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Coal Desulfurization and Deashing by Oil Agglomeration 
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AMES LABORATORY, USDOE, A N D  DEPARTMENT OF CHEMICAL 
ENGlNEERlNG A N D  DEPARTMENT OF ENGINEERING SCIENCE A N D  
MECHANICS 
IOWA STATE UNIVERSITY 
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ABSTRACT 

Coal organic  matter w a s  separa ted  from i t s  a s s o c i a t e d  minera l  
matter by reducing t h e  material t o  a f i n e - s i z e ,  suspending t h e  
p a r t i c l e s  i n  water ,  s e l e c t i v e l y  agglomerating wi th  o i l  t h e  par- 
t i c l e s  which were l a r g e l y  organic ,  and screening  t h e  suspension 
t o  recover  t h e  agglomerates. S ince  p a r t i c l e s  of i r o n  p y r i t e s  
tended t o  be agglomerated w i t h  t h e  c o a l ,  v a r i o u s  means of pre- 
vent ing  t h e  agglomerat ion of p y r i t e  were i n v e s t i g a t e d .  I n  some 
c a s e s  p y r i t e  agglomerat ion w a s  prevented by suspending t h e  par- 
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 .  I n  o t h e r  c a s e s  i t  w a s  prevented 
by p r e t r e a t i n g  t h e  p a r t i c l e s  w i t h  a warm a l k a l i n e  suspension 
through which a i r  w a s  bubbled t o  o x i d i z e  t h e  s u r f a c e  of t h e  p y r i t e .  
However, when t h i s  method of pre t rea tment  w a s  appl ied  t o  s e v e r a l  
Pennsylvania  c o a l s ,  a cons iderable  p a r t  of t h e  p y r i t i c  s u l f u r  was 
e x t r a c t e d  through d i s s o l u t i o n .  An unexpected d iscovery  revea led  
by scanning e l e c t r o n  microscopy w a s  t h e  unusual  s t a b i l i t y  of t h e  
c o a l  microagglomerates which remained a f t e r  t h e  o i l  w a s  e x t r a c t e d .  

INTRODUCTION 

Although t h e  o i l  agglomerat ion method of s e p a r a t i n g  f i n e -  

s i z e  c o a l  and minera l  matter has  been s t u d i e d  f o r  many y e a r s  and 

has  even been demonstrated i n  a number of p i l o t  p l a n t s  and proto-  

type i n d u s t r i a l  p l a n t s  i n  v a r i o u s  c o u n t r i e s ,  i t  i s  f a r  from being 

a f u l l y  developed o r  widely used commercial p rocess  (1). The 
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1.590 LEONARD ET AL. 

method s u f f e r s  a n  economic p e n a l t y  from t h e  r e l a t i v e l y  h i g h  c o s t  

oE o i l .  A l so  t h e  method does  n o t  d i s c r i m i n a t e  w e l l  between c o a l  

and i r o n  p y r i t e ,  t h e  p r i n c i p a l  s u l f u r - b e a r i n g  m i n e r a l  i n  c o a l .  

On t h e  o t h e r  hand, t h e  method can p r o v i d e  a h i g h  r e c o v e r y  of f i n e -  

size' c o a l  w i t h  good r e j e c t i o n  of ash-forming m i n e r a l  m a t t e r  and 

can be used t o  c l e a n  a wide v a r i e t y  of c o a l s ,  i n c l u d i n g  some ox i -  

d i zed  and h y d r o p h i l i c  c o a l s  which do n o t  respond w e l l  t o  o t h e r  

mfztllods such  as  f r o t h  f l o t a t i o n .  I n  a d d i t i o n ,  t h e  p roduc t  can  be 

murc e a s i l y  dewatered t h a n  t h e  unagglomerated c o a l  f i n e s  and ,  a f -  

tear d r y i n g ,  can be  a f r ee - f lowing ,  nondus t ing  m a t e r i a l .  The 

method seems p a r t i c u l a r l y  w e l l - s u i t e d  f o r  c l e a n i n g  c o a l  which w i l l  

be used i n  c o a l - o i l  m i x t u r e s  s i n c e  t h e  c o s t  of t h e  o i l  can be  

f u l1  y r ecove red .  

The o i l  agg lomera t ion  method of s e p a r a t i n g  t h e  v a r i o u s  com- 

ponen t s  of c o a l  t a k e s  advantage of t h e  d i f f e r e n c e  i n  s u r f a c e  

p r o p e r t i e s  of t h e s e  components ( 2 ) .  G e n e r a l l y  t h e  i n o r g a n i c  min- 

e r a l s  excep t  p y r i t e  t end  t o  be  q u i t e  h y d r o p h i l i c  o r  wa te r - av id ,  

whereas  t h e  o r g a n i c  m a c e r a l s  are e i t h e r  hydrophobic  o r  a t  l e a s t  

1r.s.  h y d r o p h i l i c  t h a n  t h e  i n o r g a n i e  materials.  When a s m a l l  

amount of f u e l  o i l  i s  added t o  a s t r o n g l y  a g i t a t e d  suspens ion  of 

f i n e - s i z e  c o a l  p a r t i c l e s  i n  water, t h e  p a r t i c l e s  which a r e  l a r g e -  

l y  o r g a n i c  become o i l - c o a t e d  and s t i c k  t o g e t h e r  forming r e l a t i v e -  

1) large f l o c s  o r  agg lomera te s ,  whereas  t h e  i n o r g a n i c  p a r t i c l e s  

remain u n a f f e c t e d .  The m i x t u r e  can be s e p a r a t e d  on a s c r e e n  

which p a s s e s  t h e  w a t e r  and unagglomerated c o a l .  

A c l e a n  p y r i t e  s u r f a c e  t e n d s  t o  be  hydrophobic  ( 3 ) ,  and 

e a r l y  o i l  

were r ead  

come t h i s  

i ron-oxid 

and t h e r e  

agg lomera t ion  expe r imen t s  showed t h a t  p y r i t e  p a r t i c l e s  

1.y we t t ed  by f u e l  o i l  and agglomerated ( 4 ) .  To over-  

tendency of p y r i t e ,  Capes e t  a l .  (5) t r e a t e d  c o a l  w i t h  

z ing  b a c t e r i a  t o  make t h e  s u r f a c e  of  p y r i t e  h y d r o p h i l i c  

y improve t h e  s e p a r a t i o n  o f  c o a l  and p y r i t e  by o i l  ag- 

g lomera t ion .  P o s i t i v e  r e s u l t s  were ach ieved  when t h e  c o a l  w a s  

t r e a t e d  f u r  1 t o  3 days .  

An a l t e r n a t i v e ,  r a p i d  chemica l  method of o x i d i z i n g  t h e  su r -  

f a c e  of p y r i t e  t o  r e n d e r  i t  h y d r o p h i l i c  h a s  been under  i n v e s t i g a t i o n  
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COAL DESULFURIZATION AND DEASHING 1591 

a t  Iowa S t a t e  U n i v e r s i t y  f o r  s e v e r a l  y e a r s .  I n  t h i s  method f i n e -  

s i z e  c o a l  suspended i n  a warm a l k a l i n e  s o l u t i o n  i s  t r e a t e d  w i t h  

a i r .  The method a r o s e  from work on a r e l a t e d  p r o c e s s  which com- 

p l e t e l y  c o n v e r t s  p y r i t e  i n t o  i r o n  o x i d e  and s o l u b l e  s u l f a t e s  by 

o x i d a t i o n  i n  a l k a l i n e  s o l u t i o n s  under more r i g o r o u s  c o n d i t i o n s  

( 6 ) .  But c r e d i t  must a l s o  be g iven  t o  Glembotski i  e t  a l .  (3) who 

noted t h a t  w e t  o x i d a t i o n  of p y r i t e  l e a d s  t o  t h e  formation of a 

h i g h l y  hydrated f i l m  of f e r r i c  hydroxide which g r e a t l y  a l te rs  t h e  

s u r f a c e  p r o p e r t i e s  of t h e  mater ia l .  

To e v a l u a t e  t h e  proposed chemical  method of a l t e r i n g  t h e  sur -  

f a c e  of p y r i t e ,  numerous experiments  have been conducted i n  which 

f i n e - s i z e  c o a l  o r  p y r i t e  a l o n e  w a s  p r e t r e a t e d  by t h i s  method and 

then subjec ted  t o  o i l  agglomerat ion.  The s tudy  was extended sub- 

sequent ly  t o  t h e  p o s s i b l e  e f f e c t s  of t h e  a l k a l i n e  s o l u t i o n  i t s e l f  

and of pH on t h e  recovery  of c l e a n  c o a l  and r e j e c t i o n  of m i n e r a l  

matter by o i l  agglomerat ion.  Some of t h e  i n i t i a l  work w i t h  Iowa 

c o a l s  w i l l  be reviewed f i r s t  and then t h e  r e c e n t  work w i t h  Pennsyl- 

v a n i a  c o a l s  w i l l  be descr ibed  i n  g r e a t e r  d e t a i l .  

INITIAL WORK WITH IOWA COAL AND PYRITE 

An e x t e n s i v e  s tudy  of t h e  e f f e c t s  of o x i d a t i v e  p r e t r e a t m e n t  

on t h e  o i l  agglomerat ion of h i g h  v o l a t i l e  C bi tuminous coal and 

of i r o n  p y r i t e s  a l o n e ,  bo th  from t h e  Iowa S t a t e  U n i v e r s i t y  (ISU) 

demonstrat ion mine i n  Mahaska County, Iowa, w a s  c a r r i e d  o u t  by 

P a t t e r s o n  ( 7 , 8 ) .  S i n c e  t h e  c o a l  w a s  no t  p r o t e c t e d  from atmos- 

p h e r i c  o x i d a t i o n  dur ing  s t o r a g e ,  i t  w a s  somewhat ox id ized  by t h e  

t i m e  i t  w a s  u t i l i z e d  as i n d i c a t e d  by i t s  r e l a t i v e l y  h i g h  c o n t e n t  

of s u l f a t i c  s u l f u r  (1-2%). The l a t t e r  u s u a l l y  r e s u l t s  from t h e  

o x i d a t i o n  of p y r i t e s .  

I n  one series of  experiments ,  -230 mesh s i z e  p a r t i c l e s  of 

p y r i t e ,  conta in ing  86 w t . %  FeS2 and s i g n i f i c a n t  amounts of o t h e r  

i r o n ,  s u l f u r  and calcium m i n e r a l s ,  were agglomerated w i t h  No. 200 

LLS f u e l  o i l  (Amoco). These p a r t i c l e s  were prepared  by p u l v e r i z i n g  

p y r i t e  nodules  which w e r e  e x t r a c t e d  from t h e  Iowa c o a l .  For some 
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1592 LEONARD ET AL. 

experiments the particles were oil agglomerated directly while f o r  

other experiments the solids were pretreated first in a warm aerated 

solurion containing dissolved air and 2.0 wt.% sodium carbonate. 
After pretreatment the suspension was cooled and transferred to a 

kitchen blender where the suspension was agitated vigorously while 

oil was added to agglomerate the particles. In some experiments 

the oil was added directly, whereas in others it was added as an 

oil-and-water emulsion. For all these experiments 5 ml. of oil was 

used to treat 50 g. of particles suspended in 250 ml. of water. 

Any agglomerates produced in the blender were recovered by pouring 
the suspension through a No. 140 U.S. Standard sieve. 

The percentage of the pyrite charge which was recovered as 

agglomerates is reported in Table 1 f o r  different experimental con- 

ditions. When the particles were agglomerated in plain water with- 

out pretreatment, 91.7% of the material was recovered with emulsi- 

fied oil and 63.8% with oil which had not been emulsified. Pre- 

treating the solids in an alkaline solution, either with air at 

TABLE 1 

AggJomeration of -230 Mesh Pyrite Particles with No. 200 LLS 
Fue.1 Oil.a 

b 

No. Gas Temp.,oC Time, min. Na2C03, % Oil prep. Rec., % 

I - -  - -  - _  0 none 63.8 

2 - -  - -  - -  0 emulsified 91.7 

Tesl. - Pretreat. Conditions Agglom. Conditions Pyrite 

3 a ir 23 15 2 emulsified 87.9 

80 15 2 emulsified 84.5 4 

5 air 50 5 2 emulsified 9.5 

6 air 80 15 2 emulsified 8.8 

N2 

aAverage of duplicate runs. 

bWeight recovered on oil- and moisture-free basis. 
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COAL DESULFURIZATION AND DEASHING 1593 

room temperature or with nitrogen at 8OoC, was not effective in 

preventing agglomeration. However, when the particles were pre- 

treated with air in a heated solution, the recovery dropped dra- 
matically. Other experiments of a similar nature made with No. 5 

light LLS fuel oil produced comparable results. 

In a second series of experiments, coal from the ISU demon- 

stration mine was ball-milled and then agglomerated with a mixture 

of No. 200 LLS (25 vo l .%)  and No. 6 LLS (75 vol.%) fuel oils 

(Amoco). For each agglomeration experiment, 50 g. of ground coal 

was suspended in 500 ml. of water. The suspension was agitated 
vigorously in a kitchen blender while 5 ml. of the oil mixture was 
added, and then for an additional 5 min. The agglomerates which 

formed were recovered on a No. 140 U.S. Standard sieve and re- 
turned to the blender for washing with water. The suspension was 

then poured onto the same screen and the agglomerates recovered. 

With this technique the inorganic sulfur content of the coal was 

reduced 40% and the ash content 35%. When the coal was pretreated 

first in an alkaline solution with air at various temperatures 

and then oil agglomerated as before at room temperature but in an 

alkaline solution, the results shown in Table 2 were obtained. 
The results achieved by pretreating the coal at room temperature 

(23OC) were virtually the same as those achieved without any pre- 

treatment. On the other hand, when the coal was pretreated at 

5OoC or higher temperature, both the ash and inorganic sulfur con- 

tents were reduced considerably more than without the pretreat- 

ment. 
time of only 5 min., slightly better resulrs were achieved with a 

pretreatment time of 15 rnin., but extending the pretreatment time 

to 30 rnin. was counterproductive. 

Although good results were achieved with a pretreatment 

To see if pyritic sulfur was removed by leaching during the 

pretreatment step, further experiments were conducted in which 

the ball-milled Iowa coal was pretreated in a 2 wt.% sodium car- 

bonate solution at 8OoC with air and then recovered by filtration. 
The filter cake was washed with 10% hydrochloric acid, dried and 
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TABLE 2 

LEONARD ET AL. 

Prc.1 redtnient and Agglomeration of -400 Mesh Iowa (ISU) Coal in 2 
w1.X Na CO Solution with Fuel Oil Mixture.a 2 3  

T e s f  Pretreatment Yield, Composition,%c Reduction,% 
No. Temp. ,OC Time, min. % Ash Inorg. S Ash Inorg. S 

1 23 15 95 .1  9.50 3.00 39.3 39.5 

2 50 5 91 .3  6.45 1 .18  58.8 76.2 

3 50 15 88.6 6.20 0.90 60.4 81.9 

4 80 5 92.7 6.64 1.01 57.6 79.6 

5 80 15 92.9 5 .76  0.62 63.2 87.5 

6 80 30 90.4 6.18 1.02 60.5 79.4 

“Aberage of duplicate runs. 

b 

‘Composition of oil- and moisture-free product or feed. 

Cecal yield on ash-, oil-, and moisture-free basis. 

m ~ l y i . e c i .  While this treatment extracted most of the sulfatic sul- 

c u l t  which was usually high initially (2 .04%),  it removed very 

little of the pyritic sulfur. Thus an  insignificant amount of py- 

riLic sulfur was removed when the coal was pretreated for 15 min. 

a i d  o n l y  24% when it was pretreated for 60 min. Therefore it ap-  

pcs.ired that the pretreatment step mainly affected the surface of 

L t i e  pyrite particles. 

The preceding study was followed by another series of experi- 

rnclnts conducted by a different worker (9) .  The coal was similar 

bcaing from the Childers site adjacent to the ISU demonstration mine. 

T h e  coal was ball-milled and oil agglomerated as before except that 

X i ) .  200 LLS fuel oil (Amoco) alone was used instead of the mixture 

of o i l s .  

th? inorganic sulfur and ash contents were reduced 25.7% and 33.5% 

When the ground coal was oil agglomerated in plain water, 
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COAL DESULFURIZATION AND DEASHING 1595 

TABLE 3 

Agglomeration of -400 Mesh Iowa ( C h i l d e r s )  Coal w i t h  No. 200 LLS 
F u e l  O i l . a  

Test Na2C03, P r e t r e a t m e n t  Y i e l d ,  Composition, % C  Reduc t ion ,L  
No. w t . %  Temp.,oC Time, Min. % Ash I n o r g .  S Ash I n o r g .  S 

- -  _ -  - -  12.26 3.93 - - - _  Feed - - 
1 0 _ _  - -  84.3 8.15 2.92 33.5 25.7 

2 2 _ _  - -  82.4 6.15 1 . 1 0  49.8 72.0 

- -  - -  - -  13.16 4.23 - - - -  
3 0 80 15 81.8 8.74 3.75 33.6 1 1 . 3  

4 2 80  15 80.7 7 . 1 1  1.37 46.0 67.6 

Feed - - 

aAverage of  d u p l i c a t e  r u n s .  

bCoal y i e l d  on ash-,  o i l - ,  and m o i s t u r e - f r e e  b a s i s .  

CComposition of o i l -  and m o i s t u r e - f r e e  p roduc t  o r  f e e d .  

r e s p e c t i v e l y  (Tab le  3) .  Better r e s u l t s  were ach ieved  when t h e  c o a l  

w a s  o i l  agglomerated i n  an a l k a l i n e  s o l u t i o n  which lowered t h e  in -  

o r g a n i c  s u l f u r  and a s h  c o n t e n t s  by 72% and 49.8% r e s p e c t i v e l y .  

But no f u r t h e r  improvement w a s  ach ieved  when t h e  c o a l  w a s  pre-  

t r e a t e d  w i t h  a i r  i n  a h o t  a l k a l i n e  s o l u t i o n  and t h e n  o i l  agglomer- 

a t e d .  

A d d i t i o n a l  expe r imen t s  were conducted i n  which t h e  ground c o a l  

w a s  oil agglomerated i n  v a r i o u s  s o l u t i o n s  having d i f f e r e n t  pH l e v -  

e l s  ( F i g u r e  1). The r e j e c t i o n  of i n o r g a n i c  s u l f u r  w a s  a maximum 

ove r  a pH r a n g e  from 7 t o  11. 

f u r  and s u l f a t i c  s u l f u r  seemed t o  be  r e j e c t e d  whereas  a t  low pH 

on ly  the s u l f a t e  form appeared t o  be  removed. 

ash-forming m i n e r a l s  seemed o n l y  s l i g h t l y  a f f e c t e d  by pH excep t  a t  

h i g h  pH where less m i n e r a l  matter w a s  r e j e c t e d .  

c o a l  o r g a n i c  m a t t e r  by o i l  agg lomera t ion  w a s  a l s o  n o t  a f f e c t e d  

g r e a t l y  by pH excep t  a t  h i g h  pH where t h e  r ecove ry  dropped. 

u s e  of calcium hydrox ide  s o l u t i o n s  reduced c o a l  r e c o v e r y  and a l s o  

reduced s u l f u r  r e j e c t i o n .  

Over t h i s  pH r a n g e  b o t h  p y r i t i c  sul-  

The removal  of o t h e r  

The r e c o v e r y  of 

The 
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I /  
2 1  I I I I I I 

80 - 

i 
8 6 0 t  ' NONE 

+ 

x NaHC03 
+ NaOH 

0 2 4 6 8 10 12 

PH 

FIGURE 1. Results of  agglomerat ing -400 mesh Iowa (Chi lders )  coal  
w i t h  No. 200 LLS f u e l  o i l  i n  s o l u t i o n s  having d i f f e r e n t  
pH levels. 
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COAL DESULFURIZATION AND DEASHING 1597 

These r e s u l t s  c o n t r a s t e d  w i t h  t h o s e  of P a t t e r s o n  (7,8) which 

i n d i c a t e d  t h a t  t h e  o x i d a t i v e  p r e t r e a t m e n t  s t e p  was n e c e s s a r y  f o r  

good p y r i t e  r e j e c t i o n .  

RECENT WORK WITH PENNSYLVANIA COALS 

TJpper F r e e p o r t  c o a l  and P i t t s b u r g h  No. 8 c o a l  from Pennsyl-  

v a n i a  w e r e  u t i l i z e d  f o r  r e c e n t  work on o i l  agglomerat ion because  

t h e s e  c o a l s  d i f f e r  s i g n i f i c a n t l y  from t h e  Iowa c o a l s .  Both c o a l s  

are h i g h e r  i n  r ank  t h a n  t h e  Iowa c o a l s .  The Upper F r e e p o r t  c o a l  

i s  ex t r eme ly  hydrophobic  and t h e  P i t t s b u r g h  No. 8 c o a l  m o d e r a t e l y  

hydrophobic ,  whereas  t h e  Iowa c o a l s  are h y d r o p h i l i c .  F r e s h  run- 

of-mine samples of t h e  Pennsy lvan ia  c o a l s  were o b t a i n e d  and s t o r e d  

under  n i t r o g e n  t o  p r e v e n t  o x i d a t i o n .  

For t h e  o i l  agg lomera t ion  expe r imen t s  w i t h  t h e  Pennsy lvan ia  

c o a l s ,  more comprehensive measurements and o b s e r v a t i o n s  w e r e  made 

t o  e v a l u a t e  b e t t e r  t h e  o x i d a t i v e  p r e t r e a t m e n t  s t e p  and medium i n  

which t h e  o i l  agglomerat ion s t e p  was conducted.  T h e r e f o r e ,  i t  

w a s  p o s s i b l e  t o  make more d e t a i l e d  material  b a l a n c e s  f o r  s u l f u r  

and a s h .  

Ffaterials and Methods 

The s o u r c e ,  composi t ion and h e a t i n g  v a l u e  of t h e  Pennsy lvan ia  

c o a l s  are i n d i c a t e d  i n  Tab le  4 .  D e t a i l e d  examinat ion of t h e  c o a l s  

by scann ing  e l e c t r o n  microscopy,  e n e r g y - d i s p e r s i v e  x-ray a n a l y s i s ,  

r e f l e c t e d  l i g h t  microscopy,  and x-ray d i f f r a c t i o n  r e v e a l e d  much 

i n f o r m a t i o n  about  t h e  chemical  and p h y s i c a l  n a t u r e  of t h e  m i n e r a l  

m a t t e r  embedded i n  t h e  c o a l  m a t r i x .  The major  i n o r g a n i c  p h a s e s  

p r e s e n t  i n  t h e s e  c o a l s  a r e  p y r i t e ,  q u a r t z ,  and c l a y s  ( k a o l i n i t e  

and mixed l a y e r  i l l i t e s ) .  Some c a l c i t e  i s  a l s o  p r e s e n t .  The c l a y s  

and much of t h e  p y r i t e  are p r e s e n t  as v e r y  s m a l l  p a r t i c l e s  which 

are f i n e l y  d i s semina ted  throughout  t h e  c o a l  m a t r i x .  T y p i c a l  f i n e l y  

d i s p e r s e d  c l u s t e r s  of p y r i t e  c r y s t a l s  i n  P i t t s b u r g h  No. 8 c o a l  can 

be  seen  i n  F i g u r e  2. O the r  photomicrographs showed t h a t  p y r i t e  

m i c r o c r y s t a l l i t e s  were n o t  comple t e ly  l i b e r a t e d  even when t h e  
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1598 LEONARD ET AL. 

TABLE 4 

Composition and Hea t ing  Value of Pennsy lvan ia  Coa l s  as Received. 

Upper 
F reepor  t 

P i t t s b u r g h  
No. 8 

Source 

MoisLure, X 

Ash, % 

P y r i t e  S ,  % 
SuLEate S ,  % 
Organic  S ,  % 
Total  S ,  7: 

He,it:ng Value,  
RTlJ/lh. 

E-Seam 
Helen Mine, 
C e n t r a l  PA 

0 . 7 7  

23.93 

2.57 
0.05 
0.63 
3.25 

11,830 

I r e l a n d  Mine, 
Mound s v i  l l e  , 
PA 

1.65 

37.53 

2.53 
0.10 
1.32 
3.95 

8,810 

Pennsylvania  c o a l s  w e r e  ground t o  p a s s  a 325 mesh s c r e e n .  The f i n e  

deg ree  of d i s p e r s i o n  of c l a y s  w i t h i n  Upper F r e e p o r t  c o a l  can be  

s e e n  i n  F i g u r e  3. 

To p r e p a r e  c o a l  f o r  o i l  agg lomera t ion ,  i t  was ground f o r  1 2  h r .  

i n  rl j a r  m i l l  c o n t a i n i n g  800 g.  of crushed c o a l ,  1000 m l .  of wa te r  

and :!OOO g .  of f l i n t  pebb les .  Over 99% of t h e  m a t e r i a l  would t h e n  

p a s s  a 400 mesh s c r e e n .  The c o a l  was d r i e d  i n  a vacuum oven and 

s t o r e d  under n i t r o g e n  i n  s e a l e d  j a rs  t o  p reven t  o x i d a t i o n .  

For  e a c h  o i l  agg lomera t ion  experiment  50 g .  of ground c o a l  

was suspended i n  500 m l .  of p l a i n  w a t e r  o r  a 2 w t .  % s o l u t i o n  of  

soclium ca rbona te .  The suspens ion  was a g i t a t e d  f o r  1 min. w i t h  a 

high-speed k i t c h e n  b l e n d e r  whereupon t h e  pH was measured. For t h e  

p l a i r ?  w a t e r  suspens ions ,  t h e  pH ranged from 7 . 0  t o  7 . 7 ,  whereas  f o r  

t h e  a l k a l i n e  s u s p e n s i o n s  i t  ranged from 10 t o  11. A f t e r  t h i s  

me'isiirement, a g i t a t i o n  w a s  resumed and 5 m l .  of No. 200 LLS f u e l  

o i l  (Amoco) w a s  added. A g i t a t i o n  was con t inued  f o r  5 min. t o  ag- 

glomerate  t h e  c o a l  a f t e r  which t h e  agg lomera te s  w e r e  c o l l e c t e d  on 

a N o  140 U.S.  S t anda rd  s i e v e .  The agg lomera te s  w e r e  a l lowed t o  

d r a i n  and w e r e  r e t u r n e d  t o  t h e  b l e n d e r  w i t h  400 m l .  of wa te r  o r  
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COAL DESULFURIZATION AND DEASHING 1599 

FIGURE 2 .  SEM image of f r a c t u r e  s u r f a c e  of P i t t s b u r g h  No. 8 c o a l .  
P y r i t e  c l u s t e r s  i n d i c a t e d  by a r rows .  

sodium c a r b o n a t e  s o l u t i o n  depending on which was used i n i t i a l l y .  

The suspens ion  w a s  t h e n  a g i t a t e d  f o r  a n o t h e r  5 min. 

a tes  were r ecove red  by s c r e e n i n g  and t h e n  d r i e d ,  e x t r a c t e d  w i t h  

hexane t o  remove t h e  o i l ,  and ana lyzed .  The r e j e c t e d  m a t e r i a l  

which passed  through t h e  sieve w a s  f i l t e r e d  t o  r e c o v e r  t h e  s o l i d s  

which were washed, d r i e d  and ana lyzed .  The f i l t r a t e  was ana lyzed  

f o r  i t s  t o t a l  s u l f u r  c o n t e n t .  

The agglomer- 

For  some of t h e  expe r imen t s  t h e  ground c o a l  w a s  f i r s t  pre-  

t r e a t e d  by suspending it i n  a 2 w t .  % sodium c a r b o n a t e  s o l u t i o n  

hea ted  t o  8OoC i n  a g l a s s  r e a c t i o n  f l a s k .  

t h e  suspens ion  t o  o x i d i z e  t h e  s u r f a c e  of t h e  p y r i t e  p a r t i c l e s .  

A f t e r  t h e  t r e a t m e n t ,  t h e  suspens ion  w a s  cooled and t r a n s f e r r e d  t o  

t h e  k i t c h e n  b l e n d e r  f o r  o i l  agg lomera t ion .  

A i r  w a s  bubbled th rough  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1600 LEONARD ET AL. 

FLGURE 3. SEM image of f r a c t u r e  s u r f a c e  of Upper F r e e p o r t  c o a l .  
White band i s  c l a y .  

- Exeer imen ta l  R e s u l t s  and D i s c u s s i o n  

The r e s u l t s  o f  o i l  agg lomera t ing  t h e  two P e n n s y l v a n i a  coals 

i n  e i t h e r  (1) p l a i n  w a t e r ,  ( 2 )  a 2% sodium c a r b o n a t e  s o l u t i o n ,  

( I )  a 2% sodium c a r b o n a t e  s o l u t i o n  a f t e r  p r e t r e a t m e n t  f o r  15 min . ,  

o r  ( 4 )  a 2% sodium c a r b o n a t e  s o l u t i o n  a f t e r  p r e t r e a t m e n t  f o r  1 h r .  

a r e  p r e s e n t e d  i n  T a b l e s  5 t o  7 .  By a p p l y i n g  t h e  15 min. o x i d a t i v e  

p r e i r e a t m e n t  s t e p  a l o n e ,  c o a l  r e c o v e r y  w a s  a lmos t  q u a n t i t a t i v e ,  

and w h i l e  t h e  p y r i t i c  s u l f u r  c o n t e n t  w a s  reduced by 25  t o  30%, 

t h e  a s h  c o n t e n t  of t h e  c o a l  was n o t  a f f e c t e d  s i g n i f i c a n t l y .  

For  t h e  o i l  agg lomera t ion  e x p e r i m e n t s ,  t h e  y i e l d  of c o a l  on 

an .ish-, oil-, and m o i s t u r e - f r e e  b a s i s  ranged from 69 t o  73% f o r  

t h e  Upper F r e e p o r t  c o a l  and from 76 t o  85% f o r  t h e  P i t t s b u r g h  N o .  
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1604 LEONARD ET AL. 

8 coa l  (Table  5 ) .  

agg lomera t ion  i n  an a l k a l i n e  s o l u t i o n  t h a n  f o r  o i l  agg lomera t ion  

i n  p l a i n  wa te r  and s l i g h t l y  lower f o r  t h e  p r e t r e a t e d  c o a l  t h a n  f o r  

t h e  u n t r e a t e d  c o a l  i n  t h e  a l k a l i n e  s o l u t i o n .  The p y r i t i c  s u l f u r  

c o n t m t  of b o t h  c o a l s  was reduced more by o i l  agg lomera t ion  i n  an 

a l k a l i n e  s o l u t i o n  t h a n  i n  p l a i n  w a t e r ,  and even f u r t h e r  by pre-  

t r ea tmen t  and agg lomera t ion  i n  such  a s o l u t i o n .  Maximum s u l f u r  

removal w a s  ach ieved  w i t h  a p r e t r e a t m e n t  t i m e  of  60 min. fo l lowed  

by o i l  agg lomera t ion .  T h i s  combinat ion reduced t h e  p y r i t i c  s u l f u r  

con ten t  of Upper F r e e p o r t  c o a l  77% and P i t t s b u r g h  No. 8 c o a l  90%. 

A d e t a i l e d  s u l f u r  b a l a n c e  w a s  made f o r  e a c h  experiment  based 

The y i e l d  appeared s l i g h t l y  g r e a t e r  f o r  o i l  

on t h e  s u l f u r  c o n t e n t  of  t h e  p r o d u c t ,  r e f u s e  and l i q u i d  i n  which 

t h e  c o a l  was suspended (Tab le  6 ) .  S i n c e  t h e  amount of s u l f u r  found 

i n  t h e  l i q u i d  i n  which t h e  c o a l  w a s  agglomerated corresponded 

r a t h e r  c l o s e l y  t o  t h e  amount of p y r i t i c  s u l f u r  which d i sappea red  

from t h e  s o l i d s ,  i t  seemed t h a t  some p y r i t e  w a s  o x i d i z e d  t o  s o l u b l e  

s u l f u r  compounds. The p y r i t i c  s u l f u r  which w a s  n o t  accounted f o r  

ranged from 1 t o  16% b u t  was l e s s  t h a n  10% f o r  t h e  m a j o r i t y  of ex- 

pe r imen t s .  Cons ide r ing  a l l  forms of s u l f u r  t o g e t h e r ,  less t h a n  5% 

w a s  unaccounted f o r  i n  eve ry  c a s e .  Fo r  b o t h  c o a l s  t h e  15 min. pre-  

treat-ment s t e p  d i s s o l v e d  from 2 1  t o  23% of t h e  p y r i t i c  s u l f u r  and 

t h e  t h r .  p r e t r e a t m e n t  s t e p  from 40 t o  46% of t h e  p y r i t i c  s u l f u r .  

Although a s u b s t a n t i a l  amount of p y r i t i c  s u l f u r  w a s  d i s s o l v e d ,  a 

l a r g e  amount w a s  a l s o  d i s c a r d e d  i n  t h e  s o l i d  r e f u s e  d u r i n g  t h e  o i l  

agglomerat ion s t e p  f o l l o w i n g  p r e t r e a t m e n t .  However, i t  i s  n o t  pos- 

s i b l e  t o  a s c e r t a i n  whether  t h e  p r e t r e a t m e n t  s t e p  a c t u a l l y  improved 

pyri l -e  r e j e c t i o n  by t h e  o i l  agg lomera t ion  s t e p  o r  o n l y  se rved  t o  

d i s s o l v e  some of t h e  p y r i t i c  s u l f u r .  

The p e r c e n t  r e d u c t i o n  i n  a s h  c o n t e n t  ach ieved  by o i l  agglomera- 

t i o n  and t h e  d i s t r i b u t i o n  o f  a s h  between p roduc t  and r e f u s e  are 

shown i n  Tab le  7 .  For o i l  agg lomera t ion  i n  a n  a l k a l i n e  s o l u t i o n ,  

t h e  t o t a l  amount of a s h  i n  t h e  p roduc t  and r e f u s e  w a s  4 t o  10% 

l a r g e r  t h a n  t h a t  i n  t h e  f e e d  because  some a l k a l i  was r e t a i n e d  by 

t h e  agglomerated p roduc t .  S i n c e  most of t h e  a l k a l i  could have 

been removed by washing t h e  p r o d u c t ,  t h e  a s h  d i s t r i b u t i o n  w a s  cor-  
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COAL DESULFURIZATION AND DEASHING 1605 

r e c t e d  t o  r e f l e c t  t h i s  p o s s i b i l i t y .  

b e f o r e  a n a l y s i s ,  i t  w a s  assumed t h a t  l i t t l e  o r  no a l k a l i  was r e t a i n e d  

by t h e  r e f u s e .  From 58 t o  73% of t h e  a s h  w a s  r e j e c t e d  i n  t h e  re- 

f u s e  produced by o i l  agglomerat ing Upper Freepor t  c o a l  and from 

85 t o  90% by o i l  agglomerat ing P i t t s b u r g h  No. 8 c o a l .  The amount 

of a s h  r e j e c t e d  w a s  s l i g h t l y  l a r g e r  when o i l  agglomerat ion w a s  con- 

ducted i n  an a l k a l i n e  s o l u t i o n  than  when i t  w a s  conducted i n  p l a i n  

water. Also s l i g h t l y  more a s h  w a s  r e j e c t e d  when o i l  agglomerat ion 

w a s  preceded by t h e  pre t rea tment  s t e p .  On t h e  o t h e r  hand, t h e  

pre t rea tment  s t e p  a l o n e  fol lowed by washing had v i r t u a l l y  no ef-  

f e c t  on t h e  a s h  conten t  of t h e  c o a l .  

Because t h e  r e f u s e  w a s  washed 

A n a l y s i s  of t h e  products  of  t h e s e  experiments  by x-ray d i f -  

f r a c t i o n  showed t h a t  t h e  i n o r g a n i c  m i n e r a l  conten t  of t h e  Pennsyl- 

v a n i a  c o a l s  w a s  reduced s u b s t a n t i a l l y  by o i l  agglomerat ion.  T h i s  

method of a n a l y s i s  a l s o  v e r i f i e d  the removal of p y r i t e  by b o t h  

t h e  pre t rea tment  s t e p  and t h e  o i l  agglomerat ion s t e p ,  w i t h  t h e  

g r e a t e s t  removal be ing  accomplished by a p p l i c a t i o n  of b o t h  s t e p s  

i n  tandem. 

Examination of t h e  p r o d u c t s  by scanning e l e c t r o n  microscopy 

revea led  an unexpected r e s u l t .  The c o a l  p a r t i c l e s  which had been 

recovered by o i l  agglomerat ion and then  e x t r a c t e d  w i t h  hexane t o  

remove the o i l  were s t i l l  agglomerated, though t h e  agglomerates  

w e r e  v e r y  small (F igure  4 ) .  The p a r t i c l e s  w e r e  s t r o n g l y  bonded 

even wi thout  o i l .  The bonding may have been due t o  hydrophobic 

a s s o c i a t i o n  o r  van d e r  Waals a t t r a c t i o n  (10). S i m i l a r  microag- 

g lomera tes  have been produced w i t h  o t h e r  hydrophobic m i n e r a l  par-  

t i c l e s  suspended i n  water through a p p l i c a t i o n  of l a r g e  s h e a r i n g  

f o r c e s  (11). 

The p a r t i c l e s  which had been p r e t r e a t e d  b u t  no t  o i l  agglomer- 

a t e d  w e r e  no t  aggregated when examined by scanning e l e c t r o n  micro- 

scopy (F igure  4 ) .  These p a r t i c l e s ,  which must have been s i m i l a r  

i n  s i z e  t o  t h e  f e e d ,  had a n  average  diameter  of about  6 urn. The 

microagglomerates  of Upper F r e e p o r t  c o a l  were about twice  a s  l a r g e  

a n d  of P i t t s b u r g h  No. 8 c o a l  about t h r e e  t imes  as l a r g e  (Table  8). 
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PITTSBURGH NO. 8 COAL 

LEONARD ET AL. 

UPPER FREEPORT COAL 

FICL'RE 4 .  SEM images of individual coal particles (top row) and 
coal microagglomerates (bottom two rows) produced by oil 
agglomeration and extraction with hexane. 
8 coal on the left, Upper Freeport coal on the right. 

Pittsburgh No. 
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COAL DESULFURIZATION AND DEASHING 1607 

TABLE 8 

S i z e  of Microagglomerates Remaining a f t e r  Hexane d x t r a c t i o n  of O i l  
Agglomerated Pennsylvania Coals. 

Process  Na2C03 Mean Diameter, pm 
w t . %  Upper Freepor t  P i t t s .  No. 8 

O i l  Agglomeration 0 10.6 16.2 

O i l  Agglomeration 2 12.5 19.3 

P r e t r e a t  Only 2 5.9 5.7 

P r e t r t .  & Agglom. 2 12.8 15.8 

CONCLUSIONS 

Recent r e s u l t s  achieved w i t h  Pennsylvania  c o a l s  toge ther  wi th  

t h e  earlier r e s u l t s  ob ta ined  w i t h  Iowa c o a l  and w i t h  p y r i t e  i s o l a t e d  

from Iowa c o a l  present  a complicated p i c t u r e  which i s  d i f f i c u l t  t o  

i n t e r p r e t .  On t h e  one hand, t h e  work of P a t t e r s o n  ( 7 ,  8) i n d i c a t e d  

t h a t  p y r i t e  p a r t i c l e s  were n o t  recovered by o i l  agglomerat ion i f  they  

w e r e  f i r s t  subjec ted  t o  an o x i d a t i v e  pre t rea tment  s t e p  which seemed 

t o  remove very l i t t l e  p y r i t i c  s u l f u r  by i t s e l f .  

t h i s  s t e p  t o  f i n e - s i z e  c o a l  g r e a t l y  enhanced s u l f u r  r e j e c t i o n  dur ing  

subsequent agglomerat ion w i t h  a mixture  of f u e l  o i l s .  P a t t e r s o n ’ s  

work a l s o  i n d i c a t e d  t h a t  without  t h e  pre t rea tment  s t e p  s i m i l a r  re- 

s u l t s  were obta ined  whether Iowa c o a l  w a s  o i l  agglomerated i n  p l a i n  

water o r  an  a l k a l i n e  s o l u t i o n .  

wi th  Iowa c o a l  using No. 200 LLS f u e l  o i l  showed t h a t  whi le  an alka-  

l i n e  s o l u t i o n  w a s  e f f e c t i v e  i n  r e j e c t i n g  p y r i t e  dur ing  o i l  agglomera- 

t i o n ,  o x i d a t i v e  pre t rea tment  made l i t t l e  d i f f e r e n c e .  Moreover, t h e  

r e c e n t  work w i t h  Pennsylvania  c o a l s  i n d i c a t e s  t h a t  t h e  o x i d a t i v e  pre- 

t rea tment  s t e p  by i t s e l f  e x t r a c t e d  a s i g n i f i c a n t  amount of p y r i t i c  

s u l f u r  from t h e s e  c o a l s  by leaching .  

t h a t  more p y r i t e  was r e j e c t e d  when t h e  Pennsylvania  c o a l s  were ag- 

glomerated wi th  No. 200 LLS f u e l  o i l  i n  an a l k a l i n e  s o l u t i o n  than 

Appl ica t ion  of 

On t h e  o t h e r  hand, subsequent work 

The l a t e s t  work a l so  i n d i c a t e s  
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1608 LEONARD ET AL. 

i n  p l a i n  water. But t h i s  work does not  show whether t h e  p r e t r e a t -  

ment s t e p  i n c r e a s e s  p y r i t e  r e j e c t i o n  by a l t e r i n g  t h e  s u r f a c e  of 

t h e  p a r t i c l e s .  

Genera l ly ,  s l i g h t l y  more ash-forming m i n e r a l  m a t t e r  w a s  re- 

j e c t e d  when t h e  c o a l s  w e r e  o i l  agglomerated i n  an a l k a l i n e  solu-  

t i o n  than i n  p l a i n  water. While P a t t e r s o n ' s  ( 7 ,  8) r e s u l t s  w i t h  

Iowa c o a l  s e e m  t o  d i f f e r  i n  t h i s  r e g a r d ,  they w e r e  ob ta ined  w i t h  

a d i f f e r e n t  type  of o i l  ( a c t u a l l y  a mixture  of No. 200 LLS and No. 

6 LLS f u e l  o i l s )  which may account  f o r  t h e  d i f f e r e n c e .  S l i g h t  

v a r i a t i o n s  i n  exper imenta l  t echnique  may a l s o  have been a f a c t o r .  

S e v e r a l  d i f f e r e n c e s  i n  t h e  p r o p e r t i e s  of t h e  c o a l s  from 

Pennsylvania  and Iowa may account  f o r  t h e  d i f f e r e n c e s  i n  r e s u l t s  

noted above. The Iowa c o a l s  were h y d r o p h i l i c  and somewhat oxi- 

dized.  They conta ined  an a p p r e c i a b l e  amount of s u l f a t i c  s u l f u r  

and formed an a c i d i c  suspension when mixed w i t h  water. I n  con- 

t r a s t ,  t h e  Pennsylvania  c o a l s  w e r e  hydrophobic, conta ined  v e r y  

l i t t l e  s u l f a t i c  s u l f u r ,  and formed a s l i g h t l y  b a s i c  suspension 

when mixed w i t h  water. A t  least some of t h e  p y r i t e  i n  t h e  Iowa 

c o a l s  was p a r t l y  oxid ized  b e f o r e  t h e  material  w a s  u t i l i z e d  

whereas very  l i t t l e ,  i f  any,  of t h e  p y r i t e  i n  t h e  Pennsylvania  

c o a l s  w a s  ox id ized .  

w i t h  t h e  a l k a l i n e  s o l u t i o n  may have been r e s p o n s i b l e  f o r  some of 

t h e  e f f e c t s  noted above. 

I n t e r a c t i o n  of p y r i t e  o x i d a t i o n  products  

The formation of c o a l  microagglomerates  which w e r e  n o t  de- 

s t royed  by e x t r a c t i n g  t h e  f u e l  o i l  w i t h  hexane w a s  unexpected. 

The microagglomerates  seemed t o  be  he ld  t o g e t h e r  by hydrophobic 

bonding o r  van der  Waals a t t r a c t i o n .  
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