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I .  INTRODUCTION 

The Pleyers P rocess  ( 1 , 2 )  is a new chemica l  l e a c h i n g  
p r o c e s s  which w i l l  a l l o w  many c o a l - f i r e d  power p l a n t s  and 
i n d u s t r i a l  s o u r c e s  t o  meet F e d e r a l  and S t a t e  s u l f u r  o x i d e  
emis s ion  s t a n d a r d s  w i t h o u t  t h e  use  of f l u e  g a s  c l e a n i n g .  T h i s  
p r o c e s s  u t i l i z e s  a r e g e n e r a b l e  aqueous  f e r r i c  s u l f a t e  l e a c h i n g  
u n i t  t o  c h e m i c a l l y  c o n v e r t  and remove t h e  p y r i t i c  s u l f u r  
c o n t e n t  o f  t h e  c o a l  a s  e l e m e n t a l  s u l f u r  and i r o n  s u l f a t e .  
Although o n l y  p y r i t i c  s u l f u r  i s  r e m o v e d  ( o r g a n i c  s u l f u r  
r e m a i n s ) ,  t h e  Meyers P rocess  h a s  w i d e  a p p l i c a b i l i t y  f o r  
c o n v e r t i n g  U.S. c o a l  r e s e r v e s  t o  a s u l f u r  l e v e l  c o n s i s t e n t  w i t h  
p r e s e n t  and proposed government a 1 s u 1 f u r o x i d e em i s s i o n 
s t a n d a r d s .  

T h i r t y - f i v e  mines from t h e  m a j o r  c o a l  b a s i n s  w e r e  
i n v e s t i g a t e d  i n  t h i s  s t u d y .  Because o f  t h e  r e l a t i v e l y  h i g h  
p y r i t i c  s u l f u r  and low o r g a n i c  s u l f u r  c o n t e n t s ,  and h i g h  
p roduc t ion  ( 7 0  p e r c e n t  o f  c u r r e n t  U.S. o u t p u t )  of Appa lach ian  
c o a l s ,  t h e  Meyers P r o c e s s  a p p e a r s  t o  have major impact  i n  t h i s  
a r e a .  

I n  t h e  Meyers P r o c e s s ,  aqueous f e r r i c  s u l f a t e  i s  used a t  
9O-13O0C t o  s e l e c t i v e l y  o x i d i z e  t h e  p y r i t i c  s u l f u r  c o n t e n t  o f  
c o a l  t o  y i e l d  i r o n  s u l f a t e  and f r e e  e l e m e n t a l  s u l f u r  a s  shown 
i n  Equat ion  1 .  The i r o n  s u l f a t e  d i s s o l v e s  i n  s o l u t i o n  w h i l e  
t h e  f r e e  s u l f u r  is removed from t h e  c o a l  m a t r i x  e i t h e r  by 
v a p o r i z a t i o n  or  s o l v e n t  e x t r a c t i o n .  T h e  l e a c h i n g  ( o x i d i z i n g )  
a g e n t  i s  then  r e g e n e r a t e d  a t  a s i m i l a r  t e m p e r a t u r e  u s i n g  oxygen 
o r  a i r  and r e c y c l e d ,  w h i l e  p roduc t  i r o n  s u l f a t e s  a r e  removed by 
l i m i n g  and /o r  c r y s t a l l i z a t i o n .  

4 .6  Fe2(S04)3  + 4 . 8  H20 + FeS2 - 1) 

10.2  FeS04 + 4.8 ~ 2 ~ 0 4  + 0.8s 

The d e t a i l e d  c h e m i s t r y ,  l e a c h i n g  c o n d i t i o n s ,  r e a c t i o n  
k i n e t i c s ,  p r o c e s s  e n g i n e e r i n g ,  and c o s t  e s t i m a t e s  have  been  
pub l i shed  ( 3 , 7 )  and a r e a c t o r  t e s t i n g u n i t  is b e i n g  b u i l t .  

This  paper  p r e s e n t s  e x p e r i m e n t a l  r e s u l t s  and d i s c u s s i o n  
f o r :  a )  p y r i t i c  s u l f u r  removal from c o a l ,  b) p y r i t i c  s u l f u r  
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p a r t i t i o n  by  f l o a t - s i n k  s e p a r a t i o n  from t h e  same c o a l s ,  c )  t h e  
e f f e c t  o f  t h e  Meyers P r o c e s s  on t h e  t r a c e  e lement  c o n t e n t  o f  
t h e  t r e a t e d  c o a l s  and d )  a p p l i c a b i l i t y  of  t h e  Meyers P rocess  
f o r  meet ing  a i r  p o l l u t i o n  c o n t r o l  s t a n d a r d s .  T h i s  work was 
performed u n d e r  c o n t r a c t  t o  t h e  Envi ronmenta l  P r o t e c t i o n  Agency 
( 8 , 9 ) .  

11. SULFUR R E D U C T I O N  

A summary o f  t h e  s u l f u r  a n a l y s e s  o f  t h e  run-of-mine c o a l s  
u t i l i z e d  i n  t h i s  s t u d y  is shown i n  F i g u r e  1 .  The o r g a n i c  a n d  
p y r i t i c  s u l f u r  c o n t e n t s  a r e  p l o t t e d  a l o n g  t h e  x and y a x i s  
wh i l e  t h e  sum of t h e s e  v a l u e s  f o r  a g i v e n  c o a l  can be r ead  from 
t h e  d i a g o n a l  l i n e s .  The ave rage  c o a l  f o r  t h i s  su rvey  c o n t a i n e d  
2.02% p y r i t i c  s u l f u r  and 3.05% t o t a l  s u l f u r  which co r re sponds  
t o  t h e  U.S. Bureau o f  Mines ave rage  f o r  325 raw c o a l s  ( l o ) ,  
i n d i c a t i n g  t h a t  t h e  s u r v e y e d  c o a l s  a r e  r e a s o n a b l y  
r e p r e s e n t a t i v e  of t h e  s u l f u r  d i s t r i b u t i o n  i n  U.S. c o a l .  

The r e s u l t s  t o  d a t e  f o r  chemica l  removal o f  p y r i t i c  s u l f u r  
(100-150 micron t o p - s i z e  c o a l )  and t h e  o p t i m a l  r e s u l t s  f o r  
c o n v e n t i o n a l  c o a l  washing (based  on t h e  1 . 4  m m ,  1 .90  f l o a t  
f r a c t i o n  o f  a f l o a t - s i n k  a n a l y s i s )  a r e  shown i n  Table  1 and i n  
g r a p h i c a l  form i n  F i g u r e  2. The t a b l e  d e s c r i b e s  t h e  r e s u l t s  
o b t a i n e d  on c o a l s  which c o n t a i n e d  s u f f i c i e n t  p y r i t i c  s u l f u r  f o r  
a c c u r a t e  s u l f u r  removal d e t e r m i n a t i o n  ( i . e . ,  >0.25% w / w ) .  
Three o f  t h e  mines s a m p l e d  w e r e  b e l o w  t h i s  l i m i t  a n d ,  
t h e r e f o r e ,  do not  appea r  i n  t h e  t a b l e .  Ac tua l  t o t a l  s u l f u r  
v a l u e s  b e f o r e  and a f t e r  chemica l  removal a r e  shown i n  Columns 4 
and 5.  These may be compared w i t h  Column 6 ,  which shows s u l f u r  
v a l u e s  which can be  o b t a i n e d  w i t h  f u l l  p r o c e s s  o p t i m i z a t i o n .  
Th i s  l a t t e r  v a l u e  was c a l c u l a t e d  by add ing  t h e  r e s i d u a l  p y r i t i c  
s u l f u r  and s u l f a t e  c o n t e n t s  o f  t h e  c o a l  t o  t h e  i n i t i a l  o r g a n i c  
sulfur v a l u e  a f t e r  c o r r e c t i o n  f o r  any c o n c e n t r a t i o n  e f f e c t s  
d u e  t o  a sh  removal .  I n  t h e  s u r v e y  program, comple te  removal o f  
r e s i d u a l  e l e m e n t a l  s u l f u r  and s u l f a t e  was no t  a lways  o b t a i n e d  
s i n c e  c o n d i t i o n s  were s t a n d a r d i z e d  b u t  no t  op t imized  f o r  each  
i n d i v i d u a l  c o a l .  T h u s ,  f o r  example ,  a l t h o u g h  96 p e r c e n t  p y r i t e  
conve r s ion  was o b t a i n e d  f o r  t h e  B i rd  No. 3 c o a l ,  t h e  t o t a l  
s u l f u r  was r educed  t o  0.80 p e r c e n t ,  n o t  t h e  t h e o r e t i c a l  0.45 
p e r c e n t  d u e  t o  t h e s e  e f f e c t s .  These  p r o c e s s i n g  problems have 
now been r e s o l v e d  a s  p a r t  of o t h e r  p r o j e c t s  ( 3 . 9 )  and t h e  
v a l u e s  shown i n  Column 6 can  be c o n s i d e r e d  t o  r e p r e s e n t  t h e  
true p o t e n t i a l  o f  t h e  p r o c e s s .  Because of t h e  widespread  
a p p l i c a t i o n  o f  p h y s i c a l  c l e a n i n g  t e c h n i q u e s  f o r  removal o f  
non-combust ib le  rock  (which i n c l u d e s  v a r y i n g  amounts of p y r i t e ,  
a long  w i t h  some c a r b o n )  from c o a l ,  f l o a t - s i n k  f r a c t i o n a t i o n  was 
Performed i n  o r d e r  t o  d e f i n e  t h e  r e l a t i v e  u t i l i t y  of washing 
and chemica l  d e s u l f u r i z a t i o n  f o r  each  c o a l .  The r e s u l t s  a r e  
shown i n  Column 9 and a l s o  i n  F i g u r e  2.  

The s u l f u r  r e d u c t i o n  p o t e n t i a l  o f  t h e  Meyers P rocess  was 
found t o  be h i g h l y  a t t r a c t i v e  and i n  p a r t i c u l a r  i t  was found 
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Figure 1. S u l i i l r  Forms o f  Sampled U.S. Coals 
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Table 1 .  Summary of Pyritic Sulfur Removal Results 
(100-150 micron top-size coal) 
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SULFUR, 7. 

Figure 2. Sulfur Content of Survey Run-of-Mine Coals(Curve 
a), the Same Coals Physically CleanedcCurve c )  
and Chemically Desulfurized(Curve b) 
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t h a t :  a )  t h e  Meyers  P r o c e s s ,  a t  i t s  c u r r e n t  s t a t e  o f  
deve lopment ,  removed 83 t o  99  p e r c e n t  of t h e  p y r i t i c  s u l f u r  
c o n t e n t  o f  t h e  32 c o a l s  s t u d i e d ,  r e s u l t i n g  i n  t o t a l  s u l f u r  
c o n t e n t  r e d u c t i o n s  o f  25 t o  80 p e r c e n t ,  b )  t w e l v e  (38 p e r c e n t )  
of t h e  c o a l s  were r educed  i n  s u l f u r  c o n t e n t  t o  t h e  0 . 6  t o  0.8 
p e r c e n t  s u l f u r  l e v e l s  g e n e r a l l y  c o n s i s t e n t  w i t h  t h e  New Source 
Per formance  S t a n d a r d s  and many s t a t e  s t a n d a r d s ,  c )  i n  a l l  
c a s e s ,  t h e  Meyers P r o c e s s  removed s i g n i f i c a n t  t o  v e r y  l a r g e  
i n c r e m e n t s  o f  s u l f u r  o v e r  t h a t  s e p a r a b l e  by p h y s i c a l  c l e a n i n g ,  
and d )  i n  two c a s e s ,  t h e  North R i v e r  and Math ie s  m i n e s ,  c o a l  
c l e a n i n g  a c t u a l l y  r e s u l t e d  i n  a s u l f u r  c o n t e n t  i n c r e a s e  i n  t h e  
f l o a t  p r o d u c t .  

111. RATE OF P Y R I T I C  SULFUR REMOVAL 

The removal  o f  p y r i t i c  s u l f u r  was measured a s  a f u n c t i o n  
o f  t ime a t  100°C fo r  18 Appalachian  and 3 E a s t e r n  I n t e r i o r  
r e g i o n  c o a l s .  The r e s u l t s  a r e  d i s p l a y e d  i n  T a b l e  2 ,  which 
shows t h e  r a n g e  of r a t e s  t h a t  were o b s e r v e d .  I t  was assumed 
t h a t  t h e  e m p i r i c a l  k i n e t i c  r a t e  e x p r e s s i o n  (3) which was 
developed  p r e v i o u s l y  f o r  t h i s  p r o c e s s  i s  a p p l i c a b l e  t o  a l l  
c o a l s  i n  t h e  s u r v e y .  The k i n e t i c  e q u a t i o n  can  b e  s i m p l i f i e d  by 
h o l d i n g  t h e  r e a g e n t  c o n c e n t r a t i o n  r e l a t i v e l y  c o n s t a n t ,  a s  was 
t h e  c a s e  i n  t h i s  s t u d y ,  t o  y i e l d  E q u a t i o n  2.  

-d[Wp]/(dt)  = koWp2 I r a t e  of p y r i t e  removal 2 )  

where 

blp = w e i g h t  p e r c e n t  p y r i t e  i n  t h e  c o a l ,  and 

ko = f u n c t i o n  of t e m p e r a t u r e ,  r e a g e n t  c o n c e n t r a t i o n ,  
coal  t y p e ,  and p a r t i c l e  s i z e .  

By i n t e g r a t i n g  Equa t ion  2 ,  t h e  f r a c t i o n  of p y r i t e  removed as a 
f u n c t i o n  o f  time i s  shown i n  Equa t ion  3. 

where 

F = f r a c t i o n  o f  p y r i t e  removed, 

Wpo 

tF 

= i n i t i a l  p y r i t e  c o n c e n t r a t i o n ,  and 
= time t o  removal  a t  f r a c t i o n  F. 

The i n i t i a l  w e i g h t  p e r c e n t  o f  p y r i t i c  s u l f u r  Spo may be 
s u b s t i t u t e d  f o r  Wpo and Equa t ion  3 r e a r r a n g e d  t o  Equa t ion  4 .  
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l / ( S p o t F )  CL k = a c t u a l  r a t e  c o n s t a n t  4) 

Thus ,  a s suming  8 0  p e r c e n t  removal a s  a p o i n t  o f  compar i son ,  t h e  
v a l u e s  of  1/Spot80% shown i n  Column 6 of T a b l e  2 a r e  i n d i c a t i v e  
o f  t h e  r e a c t i v i t i e s  o f  t h e  p y r i t e  c o n t a i n e d  i n  t h e  c o a l s  t h a t  
were s t u d i e d .  A l a r g e  a m o u n t  o f  e x p e r i m e n t a t i o n  a n d  
e n g i n e e r i n g  h a s  been performed u s i n g  r a t e  d a t a  o b t a i n e d  f o r  
Mart inka ( 3 )  c o a l ;  t h e r e f o r e ,  t h e  Mar t inka  c o a l  Spotgo% h a s  
been s e t  e q u a l  t o  1 f o r  a b a s i s  of comparison ( a s  shown i n  
Column 7 ) .  

I t  can  be e a s i l y  seen f rom T a b l e  2 t h a t  t h e r e  i s  a wide 
band o f  r a t e  c o n s t a n t s  r a t h e r  e v e n l y  s p r e a d  o v e r  a f a c t o r  of 
a p p r o x i m a t e l y  30. The Kopperston No. 2 and H a r r i s  Nos. 1 and 
2 c o a l s  r e a c t  more r a p i d l y  t h a n  t h e  slowest c o a l s  (Dean and 
Muskingum) by a f a c t o r  o f  abou t  30. Thus ,  it is a p p a r e n t  t h a t  
r e a l  and s i g n i f i c a n t  r a t e  d i f f e r e n c e s  do e x i s t  between p y r i t e  
i n  v a r i o u s  c o a l s .  C h a r a c t e r i s t i c s  o f  c o a l  such  a s  po re  
s t r u c t u r e ,  s i z e  and s h a p e  d i s t r i b u t i o n  o f  p y r i t e ,  e t c . ,  may be 
t h e  p r imary  f a c t o r s  a f f e c t i n g  t h e  r a t e  c o n s t a n t  as r e f l e c t e d  i n  
t h e  obse rved  band o f  v a l u e s  found f o r  t h e  r a t e s  g i v e n  i n  Tab le  
2.  

I V .  T R A C E  ELEMENT REMOVALS 

Because b o t h  chemica l  l e a c h i n g  and p h y s i c a l  c l e a n i n g  
p r o c e s s e s  have t h e  a b i l i t y  t o  remove p o t e n t i a l l y  ha rmfu l  t r a c e  
elements from c o a l  e i t h e r  by l e a c h i n g  or p h y s i c a l  p a r t i t i o n i n g ,  
50 c o a l  s amples  have been ana lyzed  i n  d u p l i c a t e  or t r i p l i c a t e  
t o  d e t e r m i n e  t h e  e x t e n t  of t h e  r emova l ,  i f  any ,  f o r  18 e l e m e n t s  
o f  i n t e r e s t  t o  t h e  Env i ronmen ta l  P r o t e c t i o n  Agency. The 
samples  i n c l u d e d  20 a s  r e c e i v e d ,  20 c h e m i c a l l y  l e a c h e d  and 10 
f l o a t - s i n k  t r e a t e d  c o a l  s amples .  The r e s u l t s  a r e  shown fo r  12 
elements i n  F i g u r e  3 i n  c u m u l a t i v e  f a s h i o n .  S i x  e l e m e n t s ,  8, 
Be, H g ,  S b ,  S e ,  and Sn y i e l d e d  n e g a t i v e  or  i n c o n c l u s i v e  r e s u l t s  
due t o  low l e v e l s  o r  a n a l y s i s  d i f f i c u l t i e s  and t h u s  a r e  n o t  
p l o t t e d .  Although t h e  r e s u l t s  v a r i e d  g r e a t l y  from c o a l  t o  c o a l  
i n  r e s p e c t  t o  t h e  e l e m e n t s  e x t r a c t e d  and t h e  d e g r e e  o f  
e x t r a c t i o n ,  some g e n e r a l  c o n c l u s i o n s  can  be r eached .  

0 A s ,  Cd, Mn, N i ,  Pb, and Zn a r e  removed t o  a s i g n i f i c a n t l y  

0 F and L i  a r e  p a r t i t i o n e d  t o  a g r e a t e r  ex t en t  by p h y s i c a l  

0 Ag and Cu a r e  removed w i t h  a s l i g h t  p r e f e r e n c e  f o r  

g r e a t e r  e x t e n t  by t h e  Meyers P r o c e s s ,  

s e p a r a t i o n  p r o c e d u r e s ,  

f l o a t - s i n k  s e p a r a t i o n ,  and 

C r  and V a i e  removed fo r  b o t h  p r o c e s s e s  w i t h  e q u a l  success. 0 
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Figure 3. Trace Element Removal Data 
( -  Meyers Process, ..--Physical Cleaning) 
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The e f f e c t i v e  removal o f  As,  Cd, C r ,  N i ,  Pb, and Z n  from 
t h e  c o a l  by t h e  Meyers P r o c e s s  is e s p e c i a l l y  no tewor thy  as 
t h e s e  compounds a r e  c o n c e n t r a t e d  ( a l o n g  w i t h  S e )  i n  t h e  f i n e  
p a r t i c u l a t e s  e m i t t e d  from c o a l - f i r e d  power p l a n t s .  T h i s  f i n e  
p a r t i c u l a t e  m a t t e r  h a s  been demons t r a t ed  t o  p a s s  th rough  
c o n v e n t i o n a l  f l y - a s h  c o n t r o l  d e v i c e s .  
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