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Desulfurizing Coal with Alkaline Solutions Containing 

Dissolved Oxygen 

C. Y. TAI,* G. V. GRAVES, and T. D. WHEELOCK 
Iowa State University, Department of Chemical Engineering and Nuclear Engineering, 
Energy and Mineral Resources Research Institute, Ames, IA 50011 

The extraction of pyritic sulfur from coal by leaching the 
comminuted material with hot aqueous solutions containing dissolv
ed oxygen has been demonstrated in numerous laboratory experiments 
(1-6). Although acidic solutions have generally been used for 
such experiments, basic solutions appear to offer several import
ant advantages. Thus Majima and Peters (7) showed that the rate 
of extraction of sulfur from relatively pure pyrite is much great
er in basic solutions containing dissolved oxygen than in neutral 
solutions. Moreover it has been shown recently that basic solu
tions containing ammonium hydroxide and oxygen can extract a 
significant portion of the organic sulfur as well as most of the 
inorganic sulfur from coal at relatively moderate temperatures 
(e.g., 130°C) (4,5) whereas higher temperatures (150°-200°C) seem 
to be required with acidic solutions to remove organic sulfur 
(6). Furthermore some types of basic solutions are much less 
corrosive towards the common materials of construction than acidic 
solutions. 

A l t h o u g h the chemical kinetics and mechanism of pyrite r e a c -
tion with an oxygen-bearing caustic solution have been studied, 
they a r e not c o m p l e t e l y d e f i n e d . Stenhouse and Armstrong (8) 
found s u l f a t e i o n s and i r o n o x i d e s to be the f i n a l p r o d u c t s o f 
r e a c t i o n . Both Fe2Û3 and Fe3Û4 were i d e n t i f i e d i n the r e s i d u e . 
I t appeared to these i n v e s t i g a t o r s t h a t the i r o n o x i d e s formed a 
s t a b l e l a y e r around the unreacted p y r i t e . As a r e s u l t of a l a t e r 
i n v e s t i g a t i o n , B u r k i n and Edward (9) concluded t h a t the f i n a l 
o x i d a t i o n product of i r o n i s maghemite (yFe203) which i s formed 
through a s e r i e s of t o p o t a c t i c t r a n s f o r m a t i o n s . These i n v e s t i 
g a t o r s observed t h a t the r a t e of a t t a c k was more r a p i d a l o n g 
g r a i n boundaries and c r a c k s i n impure and i m p e r f e c t p y r i t e c r y s 
t a l s , w i t h the r e s u l t t h a t these p a r t i c l e s were leached more 
r a p i d l y than p a r t i c l e s c o n t a i n i n g few i m p e r f e c t i o n s and i m p u r i t i e s , 

* P r e s e n t address: Chung-Shen I n s t i t u t e of Science and Technology, 
Taiwan, R.O.C. 
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15. TAi E T A L . Alkaline Solutions with Dissolved Oxygen 183 

even though the i n s o l u b l e o x i d a t i o n product adhered to the imper
f e c t c r y s t a l s but not to the p e r f e c t ones. As a r e s u l t of the 
i n t e r g r a n u l a r a t t a c k by the l e a c h s o l u t i o n , the s m a l l e r c r y s t a l s 
w i t h i n p a r t i c l e s composed of d i f f e r e n t - s i z e d c r y s t a l s were d e s u l 
f u r i z e d b e f o r e the l a r g e r c r y s t a l s . The r e a c t i o n r a t e i n c r e a s e d 
w i t h temperature a c c o r d i n g to the A r r h e n i u s e q u a t i o n w i t h an 
a c t i v a t i o n energy of 9 k c a l / m o l . A l s o the r e a c t i o n r a t e was con-
t o l l e d by the oxygen c o n c e n t r a t i o n a t the m i n e r a l - s o l u t i o n i n t e r 
f a c e so the r a t e i n c r e a s e d w i t h the oxygen p a r t i a l p r e s s u r e . In 
a d d i t i o n , the r a t e i n c r e a s e d w i t h i n c r e a s i n g c o n c e n t r a t i o n o f 
sodium h y d r o x i d e up to 2 wt %. Higher c o n c e n t r a t i o n s reduced the 
r a t e s l i g h t l y . 

In a s o l u t i o n o f some base such as sodium h y d r o x i d e , the 
s t o i c h i o m e t r y of the r e a c t i o n of p y r i t e w i t h oxygen and the sub
sequent n e u t r a l i z a t i o n of the a c i d produced can pro b a b l y be r e 
presented by the f o l l o w i n g e q u a t i o n s : 

F e S 2 + ̂ | 0 2 + 2 H 20 = y F e ^ + 2 H2SC>4 (1) 

2 H oS0. + 4 NaOH = 2 Na oS0, + 4 H o0 (2) 2 4 2 4 2 

Altho u g h these e q u a t i o n s suggest t h a t the main purpose of the 
a l k a l i i s to n e u t r a l i z e the a c i d and to d r i v e the f i r s t r e a c t i o n 
to c o m p l e t i o n , the a c t u a l r e a c t i o n mechanism i s p r o b a b l y more 
complex w i t h the a l k a l i p l a y i n g a more s u b t l e r o l e as w e l l as the 
obvious one. 

An i n v e s t i g a t i o n by McKay and Ha l p e r n (10) of the r e a c t i o n 
of p y r i t e w i t h oxygen i n a c i d i c s o l u t i o n s showed t h a t the product 
d i s t r i b u t i o n , and t h e r e f o r e the r e a c t i o n mechanism, i s q u i t e d i f 
f e r e n t from t h a t noted above f o r b a s i c s o l u t i o n s . Thus p y r i t e 
was co n v e r t e d to s o l u b l e f e r r o u s and f e r r i c s u l f a t e , s u l f u r i c 
a c i d , and e l e m e n t a l s u l f u r when leached w i t h oxygen-bearing a c i d i c 
s o l u t i o n s a t 100°-130°C. The product d i s t r i b u t i o n depended on 
temperature and a c i d i t y , w i t h a lower temperature and h i g h e r a c i d 
i t y f a v o r i n g the p r o d u c t i o n of e l e m e n t a l s u l f u r and a h i g h e r tem
p e r a t u r e and lower a c i d i t y f a v o r i n g the p r o d u c t i o n o f s u l f u r i c 
a c i d and s o l u b l e s u l f a t e s . A l s o a t moderate pH (but not a t low 
ρΗ), the f e r r i c h y d r o x i d e h y d r o l y z e d , and f e r r i c o x i d e p r e c i p i 
t a t e d . The A r r h e n i u s a c t i v a t i o n energy was determined to be 13 
k c a l / m o l , which, b e i n g s i g n i f i c a n t l y l a r g e r than t h a t noted above 
f o r the r e a c t i o n of p y r i t e i n a c a u s t i c s o l u t i o n , i n d i c a t e s a 
g r e a t e r energy b a r r i e r f o r the r e a c t i o n i n an a c i d i c medium. 

The p r e s e n t i n v e s t i g a t i o n was undertaken to e v a l u a t e the 
t e c h n i c a l f e a s i b i l i t y o f e x t r a c t i n g s u l f u r from c o a l w i t h hot 
oxygen-bearing s o l u t i o n s . S i n c e i t was soon c o n f i r m e d t h a t a l k a 
l i n e o r b a s i c s o l u t i o n s r e s u l t e d i n a much g r e a t e r r a t e o f ex
t r a c t i o n than a c i d i c s o l u t i o n s , c o n s i d e r a b l e emphasis was p l a c e d 
on d e t e r m i n i n g the e f f e c t i v e n e s s of d i f f e r e n t a l k a l i s and a l k a l i 
c o n c e n t r a t i o n s . S e v e r a l h i g h - s u l f u r b i t u minous c o a l s , as w e l l as 
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184 C O A L DESULFURIZATION 

p y r i t e which had been i s o l a t e d from one o f these c o a l s , were 
leached i n a s m a l l s t i r r e d r e a c t o r under a v a r i e t y of e x p e r i 
mental c o n d i t i o n s . In a d d i t i o n the o v e r - a l l e f f e c t i v e n e s s of 
c h e m i c a l l e a c h i n g i n combination w i t h p h y s i c a l b e n e f i c i a t i o n was 
i n v e s t i g a t e d . 

E x p e r i m e n t a l 

L e a c h i n g experiments were c a r r i e d out i n a 1-L, s t a i n l e s s 
s t e e l a u t o c l a v e equipped w i t h a removable n i c k e l l i n e r and an 
a g i t a t o r c o n s i s t i n g of two p i t c h e d b l a d e t u r b i n e i m p e l l e r s (7.3 
cm diameter) mounted on a s h a f t d r i v e n by a compressed a i r motor. 
The a u t o c l a v e was a l s o equipped w i t h a p r e s s u r e gauge, temperature 
i n d i c a t o r , and e l e c t r i c h e a t i n g j a c k e t . 

A s u s p e n s i o n of c o a l or p y r i t e p a r t i c l e s i n an a l k a l i n e 
s o l u t i o n of a s p e c i f i c c o n c e n t r a t i o n was p l a c e d i n the r e a c t o r 
which was then s e a l e d and heated to a s p e c i f i c o p e r a t i n g tempera
t u r e . A f t e r the system a t t a i n e d t h i s temperature, oxygen was 
i n t r o d u c e d from a h i g h - p r e s s u r e c y l i n d e r equipped w i t h a com
b i n a t i o n p r e s s u r e - r e d u c i n g v a l v e and r e g u l a t o r . During the 
s u c c e e d i n g o p e r a t i o n , the system p r e s s u r e was kept c o n s t a n t by 
s u p p l y i n g oxygen on demand. A l s o a s m a l l amount of gas was b l e d 
c o n t i n u o u s l y from the r e a c t o r to a v o i d any b u i l d - u p of gaseous 
r e a c t i o n p r o d u c t s i n the system. R e a c t i o n c o n d i t i o n s were kept 
c o n s t a n t f o r a s p e c i f i c time w h i l e the m a t e r i a l was l e a c h e d . At 
the end of the r e a c t i o n p e r i o d , the f l o w of oxygen i n t o the 
system was stopped, and the system was c o o l e d . Throughout the 
o p e r a t i o n the a g i t a t o r was kept r u n n i n g a t a c o n s t a n t speed which 
was u s u a l l y i n the range of 250-350 rpm. A f t e r a run the l e a c h e d 
s o l i d s were r e c o v e r e d , d r i e d , and weighed. C o a l samples were 
a n a l y z e d by the s t a n d a r d ASTM methods of a n a l y s i s ( 1 1 ) . When 
p y r i t e a l o n e was l e a c h e d , the amount of s u l f u r e x t r a c t e d was 
determined by measuring the s u l f a t e c o n t e n t of the spent l e a c h a n t 
u s i n g the s u l f a t e t i t r a t i o n method of F r i t z and Yamaraura ( 1 2 ) . 

Coal samples from the B i g Ben, ICO, and ISU Demonstration 
Mine No. 1, a l l l o c a t e d i n S o u t h e a s t e r n Iowa, were l e a c h e d . The 
rank of the c o a l from these mines i s h i g h v o l a t i l e C bituminous 
c o a l ; t y p i c a l c o m p o s i t i o n s are shown i n Table I . S i n c e the c o a l 
from these mines i s v e r y heterogeneous, v a r i o u s batches used f o r 
s p e c i f i c s e t s of experiments were r e - a n a l y z e d and the c o m p o s i t i o n 
r e p o r t e d a l o n g w i t h o t h e r e x p e r i m e n t a l r e s u l t s . 

A handpicked sample of i r o n p y r i t e s was o b t a i n e d from the 
c o a l d e p o s i t a t ISU Demonstration Mine No. 1. T h i s m a t e r i a l was 
v e r y impure and seemed to c o n t a i n about 74% FeS2» N e v e r t h e l e s s , 
i t was ground and screened i n t o v a r i o u s s i z e d f r a c t i o n s which 
were used sub s e q u e n t l y f o r v a r i o u s l e a c h i n g experiments. The 
s u l f u r c o n t e n t of the d i f f e r e n t s i z e f r a c t i o n s i s shown i n Table 
I I . In a d d i t i o n to p y r i t i c s u l f u r , the m a t e r i a l c o n t a i n e d some 
s u l f u r i n the form of s u l f a t e s and some i n a form which was 
n e i t h e r p y r i t i c nor s u l f a t e . 
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Table I . Proximate A n a l y s i s of Iowa Coals 

185 

Proximate A n a l y s i s (wt %) 

Source of Coal 
V o l a t i l e 
M a t t e r 

F i x e d 
Carbon M o i s t u r e Ash 

B i g Ben mine 37.5 48.8 1.2 12.5 
ICO mine 44.0 42.0 4.5 9.5 
ISU mine 38.1 44.2 2.2 15.5 

Table I I . Composition of I r o n P y r i t e s 

Composition (wt %) 

S i z e F r a c t i o n P y r i t i c S u l f a t e T o t a l 
(U.S. S e r i e s Mesh) I r o n S u l f u r S u l f u r S u l f u r Other 

-60/+80 41.7 
-120/+140 42.5 39. ,2 0. ,5 40.9 16.6 
-200/+230 36. ,4 0. ,7 40.3 
-230/+270 36. ,3 0. .7 39.4 

P y r i t e L e aching Experiments 

A s e r i e s o f l e a c h i n g experiments was c a r r i e d out to d e t e r 
mine the e f f e c t o f v a r i o u s system parameters on the e x t r a c t i o n o f 
s u l f u r from impure p y r i t e . For each experiment a sus p e n s i o n con
s i s t i n g of 2.0 g of p y r i t e p a r t i c l e s and 500 ml of an aqueous 
s o l u t i o n was t r e a t e d i n the s t i r r e d a u t o c l a v e a t 150°C w i t h oxygen 
d i s s o l v e d under a p a r t i a l p r e s s u r e o f 3.27 atm. S i n c e the vapor 
p r e s s u r e of water a t t h i s temperature i s 4.56 atm, the t o t a l 
system p r e s s u r e was 7.8 atm. Unless i n d i c a t e d o t h e r w i s e , the 
l e a c h i n g o p e r a t i o n under oxygen p r e s s u r e a t the s p e c i f i e d tempera
t u r e was conducted f o r 1 h r . The c o n v e r s i o n o f a l l forms of s u l 
f u r i n the p a r t i c l e s to s o l u b l e s u l f a t e was determined by a n a l y z 
i n g the spent l e a c h a n t . 

The r e s u l t s p r e s e n t e d i n F i g u r e 1 i n d i c a t e t h a t among the 
v a r i o u s a l k a l i s t e s t e d , sodium carbonate was the most e f f e c t i v e . 
E s s e n t i a l l y a l l o f the s u l f u r was e x t r a c t e d from -200/+230 mesh 
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186 C O A L DESULFURIZATION 

p y r i t e p a r t i c l e s i n 1.0 hr by an oxygenated s o l u t i o n c o n t a i n i n g 
1.5 wt % sodium ca r b o n a t e . The b e s t r e s u l t s o b t a i n e d w i t h e i t h e r 
sodium h y d r o x i d e o r sodium phosphate were s l i g h t l y l e s s f a v o r a b l e 
and w i t h ammonium carbonate much l e s s f a v o r a b l e . The ammonium 
carbonate s o l u t i o n s were n o t i c e a b l y l e s s b a s i c than the o t h e r 
s o l u t i o n s and t h i s f a c t o r p r o b a b l y accounted f o r the poorer r e 
s u l t s o b t a i n e d w i t h them. However, the ammonium carbonate s o l u 
t i o n s , as w e l l as the o t h e r a l k a l i n e s o l u t i o n s , a l l gave b e t t e r 
r e s u l t s than water and oxygen a l o n e . Thus o n l y 27% of the s u l f u r 
was e x t r a c t e d from the p y r i t e d u r i n g a run made w i t h o u t any 
a l k a l i . 

The e f f e c t i v e n e s s of a l l o f the a l k a l i s i n c r e a s e d w i t h i n i 
t i a l c o n c e n t r a t i o n up to some optimum v a l u e and then decreased. 
For sodium h y d r o x i d e the optimum i n i t i a l c o n c e n t r a t i o n was about 
1 wt %, f o r sodium carbonate 1.5 wt %, f o r sodium phosphate 3 wt 
%, and f o r ammonium carbonate 4 wt %. The sharp i n c r e a s e i n con
v e r s i o n f o r i n i t i a l c o n c e n t r a t i o n s a t the low end of the concen
t r a t i o n s c a l e seems to be r e l a t e d to the amount of a l k a l i r e 
q u i r e d to n e u t r a l i z e a l l of the a c i d produced i n o x i d i z i n g the 
p y r i t e . Thus i f i t i s assumed t h a t a l l of the s u l f u r i n the 
s o l i d s was c o n v e r t e d i n t o s u l f u r i c a c i d d u r i n g the l e a c h i n g 
o p e r a t i o n , i t would have r e q u i r e d an i n i t i a l sodium h y d r o x i d e 
c o n c e n t r a t i o n of 0.40 wt % to n e u t r a l i z e a l l o f the a c i d p r o 
duced. I n t e r e s t i n g l y enough, the d a t a p r e s e n t e d i n F i g u r e 1 show 
t h a t the c o n v e r s i o n f e l l o f f s h a r p l y when l e s s than 0.40 wt % 
c a u s t i c was used. 

The amount of sodium carbonate r e q u i r e d to n e u t r a l i z e the 
a c i d depends on the f i n a l p r o d u c t s of n e u t r a l i z a t i o n . Two p o s s i 
b i l i t i e s a r e shown below. 

H oS0. + N a oC0 o = Na oS0. + C0 o + H o0 (3) 2 4 2 3 2 4 2 2 

H oS0. + 2 N a oC0 o = Na oS0. + 2 NaHC0 o (4) 2 4 2 3 2 4 3 

The f i r s t r e a c t i o n would have r e q u i r e d an i n i t i a l sodium carbon
a t e c o n c e n t r a t i o n of 0.53 wt % to n e u t r a l i z e a l l of the s u l f u r i c 
a c i d whereas the second r e a c t i o n would have r e q u i r e d an i n i t i a l 
c o n c e n t r a t i o n of 1.1 wt %. The e x p e r i m e n t a l r e s u l t s ( F i g u r e 1) 
i n d i c a t e t h a t the c o n v e r s i o n f e l l o f f s h a r p l y when l e s s than about 
1 wt % sodium carbonate was used. 

In the case of sodium phosphate an i n i t i a l c o n c e n t r a t i o n of 
1.65 wt % would have been r e q u i r e d to n e u t r a l i z e a l l o f the pos
s i b l e s u l f u r i c a c i d a c c o r d i n g to the f o l l o w i n g r e a c t i o n : 

H oS0. + 2 Na oP0. = Na oS0. + 2 Na oHP0. (5) 2 4 3 4 2 4 2 4 

Although the e x p e r i m e n t a l r e s u l t s shown i n F i g u r e 1 i n d i c a t e t h a t 
the c o n v e r s i o n f e l l o f f s h a r p l y between 2 and 3 wt %, the s p a r s i t y 
of the d a t a l e a v e c o n s i d e r a b l e doubt as to the exact c r i t i c a l 
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15. TAI E T A L . Alkaline Solutions with Dissolved Oxygen 187 

c o n c e n t r a t i o n . 
Why the c o n v e r s i o n d e c l i n e d a t h i g h e r a l k a l i c o n c e n t r a t i o n s 

which exceeded the optimum l e v e l s can not be e x p l a i n e d w i t h c e r 
t a i n t y . A s i m i l a r d e c l i n e was observed by B u r k i n and Edwards (9) 
when p y r i t e was leac h e d w i t h c a u s t i c s o l u t i o n s , and they a t t r i b u t 
ed the d e c l i n e to the reduced s o l u b i l i t y of oxygen i n these s o l u 
t i o n s . A l s o s i m i l a r b e h a v i o r was observed i n l e a c h i n g both galena 
and molybdenite w i t h c a u s t i c s o l u t i o n s c o n t a i n i n g d i s s o l v e d oxygen 
(13,14). In the case of both m i n e r a l s , a d e c l i n e i n r e a c t i o n 
r a t e w i t h i n c r e a s i n g a l k a l i c o n c e n t r a t i o n was a t t r i b u t e d to the 
d e c r e a s i n g s o l u b i l i t y of oxygen. 

The r e s u l t s of l e a c h i n g d i f f e r e n t s i z e d f r a c t i o n s of p y r i t e 
w i t h sodium carbonate s o l u t i o n s of d i f f e r e n t c o n c e n t r a t i o n s a r e 
presented i n F i g u r e 2. C l e a r l y the e f f e c t o f p a r t i c l e s i z e on 
c o n v e r s i o n was v e r y pronounced w i t h the c o n v e r s i o n i n c r e a s i n g i n 
an almost e x p o n e n t i a l manner as the s i z e was reduced ( F i g u r e 2 ) . 
P a r t i c l e s s m a l l e r than 60 ym i n diameter were c o m p l e t e l y d e s u l 
f u r i z e d i n 1.0 hr by s o l u t i o n s c o n t a i n i n g 2-5 wt % sodium carbon
a t e f o r the c o n d i t i o n s shown i n F i g u r e 2. On the o t h e r hand, 
p a r t i c l e s l a r g e r than 210 ym i n diameter were o n l y about h a l f 
d e s u l f u r i z e d under these c o n d i t i o n s . F i g u r e 2 a l s o shows the 
advantage of u s i n g an a l k a l i n e s o l u t i o n . The lower curve i n t h i s 
diagram r e p r e s e n t e d the c o n v e r s i o n o b t a i n e d when no a l k a l i was 
added to the system. Even w i t h the s m a l l e s t p a r t i c l e s of p y r i t e , 
o n l y 35% of the s u l f u r was e x t r a c t e d i n the absence o f an a l k a l i . 

S e v e r a l runs were made u s i n g l o n g e r r e a c t i o n times to see 
how the c o n v e r s i o n would change w i t h time ( F i g u r e 3 ) . The r e s u l t s 
i n d i c a t e t h a t the r e a c t i o n r a t e decreased as the b a t c h l e a c h i n g 
o p e r a t i o n proceeded. The d e c l i n i n g r a t e c o u l d have been caused 
by the d e c r e a s i n g a v a i l a b i l i t y o f unreacted p y r i t e , i n c r e a s i n g 
r e s i s t a n c e to d i f f u s i o n o f r e a c t a n t s w i t h i n p a r t i c l e s , i n c r e a s i n g 
c o n c e n t r a t i o n of some r a t e - i n h i b i t i n g r e a c t i o n product i n the 
l e a c h s o l u t i o n , o r a combination of these f a c t o r s . 

Coal L e a c h i n g Experiments 

A s e r i e s of l e a c h i n g experiments was c a r r i e d out to d e t e r 
mine the e f f e c t s of v a r i o u s a l k a l i s and a l k a l i c o n c e n t r a t i o n s on 
the d e s u l f u r i z a t i o n of c o a l from the ISU Demonstration Mine No. 1. 
The raw c o a l was p u l v e r i z e d so t h a t 90% was f i n e r than 200 mesh. 
For each experiment 50 g of c o a l and 500 ml of water or a l k a l i n e 
s o l u t i o n were p l a c e d i n the s t i r r e d a u t o c l a v e . The c h e m i c a l 
treatment was c a r r i e d out f o r 2 hr at 150°C w i t h oxygen d i s s o l v e d 
under a p a r t i a l p r e s s u r e o f 3.27 atm and u s i n g a t o t a l system 
p r e s s u r e of 7.8 atm. The t r e a t e d c o a l was r e c o v e r e d , d r i e d , 
weighed, and an a l y z e d to determine the e f f e c t i v e n e s s of the t r e a t 
ment . 

The b e s t o v e r a l l r e s u l t s were o b t a i n e d w i t h sodium carbonate 
among the f o l l o w i n g a l k a l i s which were t e s t e d i n v a r i o u s concen
t r a t i o n s : sodium ca r b o n a t e , sodium h y d r o x i d e , sodium phosphate, 
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188 COAL DESULFURIZATION 

Figure 1. The effect of different 
alkalis and alkali concentrations on 
the extraction of sulfur from pyrite 

PYRITE 

-200/+23O MESH 

7.8 atm. TOTAL PRESS. 

150 °C 

1.0 hr . 

J L 
2 4 6 8 10 

INITIAL CONCENTRATION, wt. % 

Figure 2. The effect of particle size on 
the extraction of sulfur from pyrite 

100 150 200 250 

PYRITE PARTICLE SIZE, microns 
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c a l c i u m c a r b o n a t e , c a l c i u m h y d r o x i d e , and ammonium car b o n a t e . The 
o n l y a l k a l i which approached sodium carbonate i n e f f e c t i v e n e s s was 
sodium phosphate. However, i t r e q u i r e d a 7 wt % i n i t i a l concen
t r a t i o n of sodium phosphate to produce c o a l w i t h a s u l f u r c o n t e n t 
comparable to t h a t o b t a i n e d w i t h a 1.4 wt % i n i t i a l c o n c e n t r a t i o n 
of sodium carb o n a t e . Moreover, the Btu r e c o v e r y was lower and the 
ash content of the product h i g h e r when sodium phosphate was used 
to o b t a i n comparable d e s u l f u r i z a t i o n . 

The i n i t i a l c o n c e n t r a t i o n of sodium carbonate had a ve r y p r o 
nounced e f f e c t on the e x t e n t o f d e s u l f u r i z a t i o n and the r e s u l t i n g 
s u l f u r content of the t r e a t e d c o a l (Table I I I , F i g u r e 4 ) . The 
best r e s u l t s were o b t a i n e d w i t h an i n i t i a l c o n c e n t r a t i o n of 1.4 wt 
% and u s i n g e i t h e r lower or h i g h e r c o n c e n t r a t i o n s r e s u l t e d i n l e s s 
d e s u l f u r i z a t i o n . The treatment w i t h the optimum c o n c e n t r a t i o n r e 
duced the p y r i t i c s u l f u r content of the c o a l by t w o - t h i r d s . A sim
i l a r e f f e c t of c o n c e n t r a t i o n was observed when sodium h y d r o x i d e 
was used w i t h the optimum i n i t i a l c o n c e n t r a t i o n b e i n g about 1 wt %. 
Hence, the e f f e c t of a l k a l i c o n c e n t r a t i o n was l i k e t h a t e x p e r i e n c e d 
i n l e a c h i n g p y r i t e ( F i g u r e 1 ) . 

Under the m i l d l e a c h i n g c o n d i t i o n s used i n t h i s work, m a i n l y 
i n o r g a n i c s u l f u r was e x t r a c t e d from the c o a l . E s s e n t i a l l y a l l 
of the s u l f a t e form of s u l f u r was e x t r a c t e d and a good share of 
the p y r i t i c s u l f u r . U n f o r t u n a t e l y the r e s u l t s r e p o r t e d i n Table 
I I I f o r o r g a n i c s u l f u r a r e so e r r a t i c t h a t i t i s not p o s s i b l e to 
d i s c e r n whether o r g a n i c s u l f u r was removed or not. 

For the experiments i n v o l v i n g sodium c a r b o n a t e , the y i e l d of 
dry c o a l was 93-94%, and the Btu r e c o v e r y was 88-92%. These 
v a l u e s c o u l d have been h i g h e r w i t h the e x e r c i s e of g r e a t e r c a r e 
i n c o n d u c t i n g the experiments. S i n c e the h e a t i n g v a l u e of the 
t r e a t e d c o a l on a m o i s t u r e and ash f r e e (maf) b a s i s was n e a r l y 
the same as t h a t of the u n t r e a t e d c o a l , i t does not appear t h a t the 
c o a l was s i g n i f i c a n t l y degraded by the treatment. A l s o the oxygen 
co n t e n t of the c o a l , as determined by u l t i m a t e c h e m i c a l a n a l y s i s , 
d i d not appear to be s i g n i f i c a n t l y d i f f e r e n t from t h a t of the 
un t r e a t e d c o a l . These r e s u l t s c o n t r a s t markedly w i t h those r e 
po r t e d by Sareen e t a l . (3,4) f o r treatments u s i n g much h i g h e r 
oxygen p a r t i a l p r e s s u r e s which r e s u l t e d i n n o t i c e a b l e oxygen up
take by I l l i n o i s No. 6 c o a l . 

As a r e s u l t o f the a l k a l i treatment, the sodium and ash con
t e n t o f the c o a l i n c r e a s e d measurably (Table I I I , F i g u r e 5 ) . The 
i n c r e a s e i n ash content was d i r e c t l y p r o p o r t i o n a l to the i n c r e a s e 
i n sodium content and seemed caused almost e n t i r e l y by the adsorp
t i o n of sodium. Most of the i n c r e a s e i n sodium or ash con t e n t 
took p l a c e a t lower a l k a l i c o n c e n t r a t i o n s , and more than 2 wt % 
sodium carbonate i n the l e a c h a n t g e n e r a l l y produced l i t t l e a d d i 
t i o n a l i n c r e a s e . In o t h e r words, the c o a l seemed to become 
s a t u r a t e d when the l e a c h s o l u t i o n c o n t a i n e d 2 wt % sodium carbon
a t e or more. On the o t h e r hand, the c o a l r e t a i n e d v e r y l i t t l e 
sodium when the l e a c h s o l u t i o n i n i t i a l l y c o n t a i n e d 0.8 wt % sod
ium carbonate o r l e s s because the s o l u t i o n became a c i d i c by the 
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PYRITE 

- 1 2 0 / + Ί 4 0 MESH 

7.8 

150 

atm. 
°C 

2 3 

REACTION T IME , h r . 

Figure 3. The effect of reaction time on 
the extraction of sulfur from pyrite 

- 2 0 0 MESH ISU COAL 
7 . 8 a t m . TOTAL PRESS . 

1 50 ° C 
2 . 0 h r . 

I I 
4 6 8 10 12 

I N I T I A L SODIUM CARBONATE CONCENTRATION, WT. % 

Figure 4. Sulfur content of IS U coal after leaching 
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192 C O A L DESULFURIZATION 

end of a run. Washing w i t h water d i d not remove sodium from the 
t r e a t e d c o a l , but washing w i t h d i l u t e a c i d (0.1N h y d r o c h l o r i c 
a c i d ) d i d remove i t . 

Another s e r i e s of experiments was conducted to see what 
e f f e c t r e d u c i n g the s i z e of the c o a l would have on d e s u l f u r i z a t i o n 
by c h e m i c a l l e a c h i n g . ISU c o a l was f i r s t p u l v e r i z e d to -35 mesh 
(about 50% below 200 mesh) w i t h a M i k r o - S a m p l m i l l ( P u l v e r i z i n g 
Machinery D i v i s i o n , A m e r i c a n - M a r i e t t a Co.). The c o a l was then 
wet-ground i n a ceramic j a r m i l l f o r d i f f e r e n t time p e r i o d s . The 
p a r t i c l e s i z e d i s t r i b u t i o n of the c o a l a f t e r g r i n d i n g f o r 2, 4, 
8, and 20 hr i s shown i n F i g u r e 6. A f t e r g r i n d i n g f o r 2 h r , 97% 
of the c o a l was f i n e r than 400 mesh (38 ym) s i z e . The p u l v e r i z e d 
or ground c o a l was then l e a c h e d i n the s t i r r e d a u t o c l a v e f o r 2 hr 
a t 140°C w i t h a 2.0 wt % s o l u t i o n of sodium carbonate c o n t a i n 
i n g oxygen d i s s o l v e d under a p a r t i a l p r e s s u r e of 2.4 atm and w i t h 
a t o t a l system p r e s s u r e of 5.8 atm. For each l e a c h i n g run 25 g 
of c o a l was mixed w i t h 500 ml of s o l u t i o n . The r e s u l t s p r e s e n t e d 
i n Table IV show t h a t more s u l f u r was e x t r a c t e d from c o a l which 
had been ground i n the b a l l m i l l than from c o a l which had o n l y 
been p u l v e r i z e d w i t h the M i k r o - S a m p l m i l l . Thus the p y r i t i c s u l 
f u r c ontent of the b a l l - m i l l e d c o a l was reduced 87% whereas the 
p y r i t i c s u l f u r c o n t e n t of the p u l v e r i z e d c o a l was reduced o n l y 
71%. However, g r i n d i n g the c o a l f o r more than 2 hr d i d not p r o 
duce any a d d i t i o n a l b e n e f i t . 

Combined P h y s i c a l and Chemical C l e a n i n g 

A f i n a l s e t of experiments i n v o l v e d combined p h y s i c a l and 
c h e m i c a l c l e a n i n g of s e v e r a l Iowa c o a l s . Each c o a l was crushed 
to 6 mm χ 0 s i z e w i t h a double r o l l c r u s h e r and then c l e a n e d by 
g r a v i t y s e p a r a t i o n i n an o r g a n i c l i q u i d h a v i n g a s p e c i f i c g r a v i t y 
o f 1.60. The c l e a n e d f l o a t f r a c t i o n was r e c o v e r e d , d r i e d , and 
p u l v e r i z e d w i t h the M i k r o - S a m p l m i l l . The p u l v e r i z e d c o a l was wet-
ground next i n the ceramic j a r m i l l f o r 20 hr and f i n a l l y l e a c h e d 
i n the s t i r r e d a u t o c l a v e f o r 2.0 hr w i t h a 2.0 wt % sodium c a r 
bonate s o l u t i o n . The e f f e c t s of d i f f e r e n t l e a c h i n g temperatures 
and oxygen p a r t i a l p r e s s u r e s were s t u d i e d . 

The r e s u l t s p r esented i n Table V show th a t g r a v i t y s e p a r a t i o n 
removed a s u b s t a n t i a l p a r t of the p y r i t i c s u l f u r from each c o a l 
and t h a t c h e m i c a l l e a c h i n g removed most of the r e m a i n i n g i n o r g a n i c 
s u l f u r , both p y r i t i c and s u l f a t e . Thus through the combined 
treatment, the i n o r g a n i c s u l f u r c o n t e n t of each of the t h r e e 
c o a l s was reduced 93-95%. The t r e a t e d ICO c o a l came c l o s e to 
meeting the f e d e r a l new source performance st a n d a r d of 0.6 l b 
S/10 6 B t u . 

For the p h y s i c a l l y c l e a n e d and f i n e l y ground c o a l , i t d i d 
not seem to make any d i f f e r e n c e what l e a c h i n g temperature i n the 
range of 120°-150°C or what oxygen p a r t i a l p r e s s u r e i n the range 
of 2.4-5.2 atm was used because e s s e n t i a l l y a l l of the i n o r g a n i c 
s u l f u r was removed even under the m i l d e s t treatment c o n d i t i o n s . 
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196 COAL DESULFURIZATION 

T h e r e f o r e , i t s h o u l d have been p o s s i b l e to o b t a i n as good r e s u l t s 
even w i t h m i l d e r treatment c o n d i t i o n s or a s h o r t e r r e a c t i o n time. 

C o n c l u s i o n s 

D i l u t e a l k a l i n e s o l u t i o n s c o n t a i n i n g oxygen d i s s o l v e d under 
p r e s s u r e were ve r y e f f e c t i v e a t e l e v a t e d temperatures f o r ex
t r a c t i n g the i n o r g a n i c s u l f u r from c o a l . Of v a r i o u s a l k a l i s 
t e s t e d , sodium carbonate gave the be s t r e s u l t s . T h i s m a t e r i a l 
a l s o has the advantages of b e i n g r e a d i l y a v a i l a b l e , low i n c o s t , 
and r e l a t i v e l y n o n c o r r o s i v e i n aqueous s o l u t i o n towards s t e e l and 
ot h e r common m a t e r i a l s of c o n s t r u c t i o n . Although s u f f i c i e n t 
a l k a l i should be used to n e u t r a l i z e a l l of the a c i d which i s 
produced through o x i d a t i o n of the c o a l s u l f u r , an e x c e s s i v e con
c e n t r a t i o n of a l k a l i seems to slow the r a t e of d e s u l f u r i z a t i o n . 
On the o t h e r head, the r a t e of d e s u l f u r i z a t i o n can be i n c r e a s e d 
by r e d u c i n g the s i z e of the c o a l and/or p y r i t e p a r t i c l e s . Leach
i n g c o a l f i n e s w i t h d i l u t e sodium carbonate s o l u t i o n s a t tempera
t u r e s up to 150°C and w i t h oxygen p a r t i a l p r e s s u r e s up to 5 atm 
f o r up to 2 hr does not seem to degrade h i g h v o l a t i l e b ituminous 
c o a l . However, the c o a l does adsorb sodium from the l e a c h s o l u 
t i o n which can be removed subsequently by washing w i t h d i l u t e 
a c i d . Chemical l e a c h i n g can be combined advantageously w i t h 
p h y s i c a l c l e a n i n g s i n c e the l a t t e r i s more adept a t removing 
c o a r s e r p a r t i c l e s of p y r i t e w h i l e the former i s more adept a t 
removing the m i c r o s c o p i c p a r t i c l e s . 
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