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PREPARATION OF ASH-FREE, PYRITE-FREE COAL BY M I L D  CHEMICAL TREARIENT 
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P i t t sburgh  Energy Research Center ,  U. S. Department of the  I n t e r i o r ,  
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The major f r a c t i o n  of t h e  e l e c t r i c i t y  generated i n  the U y i t e d  / S t a t e s  i s  produced 
by coa l - f i red  power p l a n t s ,  and the demand f o r  electri+'ty i s  increasing rap id ly .  
Low-sulfur c o a l s  meeting a i r  p o l l u t i o n  spec i f ica t ions / for  u t i l i t y  use a r e  in 
s h o r t  supply i n  the e a s t e r n  p a r t  of t h e  country.,hw-sulfur f u e l  o i l s  which are 
a l s o  used t o  generate e l e c t r i c i t y  are l imited i n  domestic supply, are c o s t l y ,  
and u s u a l l y  must be obtained from foreign sources .  Removal of s u l f u r  from c o a l ,  
e i t h e r  before,  during, or a f t e r  combustion ( i .e . ,  removal of s u l f u r  oxides from 
s t a c k  g a s ) ,  to  meet a i r  q u a l i t y  s tandards,  i s  therefore  one of the most pressing 
needs i n  the  r e l a t e d  f i e l d s  of  energy and c l e a n  environment. Numerous processes 
f o r  s u l f u r  removal are being a c t i v e l y  inves t iga ted  by many organizat ions,  in-  
c luding the  Bureau of Mines o f  the U. S .  Department of t h e  I n t e r i o r .  

S u l f u r  i n  coal  occurs as s u l f a t e ;  as p y r i t e ,  FeS2; and as organic s u l f u r  which i s  
p a r t  of t h e  coal  s t r u c t u r e .  The s u l f a t e  is usua l ly  low. I n  experiments being 
c a r r i e d  a u t  at  the P i t t sburgh  Energy Research Center nf the Bcreau of Mines. 
almost a l l  of the p y r i t i c  s u l f u r  has been removed from some coals  by treatment 
wi th  aqueous a l k a l i .  For example, 30 g of -200 mesh I l l i n o i s  No. 6 high v o l a t i l e  
B bituminous coal i s  t r e a t e d  wi th  a so lu t ion .of  24 g of sodium hydroxide i n  240 
m l  of water f o r  2 hr a t  225' i n  a s t i r r e d  autoclave,  followed by a c i d i f i c a t i o n  of 
t h e  coal-aqueous a l k a l i  s l u r r y  with carbon dioxide.  
hydroxide used is  r e f e r r e d  t o  as "10% aqueous NaOH" i n  the t a b l e s . )  In t h i s  t r e a t -  
ment, t h e  p y r i t i c  s u l f u r  i s  removed, bu t  the organic  s u l f u r  in the  coa l  i s  not  
a t tacked  by t h i s  procedure; f o r  some coals, removal of p y r i t i c  s u l f u r  would give 
a product that  meets present  s p e c i f i c a t i o n s  f o r  s u l f u r  content  f o r  use i n  power 
p lan ts .  The s o l i d  product obtained by t h i s  experimental procedure has d somevhat 
h igher  a s h  content than does t h e  o r i g i n a l  c o a l .  However, i f  t h e  sodium hydroxide 
t reatment  is followed by a c i d i f i c a t i o n  w i t h  d i l u t e  hydrochloric a c i d  ( ins tead  of 
carbon d ioxtde) ,  most of the minera l  mat ter  o r i g i n a l l y  present  i s  removed from the 
c o a i .  rne scar r ing  iiiinois NO. 0 coai concains 9 . 6 i  a s n  ana i.ii. p y r l r r c  s u l f u r ;  
t h e  product contains  0.72 a s h  and 0.1% p y r i t i c  s u l f u r .  The y ie ld  of coal is 91.5% 
(maf b a s i s ) .  

Table 1 g i v e s  the r e s u l t s  of var ious  experiments w i t h  I l l i n o i s  No. 6 coal. The 
organic s u l f u r  is repor ted  on a moisture- and ash-free b a s i s ,  s ince  removal of 
ash and/or  pyr i te  w i l l  concentrate  t h e  organic  s u l f u r  and make i t  seem t o  increase.  
It is noted t h a t  in  some runs the organic  s u l f u r  does increase, even on an maf 
b a s i s ,  and even allowing f o r  t h e  f a c t  that the analys  s is by d i f f e r e n c e  and 
s u b j e c t  t o  a n  inherent ly  l a r g e  (but uncer ta in)  e r r o r .  

/ 

(The so lu t ion  of  sodium 

f 

lOrganic s u l f u r  in c o a l  cannot be determined by any d i r e c t  method. The standard 
procedure is to  determine total  s u l f u r ,  s u l f a t e  s u l f u r ,  and p y r i t i c  s u l f u r .  The 
s u l f a t e  s u l f u r  and the p y r i t i c  s u l f u r  are subt rac ted  from the t o t a l  s u l f u r  and 
t h e  remainder i s  assumed t o  be organic  s u l f u r .  
t h i s ,  t h e  probable e r r o r  of the organic  s u l f u r  must 'be  la rger  than t h e  l a r g e s t  
probable e r r o r  of the t h r e e  v a l u e s  from which i t  is derived.  

In an  i n d i r e c t  method such as 
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TABLE 1. I l l i n o i s  No. 6 (River King) hvbb coal :  e f f e c t  of 107. aqueous NaOH 
f o r  2 h r  a t  225', ,followed by var ious ac id  workups, on ash  and : 

S 
organic 

Run S S S ( d i f f . ,  
1 1 R -  Treatment Workup Ash t o t a l  s u l f a t e  py ritic maf) 

37 
37A 
83A 
93 
96 
97 

103 
103A 
110 
l l O A  
l l l A  
1 1 2  
112A 
113A 
133 
133A 

134 

135 

136 

None 
NaOH 
NaOH 
None 
Ca(OH)2 
NaOH 
None 
NaOH 
None 
H20 
H20 
None 
NaOH 
NaOH 
None 
NaOH 

NaOH 

NaOH 

309. NaOH 

c02 
c02 

HC1 
HC 1 

HC 1 
- 

co2 

SOL 
~ 2 ~ 0 4  

Aspirate ; 
H2S04 slowly 
Aspirate ; 
H2SO4 slowly 
Aspirate ; 
H2SO4 dropwise 
Aspirate ; 
H2SOh dropwise 

HC 1 - 

- 

9.8 
12.4 
12.2 
9.82 
8.16 
0.67 
9.77 
0.84 
9.85 
9.46 
8.76 
9.84 
0.72 
0.52 

12.58 
0.85 

0.59 

0.91 

0.87 

3.26 
2.05 
2.25 
3.27 
3.04 
2.54 
3.30 
2.58 
3.28 
2.77 
2.85 
3.20 
2.40 
2.75 
3.69 
2.99 

2.96 

2.82 

2.84 

0.21 
0.11 
0.18 
0.31 
0.04 
0.01 
0.33 
0.00 
0.42 
0.01 
0.01 
0.42 
0.23 
0.24 
0.09 
0.17 

0.20 

0.09 

0.07 

1.08 
0.13 
0.16 
1.05 
1.04 
0.11 
0.92 
0.09 
0.93 
0.98 
1.04 
0.96 
0.19 
0.19 
1.39 
0.12 

0.18 

0.16 

0.06 

2.19 
2.06 
2.17 
2.12 
2.14 
2.44 
2.28 
2.51 
2.14 
1.96 
1.98 
2.01 
1.99 
2.33 
2.53 
2.73 

2.59 

2.59 

2.73 
- 

The e r r a t i c  increase i n  organic s u l f u r  mentioned above i s  puzzling. It i s  possible  
that elemental  s u l f u r  is prec ip i ta ted  e i t h e r  a t  some s tage  of the  reac t ion ,  o r  
during the  workup of the product; f r e e  s u l f u r  would be reported as organic s u l f u r  
i n  the standard a n a l y t i c a l  procedure f o r  s u l f u r  forms. ( I n  a modification of the 
standard procedure, where the organic s u l f u r  is  determined by taking the residue 
from the p y r i t e  determination and analyzing f o r  s u l f u r ,  f r e e  s u l f u r  would a l s o  be 
reported a s  organic s u l f u r . )  
e x t r a c t i o n  (Soxhlet)  of a coal  sample with ethanol ,  and a n a l y s i s  of the  e x t r a c t  
f o r  s u l f u r  by u l t r a v i o l e t  spectrometry; no s u l f u r  was found. It is a l s o  possible  
t h a t  a t  some point  i n  the procedure, f r e e  s u l f u r  or polysulf ide ion i s  formed and 
a t t a c k s  the  coa l ,  giving an a c t u a l  increase i n  organic  s u l f u r .  

One possible  method of preventing an  increase i n  organic  s u l f u r  would be t o  remove 
the sulf ide-containing alkali so lu t ion  from contact  with the  c o a l  before  any work- 
up is done. (This assumes t h a t  the troublesome s u l f u r  ma te r i a l  i s  in so lu t ion  and 
is not  a l ready adsorbed on the  coa l  surface.)  
s t i c k ,  has  been used on those runs which a r e  marked (in the  t a b l e s )  as "aspirate." 
This a s p i r a t i o n  procedure removes about 7040% of the a l k a l i n e  so lu t ion .  
i n  any commercial procedure, f i l t ra t iqcentr i fugat ion ,  o r  some o t h e r  process would 
be used i n  order t o  recover c a u s t i c  s o l u t i o n  f o r  re-use,  t o  minimize the  amount of 
ac id  needed, and a l s o  t o  recover minerals and s u l f u r  dissolved i n  the a l k a l i .  

An attempt was made t o  sett le t h i s  quest ion by 

This technique, using a f i l t e r  

Obviously, 
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There i s  some evidence t h a t  the  a s p i r a t i o n  of the c a u s t i c  r e s u l t s  i n  l e s s  of an 
increase of organic s u l f u r  ( t a b l e  1, run 113A compared with runs 133A, 134, 135). 
There i s  a l s o  evidence t h a t  a s p i r a t i o n  r e s u l t s  i n  b e t t e r  removal of ash and pyr i te  
( t a b l e  2, runs 119A and 121A). 

TABLE 2 .  E l l i o t  mine mvb coal :  e f f e c t  of 107. aqueous NaOH f o r  2 h r  a t  2250L 
followed by var ious workups, on ash  and s u l f u r  content  

(analyses on dry bas is )  

organic 
Run S S S ( d i f f . ,  
11R- Treatment Workup Ash t o t a l  s u l f a t e  py r i t i c  a u f )  

99 None - 18.15 4.31 0.20 3.25 1.05 
22.84 2.27 0.19 0.19 2.44 
18.21 4.31 0.26 3.29 0.93 

99A NaOH 
104 None 
104A NaOH HC 1 5.11 3.61 0.01 1.94 1.75 
114 None - 19.86 5.21 0.32 3.74 1.44 
114A NaOH HC1 ( spec ia l )  4.06 4.06 0.01 2.39 1.73 
115A NaOH, 7 h r  HC1 5.84 3.88 0.10 2.08 1 .81 
116A 30a NaOH HC 1 3.03 3.16 0.03 0.75 2.45 
117A NaOHi 325O Hc1 8.43 2.77 0.04 0.48 2.46 
119-1 None - 19.68 5.23 0.35 3.85 1.28 
119A NaOH H2S04 7.26 5.21 0.06 3.35 1.94 
12OA NaOH H2S04 ( s p e c i a l )  4.56 4.38 0.14 2.46 1.85 
121A NaOH Aspi ra te ;  H2SO4 6.06 3.79 0.07 2.54 1.25 
122A N8OH Aspirate  ; 4.07 3.52 0.19 1.97 1.41 

126A Double volume Asp i ra t e ;  H2S04 5.24 3.49 0.13 1.86 1.58 

co2 

H2So4 (spec ia l )  

10% NaOH 

The use of s u l f u r  dioxide f o r  the a c i d i f i c a t i o n  s t e p  ( t a b l e  1, run 112A) gave good 
r e s u l t s ,  suggesting t h a t  it might be possible  t o  use s u l f u r  oxides from s tack  gas 
f o r  the  process.  It is noteworthy t h a t  s u l f u r  dioxide is a s t rong enough ac id  t o  
cause the deashine r e a c t i o n  t o  take place.  but carbon dioxide i s  not  e f f e c t i v e  f o r  
deashing . 
The chemistry of the  d i s s o l u t i o n  of p y r i t e  i n  aqueous a l k a l i  i s  not  known, but 
something can be suggested with regard t o  the deashing react ion.  
mechanistic scheme is based upon the  reac t ions  which take place i n  p u r i f i c a t i o n  of 
alumina from bauxite ore .  When a coa l  i s  t r e a t e d  with a l k a l i ,  the  c lay  minerals 
probably dissolve and then p r e c i p i t a t e  a s  a s t a b l e  insoluble  sodium aluminum 
s i l i c a t e  of composition 3Na20.3A1203-5Si02. This is not soluble  i n  alkali but is 
so luble  i n  strong ac id .  Thus, a f t e r  a c i d i f i c a t i o n ,  the  s i l i c a ,  alumina, and some 
o t h e r  mineral  matter of the c o a l  should be found mostly i n  the ac id  f r a c t i o n ,  with 
only a small amount In  t h e  alkaline f r a c t i o n .  Preliminary a n a l y t i c a l  da ta  confirm 
t h i s  hypothesis.  

In t a b l e  3, runs 124A and 125A give the r e s u l t s  of a l k a l i  deashing-depyrit ing i n  
the presence of hydrogen. 
workup; it tended t o  f l o a t  during cent r i fuga t ion .  
the  r e s u l t s  were similar t o  runs made under s i m i l a r  condi t ions i n  the  absence of 
hydrogen ( t a b l e  2) .  

The following 

The coa l  i t s e l f  had a somewhat d i f f e r e n t  behavior during 
There was no uptake of gas and 

Further  experiments a r e  des i rab le ,  s ince  the runs using 
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hydrogen gave r e l a t i v e l y  low ash and p y r i t e  values.  Run 128A was done i n  the 
presence of 1700 p s i  i n i t i a l  pressure of synthesis  gas (0.9 H2:l CO). 
of the react ion,  the aqueous layer  had a pH of about 5 .  It is obvious t h a t  the 
carbon monoxide reacted with the sodium hydroxide t o  give sodium formate. 
of the gases showed t h a t  0.58 mole of carbon monoxide was  used up, corresponding 
well  t o  the 0.60 mole of sodium hydroxide i n i t i a l l y  present ;  the  c a l c u l a t i o n  a l s o  
indicated the formation of 0.15 mole of hydrogen. Removal of p y r i t e  is good (82% 
removed) but  removal of ash is poor (only 49% removed). 
p o s s i b i l i t i e s .  With neut ra l iza t ion  of the sodium hydroxide v i a  the  formation of 
sodium formate, ash removal mst be a r e l a t i v e l y  slow reac t ion  or may require  a 
f a i r l y  high alkali concentrat ion,  so t h a t  r a t e  of mineral conversion becomes very 
slow a f t e r  a shor t  time. On the other  hand, rate of p y r i t e  reac t ion  with sodium 
hydroxide mst be f a i r l y  rapid,  o r  e l s e  continues even i n  weak a l k a l i ,  so tha t  
the f i n a l  pyr i te  removal is s t i l l  good. Another p o s s i b i l i t y ,  but a r a t h e r  unl ikely 
one, is t h a t  some of the p y r i t e  is dissolved not  by the a l k a l i  but by the formic 
a c i d .  Pyr i te  is not soluble  i n  d i l u t e  hydrochloric a c i d ,  but formic ac id  is  a 
reducing agent,  which may have some e f f e c t  upon the p y r i t e .  

A t  the end 

Analysis 

This suggests  two 

TABLE 3. Effect  of var ious gases i n  the presence of la aqueous NaOH. followed 
by ac id  workup, on the  ash and s u l f u r  of coal  (dry b a s i s )  

/ S 
organic 

Run S S S ( d i f f . ,  
11R-  Coal Treatment Workup Ash t o t a l  s u l f a t e  py r i t i c  maf) 

119-1 E l l i o t  None - 19.66 5.23 0.35 3.85 1.28 

125A E l l i o t  H2, NaOH, H2SO4 3.39 2.26 0.02 0.29 2.02 

124A E l l i o t  H2, NaOH H2SO4 3.72 2.48 0.08 0.64 1.84 
250' 

250' 

NaOH, 250' H2S04 
128A E l l i o t  H2 + CO, Aspirate;  10.03 2.41 0 . ~ 6  0.69 1.85 

133 River None - 12.58 3.69 0.09 1.39 2.53 
King 

King 225'. 1 h r  H2S04 
137 River A i r ,  NaOH, Aspirate;  14.27 2.10 0.05 0.21 2.16 

h 

Run 137 i n  table 3 shows the e f f e c t  of a i r  (760 p s i  a t  room temperature) upon the  
reac t ion  of River King coa l  with sodium hydroxide. 
The a s p i r a t e  had a pH of 5.5-6.0 (probably bicarbonate with dissolved carbon 
dioxide)  and the  oxygen content  of the  coal  increased from 9.66 t o  10.37%. 
the oxygen and a l k a l i  oxidized some of the coa l  t o  "humic ac ids ,"  using up the 
a l k a l i  i n  t h i s  react ion.  The ash content increased,  the p y r i t i c  s u l f u r  decreased, 
but the s u l f a t e  was  almost unchanged. The r e s u l t s  suggest t h a t  ' the  p y r i t e  was 
rap id ly  at tacked and converted t o  water-soluble s u l f a t e ;  t h i s  is substant ia ted 
by the observation t h a t  during the  a c i d i f i c a t i o n  of the  t r e a t e d  c o a l ,  there  was 
no odor of e i t h e r  hydrogen s u l f i d e  o r  s u l f u r  dioxide,  though there  was copious 
evolut ion of an odorless  gas ,  presumably carbon dioxide.  The organic  s u l f u r  
(moisture- and ash-free b a s i s )  decreased from 2.53 t o  2.169.. 
i n  oxygen content of the coa l  would decrease t h e  organic  s u l f u r  by d i l u t i o n ,  these  
f i g u r e s  can be put on a moisture-,  ash-, and oxygen-free bas i s ;  t h e  change is then 
from 2.84 t o  2.469. organic s u l f u r .  This decrease i n  organic s u l f u r  is small and 
probably subject  t o  a f a i r l y  la rge  a n a l y t i c a l  e r r o r ;  however, it does seem t o  be 
s i g n i f i c a n t ,  i n  view of the f a c t  t h a t  the organic s u l f u r  tends t o  increase s l i g h t l y  
i n  most o ther  experiments. 

There was an uptake of oxygen. 

Probably 

Since the  increase 
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One run ( t a b l e  1, run 96) w a s  made using aqueous calcium hydroxide, which would be 
a cheaper source of a l k a l i  than sodium hydroxide. 
a t tacked;  possibly t h i s  i s  because of the very l imited s o l u b i l i t y  of calcium 
hydroxide, resu l t ing  i n  a very low concentrat ion of hydroxide ion i n  solut ion.  

Treatment of the coal with water a t  225O (condi t ions used f o r  the a l k a l i  treatment) 
did not  have any e f f e c t ;  thus ,  t h e r e  is  no doubt that the deashing requires  a l k a l i  
and i s  not simply a r e s u l t  of a hydrothermal water treatment.  This was shown t o  be 
t r u e  f o r  both carbon dioxide workup and hydrochloric a c i d  workup (runs l l O A  and 
1 1 1 A ,  t a b l e  1). 

No f u r t h e r  discussion of the r e s u l t s  given i n  tab le  2 ( E l l i o t  mine mvb c o a l )  and 
i n  t a b l e  4 (Indiana No. 5 hvbb c o a l )  w i l l  be given here,  except t o  point  out tha t  
Indiana No. 5 ,  l ike  I l l i n o i s  No. 6 ,  has been converted t o  a low-ash, low-pyrite 
mater ia l .  

The p y r i t i c  s u l f u r  was not 

TABLE 4.  Indiana No. 5 hvbb c o a l :  e f f e c t  of 16% aqueous NaOH f o r  
2 h r  a t  225", followed by var ious ac id  workups, on ash 

and s u l f u r  content  (analyses on dry b a s i s )  

organic 
Run S S S ( d i f f . ,  
11R- Treatment Workuv Ash t o t a l  s u l f a t e  py r i t i c  maf) 

108 None 9.55 3.47 0.35 1.02 2.32 
108A NaOH HC 1 0.48 2.63 0.02 0.06 2.56 

10.57 2.35 0.16 0.13 2.31 - 9.42 3.46 0.50 0.94 2.23 141 None 
141A NaOH Aspirate;  H2SO4 0.72 2.56 0.20 0.15 2.23 

109A NaOH co2 

w i t h  heat ing 
and s t i r r i n g  

The depyrit ing-deashing procedure usual ly  increased the heat ing values of the coals  
~__..&"+ __.. .̂.,AI... A rm- I--- -__-1,_.-- *->._-- - - 1 . -  . -  . - __.  - _ _ _ _ )  _ _  -- - - - ~  -----. -..- **-- -"----..e *.. ..-a U"....AA, .-.s-..~SU "..*J 

s l i g h t l y .  

An ash- f ree ,  pyr i te - f ree  c o a l  vould have severa l  important p o t e n t i a l  appl ica t ions ,  
which would depend on i t s  c o s t  and s p e c i f i c  c h a r a c t e r i s t i c s .  
s implify the process to produce s y n t h e t i c  high-Btu gas from coal .  
cheap enough, ash-free,  p y r i t e - f r e e  coa l  would be much preferred f o r  combustion 
t o  generate  e l e c t r i c i t y ,  e i t h e r  i n  conventional steam p l a n t s ,  gas turb ines ,  o r  
MHD genera tors .  The use of ash-free,  pyr i te - f ree  coal  should extend the l i f e  of 
the  c a t a l y s t  used for  t h e  c a t a l y t i c  hydrodesulfur izat ion of coal .  An ash-free 
feed should s implify the  process  of converting coal  t o  l i q u i d  fue ls  with the 
conventional c o a l  hydrogenation c a t a l y s t s ,  by el iminat ing the  separat ion of o i l  
from s o l i d  res idues.  Ash-free c o a l  should a l s o  f i n d  uses  as materials f o r  the 
preparat ion of e lec t rodes  and o ther  s p e c i a l t y  carbon products.  

Further  s t u d i e s  of the many v a r i a b l e s  i n  t h i s  deashing-depyrit ing reac t ion  a r e  i n  
progress,  t o  develop technica l  and economic da ta  required so t h a t  the  a p p l i c a b i l i t y  
of t h e  process f o r  supplying low-sulfur f u e l  can be f u l l y  evaluated. 

Ash-free coa l  might 
I f  it were 


