i s t i c  QS i n  t h e  Moessbauer spectrum. 

I n  p y r i t e  t h e  i r o n  ion  is  i n  t h e  low sp in  c o n f i g u r a t i o n ,  Fe". 

I n  pyritZgeach c a t i o n  has  a d i s t o r t e d  o c t a h e d r a l  co- 

There i s  a m e t a s t a b l e  phase of FeS2, marcas i t e ,  which i s  t h e  orthorhombic d i -  
morph of p y r i t e  and appears  a l s o  i n  s e v e r a l  coa l s .  Marcas i te  has  s l i g h t l y  d i f f e r e n t  
I S  and QS (Table  1). When t h e  amount of marcas i t e  i n  c o a l  i s  more than  20% of t h e  
t o t a l  i r o n  d i s u l f i d e  con ten t  i t s  d e t e c t i o n  us ing  Moessbauer spec t roscopy i s  pos- 
s i b l e .  I n  g e n e r a l ,  pe t rog raph ica l  techniques  seem t o  be more a p p r o p r i a t e  f o r  
i d e n t i f i c a t i o n  of m a r c a s i t e  ( a t  l e a s t  f o r  q u a l i t a t i v e  measurements).  I n  t a b l e  1 
a l i s t  o f  t h e  d i f f e r e n t  i r o n  s u l f i d e s  and t h e i r  r e s p e c t i v e  Moessbauer parameters  
is given. 

A t y p i c a l  spectrum of a c o a l  i s  g iven  i n  f i g u r e  1. The sample has  been t r e a t e d  
wi th  H C 1  ( fo l lowing  ASTM s tanda rd  D-2492) t o  g e t  r i d  of t h e  non-pyr i t i c  i r o n  ( s u l -  
f a t e s ) .  The spec t rum i s  t y p i c a l  of p y r i t e .  A l l  t h e  ca. 2000 s p e c t r a  run i n  t h i s  
work show t h e  p re sence  of p y r i t e  ( con ten t s  ranging between 7 t o  0 .1%) .  While 
s tudying  s e v e r a l  c o a l  macera ls  a new Moessbauer spectrum a s s o c i a t e d  wi th  p y r i t e  w a s  
observed i n  t h r e e  d i f f e r e n t  samples (9) r i c h  i n  f ramboida l  p y r i t e .  The e x t r a  Moess- 
bauer  double t  showed t h e  same magnetic behavior  a s  p y r i t e  (low s p i n ) .  However, i t s  
Moessbauer pa rame te r s  a r e  d i f f e r e n t  and t h e  I S  sugges t s  a sma l l e r  e l e c t r o n i c  den- 
s i t y  a t  t h e  nuc leus  than f o r  FeS2. The low tempera ture  measurements i n d i c a t e  t h a t  
t h e  spectrum cannot  be a s s o c i a t e d  wi th  any of t h e  o t h e r  mine ra l s .  I t  i s  poss ib l e  
t h a t  t h i s  phase i s  h i g h l y  d i so rde red  (or "amorphous") FeS2. 

O t h e r  i r o n  s u l f i d e s  are produced du r ing  c o a l  p rocess ing .  They a r e  mainly 
p y r r h o t i t e s .  For composi t ions  vary ing  between FeS ( t r o i l i t e )  and Fe7Sg(monoclinic 
p y r r h o t i t e ) ,  t h e  compounds are r e f e r r e d  t o  g e n e r a l l y  a s  p y r r h o t i t e s  (12).  The 
Moessbauer spectrum of i r o n  p y r r h o t i t e s  can be observed i n  t h e  c o a l  l i q u e f a c t i o n  
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minera l  res idue .  The s tudy  of t h e s e  p y r r h o t i t e s  i s  of cons ide rab le  importance due  
t o  t h e i r  p o t e n t i a l  u se  a s  d i sposab le  c a t a l y s t s  i n  c o a l  l i q u e f a c t i o n  (1). It i s  t o  
be noted  t h a t  t h e  presence  of p y r r h o t i t e s  was observed i n  some s e v e r e l y  "weathered" 
coa l .  In s t u d i e s  c a r r i e d  ou t  under a reducing  hydrogen atmosphere (between RT and 
40OoC) t h e  conversion of a l l  t h e  p y r i t e  t o  p y r r h o t i t e s  was observed. 

Clay mine ra l s :  

c l a y  mine ra l s  p re sen t  i n  c o a l .  The c r y s t a l  s t r u c t u r e s  of t h e  c l a y  mine ra l s  a r e  
b a s i c a l l y  der ived  from two types  of s h e e t s .  
Si04 u n i t s ,  and an oc tahedra l  shee t  t y p i c q l l y  qade  of A l ( 0 ,  OH)6 u n i t s  (13 ) .  
i d e a l  formula,  i . e . ,  f o r  k a o l i n i t e  is A l z 3  S i z 4  052-(OH)4, bu t  a s  i n  a l l  c l a y  
mine ra l s ,  a c e r t a i n  maount of c a t i o n  s u b s t i t u t i o n  i s  poss ib l e .  I n  mic and i ts  
der ived  c l a y  mine ra l s ,  i l l i t e s ,  t h e  o c t a h e d r a l  shee t  con ta in  only  A13', b u t  i n  t h e  
t e t r a h e d r a l  s i t e s  one q u a r t e r  of t h e  S i 4 +  is rep laced  by Ai3'. The n e t  n e g a t i v e  
charge  of t h e  l a y e r  is balanced by i n t e r l a y e r  a l k a l i  c a t i o n s  which a l so  bond t h e  
l a y e r s  toge ther .  The i n t e r l a y e r  i n  montmor i l lon i te  o r  v e r m i c u l i t e  is occupied by 
H 2 0  and/or  c a t i o n s ,  whereas i n  c h l o r i t e  t h e r e  i s  a complete s h e e t  of aluminum (mag- 
nesium) hydroxide,  t h e  b r u c i t e  shee t .  Continuous ranges  of chemical composition are 
o f t e n  p o s s i b l e  between t h e  d i f f e r e n t  c l a y s  and t h e r e  i s  a g r e a t  v a r i e t y  of mixed 
l a y e r  s t r u c t u r e s .  I r o n  can be s u b s t i t u t e d  i n  t h e  o c t a h e d r a l  l a y e r  i n  i t s  h igh-sp in  
f e r r o u s  and f e r r i c  forms, and occas iona l ly  i n  t h e  t e t r a h e d r a l  l a y e r .  However, t h e  
i r o n  concen t r a t ion  i n  c l a y s  is r e l a t i v e l y  sma l l  ( a  few % by weight) f o r  k a o l i n i t e  
and i l l i t e ,  t he  most f r e q u e n t l y  found c l a y s  i n  c o a l  ( 1 4 ) .  

Clay mine ra l s  r e p r e s e n t  a l a r g e  percentage  of t h e  i n o r g a n i c  mine ra l  
con ten t  i n  c o a l .  I l l i t e ,  k a o l i n i t e  and mixed c l ays  are t h e  major 

A t e t r a h e d r a l  shee t  t y p i c a l l y  made of 
The 

I n  gene ra l  t h e  c l a y s  appear ing  i n  t h e  c o a l  show s l i g h t l y  d i f f e r e n t  Moessbauer 
parameters  than pure  c l a y s .  The u s u a l  method u t i l i z e d  t o  i d e n t i f y  t h e  c l a y  mine ra l s  
i n  c o a l  i s  X-ray d i f f r a c t i o n  of t h e  LTA, bu t  due t o  t h e  poor c r y s t a l l i n i t y  of t h e  
c l a y s  i n  t h e  c o a l  t h e  technique  cannot  be used f o r  q u a n t i t a t i v e  measurements. The 
Moessbauer e f f e c t  is n o t  much of an  improvement d u e  t o  t h e  smal l  i r o n  con ten t  of 
t h e  c l a y s .  A coa l  r i c h  i n  c l a y s  i s  shown i n  f i g u r e  2 (about 10% mine ra l  m a t t e r ) .  
The appearance of two peaks a t  h ighe r  v e l o c i t y  i s  n o t  due t o  t h e  presence  of two 
s i t e s  i n  t h e  c l a y  o r  t o  two d i f f e r e n t  c l a y s ,  i t  i s  produced by szomolnoki te .  By 
t r e a t i n g  t h e  sample wi th  H C 1 ,  t h e  s u l f a t e  w a s  washed away and t h e  c l a y  (poss ib ly  
i l l i t e )  could be c l e a r l y  seen  (F igure  3 ) .  T rea t ing  t h e  c o a l  w i th  HN03 d i s s o l v e s  
t h e  p y r i t i c  i ron  and the  spectrum of t h e  c l a y s  can be de t ec t ed  more c l e a r l y .  
F igure  4 shows t h e  P i t t s b u r g h  c o a l  (230 mesh) shown i n  F ig .  1 a f t e r  t r ea tmen t  w i t h  
HNO3. The spectrum ( n o t i c e  t h e  sma l l e r  e f f e c t )  is i d e n t i f i e d  a s  t h a t  of k a o l i n i t e  
(a smal l  QS is d e t e c t a b l e ) .  

In gene ra l ,  t o  s tudy  t h e  c l a y s  i n  c o a l  one should t r e a t  t he  samples a s  desc r ib -  
ed above, o r  run t h e  experiments a t  low tempera tures  i n  o rde r  t o  r e s o l v e  t h e  over- 
l app ing  l i n e s  (measurements i n  an e x t e r n a l  magnetic f i e l d  become necessa ry )  ( 8 , 9 ) .  
Moessbauer parameters f o r  t h e  p r i n c i p a l  c l a y  mine ra l s ,  pu re  and as they  appear  i n  
c o a l ,  a r e  given i n  t a b l e  1. 

S u l f a t e s :  The i ron  s u l f a t e s  were de t ec t ed  i n  more than  90% of t h e  c o a l  samples 

t h e  c o a l .  The amounts d e t e c t e d  i n  t h i s  s tudy  ranged from 0 .2  t o  0.005% of t o t a l  
weight.  

s tud ied .  The s u l f a t e s  a r e  cons idered  t o  be produced by "weathering" of 

The s tandard  technique  used f o r  d e t e c t i o n  of s u l f a t e s  is X-ray d i f f r a c t i o n  of 
t h e  LTA. Neve r the l e s s ,  we have observed t h a t  i n  some c a s e s  s u l f a t e s  a r e  p r e s e n t  i n  
t h e  c o a l  and the  X-ray does  not  show any l i n e  a t t r i b u t a b l e  t o  them (15) .  The most 
abundant d i v a l e n t  i r o n  s u l f a t e  observed i n  t h e  c o a l s  s tud ied  i s  FeS04'H20 (szomol- 
n o k i t e ) ,  a monoclinic c r y s t a l  w i th  a t e t r amolecu la r  u n i t  c e l l  (16) .  This  compound 
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o r d e r s  a n t i f e r r o m a g n e t i c a l l y  around 10K wi th  an e f f e c t i v e  i n t e r v a l  f i e l d  of 359 kOe i 

i 

(9 ) .  
FeS04'7Hp0 ( m e l a n t e r i t e ) ;  anhydrous f e r r o u s  s u l f a t e  was de t ec t ed  when the  coa l  was 
s t o r e d  under vacuum. The f e r r i c  s u l f a t e s  commonly observed i n  s e v e r a l  coa l s  are 1 

coquimbite and j a r o s i t e s .  

Other s u l f a t e  m i n e r a l s  found less f r equen t ly  a r e  FeS04'4H20 ( r o z e n i t e ) ,  and 

A word of cau t ion  concern ing  t h e  presence  of t r i v a l e n t  s u l f a t e s  i n  t h e  c o a l  i s  
appropr i a t e  he re .  
bauer p y r i t e  l i n e s .  The r e s u l t  i s  t h e  d e t e c t i o n  of a s l i g h t l y  asymmetric p y r i t e  
spectrum. 
has  d i s so lved  i n  HCL, b u t  t h i s  i s  of cour se  n o t  t r u e ,  and i s  t h e  r e s u l t  of t h e  pre- 
sence  of t h e  i r o n  s u l f a t e s .  The f e r r i c  s u l f a t e s  a r e  e a s i l y  d i s t i n g u i s h a b l e  from 
p y r i t e .  When Moessbauer measurements a r e  c a r r i e d  o u t  a t  4.2K i n  t h e  presence  of a 
l a r g e  e x t e r n a l  f i e l d ,  t h e  c h a r a c t e r i s t i c  h y p e r f i n e  f i e l d  of  Fe3+ i s  de tec t ed  (about 
500 kOe). It w a s  observed a l s o  t h a t  many of t h e  f e r r i c  s u l f a t e s  a r e  formed dur ing  
LTA ( 3 ) .  

These  s u l f a t e s  have i n  gene ra l  l i n e s  which ove r l ap  wi th  t h e  Moess- 

I f  one t r e a t s  t h e  samples w i t h  H C 1  i t  w i l l  appear  as i f  some of t h e  p y r i t e  

I n  f i g u r e  5 a Moessbauer spectrum f o r  a mixture  of szomolnokite (A) and r o z e n i t e  
( B )  i s  shown. The sample w a s  c h a r a c t e r i z e d  by X-ray d i f f r a c t i o n  a s  w e l l  as Moess- 
bauer spec t roscopy.  A f t e r  LTA (17) t h e  Moessbauer spectrum shows t h e  presence of 
szomolnokite (no r o z e n i t e )  and f e r r i c  s u l f a t e .  This  was observed f o r  a l l  t he  runs  
c a r r i e d  on t h e  coa l  samples s t u d i e d .  I n  t a b l e  1 a l i s t  of t h e  i r o n  s u l f a t e s  and 
t h e i r  r e s p e c t i v e  Moessbauer parameters  is g iven .  

Carbonates:  The Moessbauer s p e c t r a  of some of t h e  c o a l  samples show t h e  presence  of 
FeC03 ( s i d e r i t e ) .  S i d e r i t e  has  a rhombohedral s t r u c t u r e  wi th  an octahedron of 
oxygens around t h e  i r o n  w i t h  a smal l  t r i g o n a l  d i s t o r t i o n  a long  t h e  c -ax is .  S i d e r i t e  
is magne t i ca l ly  ordered  a t  low tempera tures  (TN = 38K)  w i th  a very  d i s t i n c t i v e  
Moessbauer spectrum (18). During t h e  s tudy  i t  was observed on s e v e r a l  occas ions  
t h a t  a Moessbauer spec t rum appeared t o  b e  t h a t  of FeC03; however, by ca r ry ing  ou t  
low tempera ture  measurements t h e  presence of e i t h e r  c l a y  o r  a n k e r i t e  was i n f e r r e d .  
Anker i te  [Ca(FeMg) i s  ano the r  carbonate  t h a t  appears  i n  some c o a l s .  I t  i s  
n e a r l y  imposs ib le  t o  d i s t i n g u i s h  a n k e r i t e  from s i d e r i t e  u s ing  Moessbauer spec t ros -  
copy a t  room tempera ture  (RT) .  One has  t o  c a r r y  ou t  low tempera ture  measurements. 
I n  t a b l e  1 t h e  r e l e v a n t  Moessbauer parameters  a r e  g iven  f o r  t h e  i r o n  carbonates  
observed i n  c o a l .  I n  a l l  t h e  measurements no more than  0.1% s i d e r i t e  by weight 
was de tec t ed .  

Other minera ls :  In  t h i s  work no o t h e r  mine ra l s  were de t ec t ed  us ing  Moessbauer spec- 
t ro scopy ,  except  t h e  ones mentioned above. However, i n  heav i ly  

weathered c o a l s  and c o a l  r e f u s e  t h e  presence  of i r o n  ox ides (hemat i t e  and t o  a lesser 
e x t e n t  magnet i te )  were observed .  
heav i ly  weathered c o a l s .  Other mine ra l s  l i k e  s p h a r e l i t e ,  c h a l c o p y r i t e  and arseno-  
p y r i t e  were no t  d e t e c t a b l e  in t h e s e  experiments.  Some of t h e  l a t t e r  minera ls  hove 
been i d e n t i f i e d  us ing  scanning  e l e c t r o n  microscopy, bu t  t h e i r  p resence  i n  t h e  coa l  
is t o o  smal l  t o  make t h e i r  c o n t r i b u t i o n  t o  the  Moessbauer spectrum s i g n i f i c a n t .  
O t h e r  s u l f i d e s  l i k e  Fe3S4 o r  F q S g  (19) were n o t  d e t e c t a b l e  i n  any of t h e  samples 
a t  RT or 4.2K. 
s tud ied  samples (20) .  

P y r r h o t i t e  w a s  a l s o  d e t e c t a b l e  i n  some of t h e  

No ev idence  of o r g a n i c a l l y  bound i r o n  i n  c o a l  was found f o r  a l l  t h e  

Moessbauer Spec t roscopy a s  a Tool f o r  Q u a n t i t a t i v e  Determina t ion  of P y r i t i c  Su l fu r  

The use of Moessbauer spec t roscopy to de te rmine  t h e  amount of i r o n  i n  a sample 

The DWF of 
p re sen t s  s e v e r a l  s e r i o u s  problems t o  the  e x p e r i m e n t a l i s t .  One has  t o  know t h e  
Debye-Ualler f a c t o r  o f  p y r i t e  and t h e  background r a d i a t i o n  a c c u r a t e l y .  
FeS2 can be de te rmined  from t h e  tempera ture  dependence of t h e  s p e c t r a l  a r ea  f o r  pure 
c r y s t a l s  of known t h i c k n e s s e s .  However, i n  many c o a l s  p y r i t e  is h i g h l y  d i spe r sed  
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and form v e r y  s m a l l  p a r t i c l e s  which have low c r y s t a l l i n i t y ;  consequent ly ,  t h e  DWF 
might d i f f e r  c o n s i d e r a b l y  from t h a t  of l a r g e  FeS2 c r y s t a l s .  Also,  a v e r y  impor tan t  
s o u r c e  of e r r o r  i s  t h e  de te rmina t ion  of t h e  non-resonant r a d i a t i o n  background. In 
a l l  t h e  r u n s  c a r r i e d  o u t  i n  t h i s  s tudy  it w a s  observed t h a t  v a r i a t i o n s  of 10 t o  
30% occur  i n  background count ing  r a t e s  f o r  samples of c o a l s  w i t h  t h e  same weight  per  
u n i t  a r e a .  The d i f f e r e n c e s  are due t o  t h e  h e t e r o g e n e i t y  of t h e  m i n e r a l  comuosi t ion  
of t h e  c o a l s .  Both p h o t o e l e c t r i c  s c a t t e r i n g  (mainly by t h e  14.4 keV) and Compton 
s c a t t e r i n g  of t h e  h i g h  energy y-rays c o n t r i b u t e  t o  t h e  background r a d i a t i o n .  T h i s ,  
of course ,  i n d i c a t e s  t h a t  a f u l l  a n a l y s i s  of t h e  y-ray spectrum f o r  each sample is 
necessary .  Any u s e  o f  s t a n d a r d s  t o  de te rmine  t h e  amount of p y r i t i c  s u l f u r  w i l l  have 
t o  t a k e  i n t o  c o n s i d e r a t i o n  t h e  problems mentioned above (5) .  
spec t roscopy for  q u a n t i t a t i v e  a n a l y s i s  has  t o  go hand in  hand w i t h  t h e  s t a n d a r d  
chemical procedures (ASTM D 2492-68), a s  a complementary technique  and  n o t  as a 
s u b s t i t u t e .  I n  g e n e r a l ,  t h e  most a c c u r a t e  Moessbauer q u a n t i t a t i v e  measurement w i l l  
g ive  a n  e r r o r  of about  10%. 

The u s e  of Moessbauer 

Conclusions 

The Moessbauer e f f e c t  h a s  been used as an a n a l y t i c a l  t o o l  t o  c h a r a c t e r i z e  t h e  d i f -  
f e r e n t  i r o n  bear ing  m i n e r a l s  i n  c o a l .  I t  has  been poin ted  o u t  t h a t  by t h e  use  of 
low tempera ture  measurements ( i n  t h e  presence  of a l a r g e  e x t e r n a l  magnetic f i e l d )  
and t r e a t m e n t  of t h e  c o a l  samples a l l  t h e  i r o n  b e a r i n g  m i n e r a l s  can b e  c o r r e c t l y  
i d e n t i f i e d .  The use  of Moessbauer spec t roscopy a s  a q u a n t i t a t i v e  a n a l y t i c a l  t o o l  
p r e s e n t s  s e v e r a l  exper imenta l  d i f f i c u l t i e s .  It is recommended t h a t  t h i s  s p e c t r o s -  
copy be  used a s  a complement t o  and n o t  as a s u b s t i t u t e  f o r  t h e  s t a n d a r d  techniques .  
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FIGURE 1. Moessbauer spectrum of a P i t t s b u r g h  c o a l  (RT) a f t e r  t rea tment  with 
HC1. 
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FIGURE 2. Moessbauer spectrum of a Waynesburg coal 
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FIGURE 3 .  Waynesburg coal after treatment with H C 1  (RT). 
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FIGURE 4.  Pittsburgh coal  (Fig. 1) after  treatment w i t h  HNO 
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FIGURE 5. Moessbauer spectrum of szomolnokite and rozenite (RT). 
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FIGURE 6. Moessbauer spectrum after LTA. 
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