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

P rev ious  work has  shown t h a t  ash-forming m i n e r a l  m a t t e r ,  i n c l u d i n g  i r o n  py- 
r i t e s ,  can b e  removed from c o a l  by l e a c h i n g  f i n e - s i z e  c o a l  w i th  a h o t  c a u s t i c  
s o l u t i o n  under  p r e s s u r e  fo l lowed  by washing wi th  a d i l u t e  mineral a c i d  (1-4).  
Recent ly ,  s imilar r e s u l t s  have been ach ieved  by l e a c h i n g  f i n e - s i z e  c o a l  w i t h  ho t  
sodium c a r b o n a t e  s o l u t i o n s .  I n  b o t h  c a s e s  much of t h e  m i n e r a l  matter reacts wi th  
a l k a l i  t o  form a c i d - s o l u b l e  compounds. S i n c e  sodium c a r b o n a t e  i s  r ead i ly  a v a i l a b l e ,  
low i n  c o s t ,  and much l e s s  c o r r o s i v e  than  sodium hydrox ide ,  i t  could be used ad- 
van tageous ly .  U n f o r t u n a t e l y ,  i r o n  p y r i t e s  are n o t  l eached  as r e a d i l y  by sodium 
ca rbona te  s o l u t i o n s  as. by c a u s t i c  so l -u t ions .  
cumvented by employing a m u l t i s t e p  p r o c e s s  i n  which t h e  c o a l  i s  f i r s t  l eached  
under o x y d e s u l f u r i z a t i o n  c o n d i t i o n s  a t  120-150°C t o  e x t r a c t  p y r i t i c  s u l f u r  and 
then l eached  a t  h i g h e r  t e m p e r a t u r e  i n  t h e  same a l k a l i n e  s o l u t i o n  b u t  unde r  non- 
o x i d i z i n g  c o n d i t i o n s  t o  c o n v e r t  o t h e r  m i n e r a l s  t o  a c i d - s o l u b l e  materials.  P y r i t e s  
r e a d i l y  react w i t h  oxygen d i s s o l v e d  i n  h o t  a l k a l i n e  s o l u t i o n s  t o  form water- 
s o l u b l e  s u l f u r  s p e c i e s  ( 5 , 6 ) .  But i f  o x y d e s u l f u r i z a t i o n  i s  conducted a t  t h e  
h ighe r  t empera tu res  (250'C and above)  r e q u i r e d  f o r  t h e  r e a c t i o n  of o t h e r  mine ra l s  
w i th  a l k a l i ,  c o a l  l o s s e s  w i l l  b e  e x c e s s i v e  because  of o x i d a t i o n .  The re fo re  a two- 
s t e p  l e a c h i n g  p r o c e s s  i s  needed.  The r e s u l t s  of a p p l y i n g  such a p r o c e s s  t o  
s e v e r a l  bi tuminous c o a l s  are p r e s e n t e d  below. 

However, thi-s a i f f i c d t y  can-be c i r -  

Experimental  Methods 

Bituminous c o a l s  from s e v e r a l  s o u r c e s  were used f o r  t h e  l e a c h i n g  experiments  
(Table 1 ) .  These c o a l s  were f i r s t  ground t o  p a s s  e i t h e r  a 200 or 400 mesh s c r e e n  
(U.S. s t a n d a r d ) .  
p h y s i c a l  s e p a r a t i o n  p r o c e s s  which reduced b o t h  t h e  a s h  and t o t a l  s u l f u r  c o n t e n t s .  
P rec l ean ing  invo lved  mixing t h e  ground c o a l  w i t h  p e r c h l o r o e t h y l e n e  and water, 
a l lowing  t h e  suspens ion  t o  se t t le ,  and s e p a r a t i n g  t h e  t w o  l i q u i d  l a y e r s  a s  pre- 
s c r i b e d  by Viv ian  ( 7 ) .  The c o a l  macerals tended t o  c o n c e n t r a t c  i n  t h e  

For  some l e a c h i n g  expe r imen t s  t h e  c o a l s  were p rec l eaned  by a 

Table  1. Bituminous c o a l s  used i n  l e a c h i n g  expe r imen t s  

Coal Seam Loca t ion  Coal Form S i z e ,  Ash', Tot .  Sb 
mesh w t .  % w t .  % 

I l l i n o i s  No. 6 T r i v o l i ,  IL. Raw -200 12.75 3.71 
I l l i n o i s  No. 6 T r i v o l i ,  I L  P rec l eaned  -200 4 . 9 2  2.83 

P i t t s b u r g h  No. 8 Moundsv i l l e ,  PA Prec leaned  -400 6.20 3.67 
P i t t s b u r g h  N o .  8 Moundsv i l l e ,  PA R a w  -400 37.11 6.55 

Lower K i t t a n n i n g  Armstrong Co.,  PA Raw -200 17.87 1 0 . 6 1  
- 

aDry basis 

bDry, a s h - f r e e  b a s i s  
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, perch lo roe thy lene  l a y e r  whereas  t h e  m i n e r a l s  tended t o  c o n c e n t r a t e  i n  t h e  wale:- 
l a y e r .  
ed.  Approximately 8 7 %  of t h e  I l l i n o i s  No. 6 coa l  and 7RX ,)I' L I I ~ ~  1'11 I !:1uii'p.l1 N,,. :i 
coal were recovered du r ing  p r e c l e a n i n g .  

This  procedure was r e p e a t e d  f i v e  times w i t h  each coa l  whjcli was p r r t ~ l i w i i  

These v a l u e s  a r e  expres sed  o n  an  ash-I  I-PL- 
1 b a s i s .  

7 

1 

\ 

\ 

For most l e a c h i n g  expe r imen t s ,  15g. of c o a l  and 120 m l .  of  a 1 .0  E sodium 
ca rbona te  s o l u t i o n  were placed i n  a 300-ml. s t i r r e d  r e a c t o r  made of t ype  316 s t a i n -  
less s t e e l .  The f i r s t  l e a c h i n g  s t e p  involved r e a c t i o n  w i t h  oxygen d i s s o l v e d  i n  
t h e  s o l u t i o n  under  a p a r t i a l  p r e s s u r e  of 13 .6  atm. a t  150°C f o r  1 h r .  ( 5 ,  8) .  
During t h i s  s t e p  g a s  was b led  from t h e  r e a c t o r  t o  avo id  any bui ld-up of gaseous 
r e a c t i o n  p roduc t s  i n  t h e  system. Following t h e  f i r s t  s t e p ,  t h e  sys t em was purged 
w i t h  n i t r o g e n  and t h e  t empera tu re  of t h e  system was r a i s e d  t o  250"C, whereupon 
t h e  second l e a c h i n g  s t e p  was conducted f o r  an  a d d i t i o n a l  1 h r .  unde r  a n  i n e r t  
a tmosphere.  A f t e r  t h i s  t r e a t m e n t ,  t h e  r e a c t o r  w a s  coo led  q u i c k l y  and t h e  c o a l  
recovered by f i l t r z t i o n .  The f i l t e r  cake was washed w i t h  water ,  d r i e d  f o r  4 h r .  
i n  an  oven a t  95OC, weighed, and sampled f o r  chemical  a n a l y s i s .  A p o r t i o n  of  t h e  
l eached  c o a l  was washed w i t h  a mine ra l  a c i d  (2%) by s t i r r i n g  t h e  mix tu re  i n  a 
f l a s k  f o r  30 min. A f t e r  t h e  a c i d  t r e a t m e n t ,  t h e  c o a l  w a s  r ecove red  by f i l t r a t i o n  
and t h e  cake was washed w i t h  w a t e r ,  d r i e d ,  weighed, and sampled f o r  chemical  a n a l -  
y s i s .  These washing s t e p s  were conducted a t  e i t h e r  room t empera tu re  (25°C) o r  a t  
t h e  b o i l i n g  p o i n t  (100°C).  I n  some c a s e s ,  t h e  r e g u l a r  washing s t e p  w a s  extended 
by mixing t h e  a c i d - t r e a t e d  c o a l  w i th  b o i l i n g  w a t e r  f o r  30 min.,  f i l t e r i n g ,  and 
then  washing w i t h  more b o i l i n g  water. Ash and t o t a l  s u l f u r  c o n t e n t s  of t h e  c o a l  
were determined by s t a n d a r d  ASTM procedures  ( 9 ) .  

Experimental  R e s u l t s  

An i n i t i a l  s e t  of expe r imen t s  was conducted t o  s e e  how e f f e c t i v e  t h e  second 
l e a c h i n g  s t e p  was by i t s e l f  when n o t  preceded by t h e  o x y d e s u l f u r i z a t i o n  s t e p .  
For t h i s  set of expe r imen t s  r a w  c o a l s  were l eached  w i t h  a 1.0 E sodium c a r b o n a t e  
s o l u t i o n  a t  250'C and then  washed 1 , i t h  2% h y d r o c h l o r i c  a c i d  o r  s u l f u r i c  a c i d .  
When h y d r o c h l o r i c  a c i d  was employed, t h e  a c i d  washing s t e p  w a s  a lways conducted 
at t h e  b o i l i n g  p o i n t  and t h e  f i n a l  wa te r  washing s t e p  a t  r o o m  t empera tu re .  How- 
e v e r ,  when s u l f u r i c  a c i d  was used ,  t h e  washing s t e p s  were conducted a t  v a r i o u s  
t empera tu res  t o  see whether  t h e  t empera tu re  of t h e  a c i d  o r  t h e  wa te r  had any 
e f f e c t .  

The r e s u l t s  of t h e  f i r s t  s e t  of expe r imen t s  p r e s e n t e d  i n  T a b l e  2 i n d i c a t e  
t h a t  t h e  a s h  and t o t a l  s u l f u r  c o n t e n t s  of t h e  c o a l s  were r educed  s u b s t a n t i a l l y  
by t h e  t r ea tmen t  whi1.e t h e  p roduc t  r ecove ry  o r  y i e l d  was h i g h .  
t o  be a f f e c t e d  by t h e  s o u r c e  o f  t h e  c o a l  and t h e  washing t e m p e r a t u r e ,  bu t  i t  w a s  
n o t  c l e a r  whether  t hey  were a f f e c t e d  by t h e  t y p e  o f  a c i d .  The l a r g e s t  p e r c e n t a g e  
r educ t ion  i n  e i t h e r  a s h  c o n t e n t  o r  t o t a l  s u l f u r  c o n t e n t  w a s  ach ieved  w i t h  I l l i n o i s  
No, 6 c o a l .  I n  r u n  3 t h e  a s h  c o n t e n t  of I l l i n o i s  No. 6 c o a l  was reduced by 83% 
and t h e  t o t a l  s u l f u r  c o n t e n t  by 39%. The l eached  c o a l  w a s  washed w i t h  h o t  s u l f u r i c  
a c i d  i n  t h i s  run .  Somewhat poore r  r e s u l t s  were r e a l i z e d  when c o l d  s u l f u r i c  a c i d  
w a s  used. Also,  extended washing w i t h  h o t  water had l i t t l e  e f f e c t  when c o l d  a c i d  
was empl.oyed. 

The r e s u l t s  seemed 

The raw P i t t s b u r g h  No. 8 c o a l  had a v e r y  h igh  a s h  c o n t e n t  which w a s  reduced 
about  one-third by t h e  s i n g l e - s t e p  l e a c h i n g  and washing t r e a t m e n t  (Table  2 ) .  The 
t o t a l  s u l f u r  c o n t e n t  w a s  reduced 18-23% by t h i s  t r e a t m e n t .  It seemed t o  make 
l i t t l e  d i f f e r e n c e  which a c i d  was a p p l i e d  t o  t h e  l eached  c o a l .  

The r e s u l t s  achieved w i t h  Lower K i t t a n n i n g  c o a l  were i n t e r m e d i a t e  between 
t h o s e  achieved w i t h  t h e  o t h e r  c o a l s .  Thus, che a sh  c o n t e n t  w a s  reduced 44-47% and 
t h e  t o t a l  s u l f u r  c o n t e n t  25-27% when t h i s  coal  w a s  l eached  w i t h  an a l k a l i n e  
s o l u t i o n  and washed wi th  e i t h e r  of t h e  ho t  a c i d s .  When t h e  l eached  c o a l  w a s  

115 



Table 2 .  K c s u l t s  or Leaching raw c o a l s  w i t h  a h o t  a lk ' i l i ne  s o l u t i o n  followed 
by washing. 

P roduc t  % Run Coal Acid Washin Water Washin 
No. Seam Acid Tempg,"C Yielda Ashb To t .  Sa 

1 

2 

3 

4 

5 

6 

7 

8 

9 
- 

Ill. 6 

Ill. 6 

Ill. 6 

Ill. 6 

P i t t s .  8 

P i t t s .  8 

Low K i t  . 
Low K i t .  

Low K i t .  

HCL 

H2S04 

H2S04 

H2S04 

HCL 

H2S04 

HCL 

H2S04 

"ZS04 

100 Regular  

25 Regular  

100 Regular  

25 Extended 

100  Regular  

25 Regular  

100  R e  p u l a  r 

25 Regular  

100 Regular  

25 

25 

100 

100 

25 

25 

25 

25 

100 

94 

94 

94 

94 

96 

96 

- 
89  

89  

89 

2.61 

3.40 

2.21 

3.97 

24.8 

24.5 
- 

9.44 

13.34 

10.05 

2.40 

2.72 

2.25 

2.67 

5 .03  

5.34 

7.70 

7.73 

8 .01 

aDry, a sh - f r ee  b a s i s  

bDry b a s i s  

washed w i t h  co ld  o u l L u r i c  a c i d ,  t h e  nsh c o n t e n t  w a s  reduced s l i g h t l y  less. 

A second set  of expe r imen t s  was conducted i n  which t h e  raw c o a l s  were l eached  
f i r s t  under o x y d e s u l f u r i z a t i o n  c o n d i t i o n s  and t h e n  under  nonox id iz ing  c o n d i t i o n s  
a t  h ighe r  t empera tu re  (250'C). A s  t h e  r e s u l t s  shown i n  T a b l e  3 i n d i c a t e ,  t h i s  
approach r e s u l t e d  i n  s i g n i f i c a n t l y  g r e a t e r  s u l f u r  removal.  Under t h e  b e s t  con- 
d i t i o n s ,  t h e  t o t a l  s u l f u r  c o n t e n t  o f  I l l i n o i s  No. 6 c o a l  was reduced 56%, 
P i t t s b u r g h  No. 8 c o a l  h3%, and Lower K i t t a n n i n g  c o a l  86%. The t o t a l  s u l f u r  con- 
t c n t  seelnetl t o  bc reduced hy abou t  t h e  amount of i n o r g a n i c  s u l f u r  p r e s e n t  i n  t h e  
raw c o a l .  

I n  most c a s e s  t h e  two-step 1.eaching method produced ? lower  ash c o n t e n t  t han  
t h e  s i n g l e - s t e p  l e a c h i n g  method. T h i s  r e s u l t  w a s  p robab ly  due t o  t h e  more com- 
p l e t e  removal of i r o n  p y r i t e s  by t h e  two-step approach.  Also when two l e a c h i n g  
s t e p s  were used,  a c l e a n e r  p r o d u c t  was ob ta ined  by washing w i t h  h y d r o c h l o r i c  a c i d  
t h a n  by washing w i t h  s u l f u r i c  a c i d .  However, when washing w i t h  hot  s u l f u r i c  a c i d  
w a s  fol lowed by extended washing w i t h  h o t  w a t e r ,  t h e  r e s u l t s  approached t h o s e  
ach ieved  by washing w i t h  h y d r o c h l o r i c  a c i d .  T h i s  e f f e c t  can  be seen  i n  t h e  c a s e  
of I l l i n o i s  No. 6 c o a l  by comparing t h e  r e s u l t s  of r u n  1 4  w i t h  t h o s e  of r u n  10 
and i n  the  c a s e  of Lower K i t t a n n i n g  c o a l  by comparing t h e  r e s u l t s  of run  20 w i t h  
t h o s e  of run  16.  

The c o a l  r ecove ry  on a d r y ,  a s h - f r e e  b a s i s  was s l i g h t l y  lower f o r  two l e a c h -  
i n g  s t e p s  than f o r  one l e a c h i n g  s t e p .  It seems l i k e l y  t h a t  t h e  lower r ecove ry  
was due to  c o a l  o x i d a t i o n  i n  t h e  f i r s t  s t e p .  Although t h e  c o a l  l o s s  was s m a l l ,  
p r e v i o u s  work ( 8 )  s u g g e s t s  t h a t  t h e  loss cou ld  b e  reduced t o  an even lower l e v e l  
by d e c r e a s i n g  t h e  t empera tu re  i n  t h e  f i r s t  s t e p .  

I n  t h e  f i n a l  s e t  of expe r imen t s ,  p rec l eaned  c o a l s  were l eached  by t h e  one- 
s t e p  an<: two-step methods u t i l i z e d  b e f o r e  w i t h  t h e  raw c o a l s .  The leached c o a l s  

, 

i i  
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Table 3 .  R e s u l t s  of two-step l e a c h i n g  of raw c o a l s  fo l lowed  by washing.  

\ 

Produc t  % 
Run Coal Acid Washin Water Washing 
No. Seam Acid Tern:., "C Type Temp., 'C Yielda Ashb To t .  Sa 

10 

11 

1 2  

1 3  

1 4  

15 

16 

1 7  

18 

19 

20 

Ill .  6 HCL 

I l l .  6 H2S04 
Ill.  6 H2S04 
111. 6 H2S04 

H2S04 Ill. 6 

P i t t s .  8 HCL 

Low K i t .  HCL 

Low K i t .  H,SO 

Low K i t .  

Low K i t .  

Low K i t .  

r 4  
H2S04 

H2S04 

H2S04 

100 

25 

100 

25 

100 

100 

100 

25 

100 

25 

100 

Regular  25 

Regular  25 

Regular  100 

Extended 100 

Extended 100 

Regular  25 

Regular  25 

Regular  25 

Regular  100 

Extended 1.00 

Extended 100 

91  1 . 8 2  1 .63  

9 1  4.07 1 . 8 1  

91  2.97 1 .84  

91  3.31 1 .65  

91  2.43 1 .62  

92 17 .3  2.41 

a5 2.38 1.49 

85 5.69 1 . 9 3  

85  3.21 1 . 9 6  

85  5.20 1.60 

85  2.74 1 .55  

aDry, a sh - f r ee  b a s i s  

'Dry b a s i s  

were washed wi th  h o t  h y d r o c h l o r i c  a c i d ,  fol lowed by wa te r  washing a t  room temper-. 
a t u r e .  By us ing  p rec l eaned  c o a l s ,  ve ry  low ash  c o n t e n t s  were ach ieved  w i t h  e i t h e r  
t h e  one-step o r  two-step l e a c h i n g  methods.  A s  Tab le  4 i n d i c a t e s ,  t h e  a s h  c o n t e n t  
of I l l i n o i s  No. 6 c o a l  was reduced t o  less than  0 .5% and t h a t  of P i t t s b u r g h  No. 8 
c o a l  t o  less  than  0.9% by e i t h e r  method. Thus by u s i n g  a combinat ion o f  p h y s i c a l  
and chemical c l e a n i n g  t h e  a s h  c o n t e n t  of I l l i n o i s  No. 6 c o a l  w a s  reduced 96% and 
t h e  a sh  c o n t e n t  a t  P i t t s b u r g h  No. 8 c o a l  98%. The combinat ion of p h y s i c a l  and 
chemical. c l e a n i n g  was p a r t i c u l a r l y  e f f e c t i v e  i n  t h e  c a s e  of P i t t s b u r g h  No. 8 c o a l ,  
s i n c e  even t h e  two-step l e a c h i n g  p r o c e s s  by i t s e l t  reduced t h e  a s h  c o n t e n t  of 
t h i s  coal  on ly  by one -ha l f .  

( :onihi i lcd p l i y s i c a l  nnd chemical c l e a n i n g  a l s o  achieved lower t o t a l  s u l f u r  con 
i e i i ~ s  LI1:iii was acliicvcd h y  e i  t.her imethod a l o n e  (Tab le  4 ) .  P h y s i c a l  p r e c l e a n i n g  
made more of  a d i f f e r e n c e  when i t  w a s  fol lowed by t h e  one-step l e a c h i n g  p r o c e s s  
t h a n  by t h e  two-step p r o c e s s .  However, t h e  lowes t  s u l f u r  c o n t e n t s  were ach ieved  
when t h e  two-step l e a c h i n g  p r o c e s s  w a s  a p p l i e d  t o  prec leaned  c o a l s .  A p p l i c a t i o n  
of t h i s  combinat ion reduced t h e  t o t a l  s u l f u r  c o n t e n t  by more t h a n  60% i n  t h e  c a s e  
of e i t h e r  I l l i n o i s  No. 6 c o a l  o r  P i t t s b u r g h  No. 8 c o a l .  

Conc lus ions  

A c o a l  1.eaching p r o c e s s  f o r  removing ash-forming m i n e r a l  matter has  been dem- 
o n s t r a t e d .  T h i s  p r o c e s s  invol.ves l e a c h i n g  E ine - s i ze  c o a l  w i t h  a h o t ,  d i l u t e  sodiun; 
c a r b o n a t e  s o l u t i o n  fol lowed by washing wi th  a d i l u t e  m i n e r a l  a c i d  and wa te r .  While 
much of t h e  mine ra l  m a t t e r  r e a c t s  w i t h  t h e  a l k a l i  a t  250°C t o  form a c i d - s o l u b l e  
compounds, i r o n  p y r i t e s  a r e  incomple t e ly  r e a c t e d  by t h e  h o t  a l k a l i  a l o n e .  T h i s  
d i f f i c u l t ) '  can be overcome by u s i n g  a two-step l e a c h i n g  p r o c e s s  i n  which oxygen i s  
in t roduced  under  p r e s s u r e  i n  t h e  f i r s t  s t e p  t o  conver t  t h e  p y r i t i c  s u l f u r  t o  wa te r -  
s o l u b l e  s p e c i e s .  The t empera tu re  of t h e  f i r s t  s t e p  shou ld  b e  l i m i t e d  t o  150'C 
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Table 4 .  Effect of coal precleaning on results of leaching experiments. 

Washed Product, X Run Coal Coal Leaching 
No. Seam Form Stepsa Yield AshC Tot. Sb 

I 

21 
1 

22 
10 

23 
5 

24 
15 

Ill. 6 
111. 6 

Ill. 6 
Ill. 6 

Pitts. 8 
Pitts. 8 

Pitts. 8 
Pitts. 8 

Precleaned 
Raw 

Precleaned 
Raw 

Precleaned 
Raw 

Precleaned 
Raw 

I1 only 
I1 only 

I & I1 
I & I1 

IT only 
I1 on1.y 

I & I1 
I & I1 

95 
94 

92 
91 

95 
96 

93 
92 

0.49 
2.61 

0.41 
1.82 

0.88 
24.8 

0.76 
17.3 

1.81 
2.40 

1.35 
1.63 

2.55 
5.03 

1.92 
2.41 - -  

aStep I: 150°C, 13.6 atm. 0 pressure. 

bDry, ash-free basis 

'Dry basiq 

to minimize coal oxidation. The leaching process can be combined advantageously 
with physical precleaning in produce coal with less than 1% ash and markely 
reduced sulfur content. 

2 - 
Step 11: 250"C, inert atmosphere 
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