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Most coal-cleaning processes  a r e  pred ica ted  on d i f f e r e n c e s  i n  phys ica l  prop- 
erties between t h e  c o a l  and t h e  included minera l  mat te r  be l ieved  t o  conta in  t h e  
undes i rab le  e lements .  However, as  t h e  mode of occurrence of most elements i n  coal  
( p a r t i c u l a r l y  t h e  t r a c e  elements)  is not  c l e a r l y  understood,  t h e  e f f e c t i v e n e s s  of 
t h e  coal-cleaning procedures  i n  removing t h e s e  t r a c e  elements i s  uncer ta in .  By 
combining d e t a i l e d  chemical, minera logica l ,  and pe t rographic  techniques  w e  have 
determined how v a r i o u s  t r a c e  elements ,  p a r t i c u l a r l y  those  of environmental i n t e r e s t  
occur i n  s e v e r a l  Appalachian bituminous coa ls .  

scanning e l e c t r o n  microscope (SEM) wi th  an energy d i s p e r s i v e  X-ray d e t e c t o r .  With 
t h i s  system i n d i v i d u a l  i n  s i t u  minera l  g r a i n s  as s m a l l  as 0 .5  u m  can be observed 
and analyzed f o r  a l l  elements of  atomic number 11 (Na) and g r e a t e r  t h a t  a r e  pres-  
e n t  i n  c o n c e n t r a t i o n s  a s  low a s  about 0.5 weight  percent  [Finkelman (l), and 
Finkelman and Stan ton  ( 2 ) l .  

c o a l ,  Finkelman (1) c a l c u l a t e d  the  c o n c e n t r a t i o n s  f o r  10-15 t r a c e  elements. The 
c a l c u l a t e d  v a l u e s  f o r  many of these  elements ,  inc luding  Zn and C u ,  c o r r e l a t e d  
w e l l  wi th  t h e i r  a n a l y t i c a l  v a l u e s .  These d a t a  suggest  t h a t  t h e  t r a c e  elements 
occur i n  t h i s  c o a l  predominantly as  s p e c i f i c  accessory minera ls .  For example, 
z i n c  occurs  as z i n c  s u l f i d e  ( s p h a l e r i t e ;  F i g u r e  1) and copper as copper i ron  
s u l f i d e  ( c h a l c o p y r i t e ;  F igure  2 ) .  SEM a n a l y s i s  of o t h e r  coa ls  from t h e  
Appalachian Basin appears  t o  s u b s t a n t i a t e  t h i s  conclusion.  Pre l iminary  es t imates  
based on the  new d a t a  sugges t  t h a t  most of t h e  selenium i n  t h e s e  c o a l s  and much 
of t h e  lead  occur  as 1 t o  3 um p a r t i c l e s  of lead  s e l e n i d e  ( c l a u s t h a l i t e ? ) ,  
which a r e  o f t e n  a s s o c i a t e d  w i t h  cadmium-bearing s p h a l e r i t e  and cha lcopyr i te ,  
(Figure 3 ) .  These f ine-grained mineral  in te rgrowths  occur e x c l u s i v e l y  wi th in  
t h e  organic  c o n s t i t u e n t s  and i n  a l l  p r o b a b i l i t y  formed i n  p lace .  Experiments by 
Bethke and Barton (3) on t h e  chemical p a r t i t i o n i n g  of selenium between s p h a l e r i t e ,  
ga lena  (PbS) and c h a l c o p y r i t e  suggest  t h a t  t h e  sphalerite-chalcopyrite-clausthalite 
assemblage would b e  t h e  expected assemblage a t  low temperature  (300OC). 

up about ha l f  t h e  a v a i l a b l e  lead .  Although ga lena  i s  n o t  found assoc ia ted  wi th  
s p h a l e r i t e  o r  c h a l c o p y r i t e  i t  does occur  a s  micrometer-sized p a r t i c l e s  on the  
edges of p y r i t e  g r a i n s  (Figure 4 ) .  T h i s  mode of occurrence may account f o r  t h e  
lead  i n  excess  of t h a t  t i e d  up by t h e  selenium. 

mineral  g r a i n s  i n  t h e  organic  mat r ix ,  c o n s i d e r a b l e  amounts of t h e s e  elements can 
be  re ta ined  i n  t h e  l i g h t e r  s p e c i f i c  g r a v i t y  f r a c t i o n s  of c leaned c o a l  ( 4 ) .  

of t h e  Upper Freepor t  coa l .  S imi la r  r e s u l t s  have been obta ined  f o r  Cd, Cu, and 
Pb on s ix  samples of t h i s  coa l .  The d ivergence  of t h e s e  curves  i n  t h e  high 
s p e c i f i c  g r a v i t y  range  i s  c o n s i s t e n t  wi th  t h e  observa t ion  t h a t  t h e s e  elements 
occur a s  f ine-gra ined  minera ls  which a r e  i n c r e a s i n g l y  r e l e a s e d  from t h e i r  organic  
mat r ix  w i t h  f i n e  gr inding .  

It i s  e v i d e n t  from Figure  5 t h a t  t h e  c o n c e n t r a t i o n s ,  on a whole c o a l  b a s i s ,  
of Zn ( t h i s  would apply t o  Cu, Cd,  and Pb as w e l l )  a r e  much g r e a t e r  f o r  t h e  
h igher  s p e c i f i c  g r a v i t y  (Sp. G . )  f r a c t i o n s .  However, t h e  bulk of t h e  c o a l  genera l ly  
f l o a t s  a t  t h e  lower Sp. G.  l e v e l s .  Reca lcu la t ing  t h e s e  d a t a  t o  show t h e  proport ion 
of each element i n  each Sp. G.  f r a c t i o n  r e v e a l s  t h a t  s u b s t a n t i a l  amounts of t h e s e  

T h i s  s tudy w a s  conducted pr imar i ly  on pol i shed  blocks of c o a l  us ing  a 

On t h e  b a s i s  of t h e  abundance of t h e  accessory minera ls  i n  the  Waynesbury 

I f  a l l  t h e  selenium i n  these  c o a l s  occurred a s  lead  s e l e n i d e  t h i s  would t i e  

Because s u b s t a n t i a l  amounts of Zn, Cu, Pb, Cd, and S e  occur  a s  f i n e l y  d ispersed  

F igure  5 i l l u s t r a t e s  t h e  concent ra t ion  of Zn i n  a s ize-gravi ty  s e p a r a t i o n  
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elements a r e  r e t a i n e d  i n  t h e  l i g h t e r  (<1.50) f r a c t i o n s  (Table 1). Simi la r  r e s u l t s  
were obtained i n  a washabi l i ty  s tudy of these  c o a l s  by Caval la ro  and o t h e r s  ( 5 ) .  
Not a l l  t h e  Upper Freepor t  samples demonstrated t h i s  type  of behavior. I n  s e v e r a l  
samples more than 50 weight percent  of t h e  c o a l  sank i n  Sp. G .  1.60 l i q u i d s ,  
car ry ing  with it a s  much a s  85 percent  of t h e s e  t r a c e  elements. 

one of t h e  s ize-gravi ty  f r a c t i o n s .  S imi la r  r e s u l t s  havc been obtained f o r  Cd, Cu, 
and Zn i n  many of t h e  Upper Freepor t  samples. The h i g h e s t  concent ra t ions  of t h e s e  
elements commonly occur i n  t h e  a s h  of t h e  l i g h t e s t  f r a c t i o n  of t h e  coa l .  
r e f l e c t s  t h e  a s s o c i a t i o n  of f ine-gra ined  s p h a l e r i t e ,  c h a l c o p y r i t e ,  and c l a u s t h a l i t e  
( ? )  with  the  organic  mat r ix .  
a r e  probably due t o  t h e  r e l e a s e  of some of t h e s e  minera ls  dur ing  gr inding .  

T 1 ,  Se, Zn) occur a s  s u l f i d e s .  I n  c o a l  t h e  most prominent s u l f i d e  minera l  is 
p y r i t e  (FeS2). 
s o l i d  s o l u t i o n  wi th  most of t h e  above mentioned elements  ( 6 ) .  Indeed, pre l iminary  

5 e l e c t r o n  microprobe and ion  microprobe ana lyses  of p y r i t e  and i t s  dimorph marcas i te  
from s e v e r a l  c o a l s  suggest  t h a t  most p y r i t e  i s  f r e e  of t r a c e  c o n s t i t u e n t s  t o  
concent ra t ions  as low a s  100 ppm. 

d i f f e r s  from t h a t  of Zn, Cd, Pb, Cu, and Se .  Although a r s e n i c  s u l f i d e  has been 
observed i n  c o a l s ,  t h e  bulk  of t h e  A s  i n  t h e  Upper Freepor t  c o a l  appears  t o  b e  
a s s o c i a t e d  wi th  p y r i t e .  
t o  be c o n t r o l l e d ,  t o  a . large e x t e n t ,  by t h e  f r a c t u r e s  w i t h i n  t h e  c o a l  and w i t h i n  
t h e  p y r i t e .  Thus f a r ,  a r s e n i c  has  been found only i n  p y r i t e  hor izons  t h a t  are  
assoc ia ted  wi th  f r a c t u r e d  c o a l ,  a l thought  no t  a l l  such p y r i t e  occurrences had 
d e t e c t a b l e  a r s e n i c .  Within t h e s e  favorable  s i t e s  A s  w a s  found only along t h e  
outer  r i m s  of p y r i t e  g r a i n s  o r  a long f r a c t u r e s  w i t h i n  t h e  p y r i t e .  O p t i c a l l y ,  
t h e  As-bearing p y r i t e  always appears  "d i r ty"  due t o  abundant m i c r o f r a c t u r e s ,  
perhaps caused by r e a c t i o n s  w i t h  e p i g e n e t i c  As-bearing s o l u t i o n s .  P y r i t e  wi thout  
microf rac tures  d i d  not  h a v e d e t e c t a b l e a r s e n i c  (>0 .01  weight p e r c e n t ) .  

I n  t h e  s ize-gravi ty  s e p a r a t i o n s ,  A s  was found t o  concent ra te  i n  t h e  s i n k  
1.8 f r a c t i o n  along with p y r i t e .  

C o r r e l a t i o n  c o e f f i c i e n t s  based on s t a t i s t i c a l  ana lyses  of a n a l y t i c a l  d a t a  
from 96 Upper Freeport  c o a l  samples i n d i c a t e  t h a t  A s  and p y r i t e  c o r r e l a t e  w e l l  
with each o ther  ( 7 ) .  Mercury, t h e  only o t h e r  element wi th  which a r s e n i c  and 
p y r i t e  have a s t rong  p o s i t i v e  c o r r e l a t i o n ,  behaves s i m i l a r l y  t o  a r s e n i c  i n  t h e  
s ize-gravi ty  s e p a r a t i o n s  (Table 1). In a l l  p r o b a b i l i t y  t h e  mode of occurrence 
of mercury is s i m i l a r  t o  t h a t  of a r s e n i c .  

can be d i v i s e d  t o  e f f e c t i v e l y  remove t h e  u n d e s i r a b l e  t r a c e  elements .  
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Figure 1. SEM photomicrograph of a sphalerite crystal in semifusinite. 
Scale bar = 10 pm. 

Figure 2. SEM photomicrograph of a chalcopyrite grain. 
Scale bar = 10 pm. 
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Figure  3 .  SEN photomicrograph of a g r a i n  c o n s i s t i n g  of s p h a l e r i t e  ( r i g h t  r i m ) ,  
c h a l c o p y r i t e  ( l e f t  r im) ,  and lead  s e l e n i d e  ( b r i g h t  cap) .  

Sca le  b a r  = 10 wn. 

F igure  4 .  SEN photomicrograph of galena ( l i g h t  gray)  on 

Sca le  b a r  = 1 um. 
p y r i t e  (medium gray) .  Backscat tered e l e c t r o n  image. 
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Figure 5. Concentrat ion of z i n c  (whole-coal b a s i s )  in size- 
g r a v i t y  s e p a r a t e s  of t h e  Upper Freepor t  c o a l  sample 
H2-42P-1.1. 

Figure 6 .  Concentrat ion of z inc  in t h e  ash  o f  s i z e - g r a v i t y  
s e p a r a t e s  of Upper Freepor t  c o a l  sample H2-53L-1.0. 
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