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INTRODUCTION 

I n te rna t i ona l  coal markets are expected t o  grow i n  the near fu tu re  [l]. 
U.S. has s u f f i c i e n t  coal ' reserves t h a t  w i l l  l a s t  f o r  centuries, bu t  a major 
problem i n  coal u t i l i z a t i o n  i s  su l fu r .  
most coals  i s  i n  the  form o f  py r i t e ,  and i f  t h i s  p y r i t i c  s u l f u r  can be 
removed by advanced phys ica l  coal c leaning techniques, s u l f u r  d iox ide (S02) 
emissions i n  the U.S. could be cu t  by as much as 50% [2]. 
a l t e r n a t i v e  f o r  t he  prevent ion o f  SO2 emissions i s  post-combustion 
scrubbing, but  i s  t oo  c o s t l y  and consumes as much as 5% o f  t he  power 
s ta t i on ' s  output (adding t o  COP emissions). Therefore, incent ives e x i s t s  t o  
explore pre-combustion c leaning.  
order t o  l i b e r a t e  p y r i t e  and other  minerals from the organic components. A t  
t h i s  f i n e  p a r t i c l e  s i ze  a t t r a c t i v e  forces between p a r t i c l e s  are much greater  
than the d i f f e rences  i n  the  g r a v i t y  forces exerted on the p a r t i c l e s ,  and 
thus the g r a v i t y  separat ion based conventional coal c leaning processes 
become i n e f f i c i e n t  [3]. 

O f  the e x i s t i n g  f i n e  coal c leaning techniques f r o t h  f l o t a t i o n  i s  most 
e f fec t i ve ,  but  i s  i n e f f i c i e n t  i n  making good separation w i t h  u l t r a f i n e  coal 
[4]. 
preparat ion i n  these process, f o r  improved process e f f i c i e n c i e s  and t o  meet 
s t r i c t e r  environmental standards [ 5 ] .  This makes process con t ro l  very  
complex. A t  u l t r a f i n e  sizes, the small mass and momentum o f  c lay  p a r t i c l e s ,  
i s  the primary cause o f  t h e i r  phys ica l  entrainment and t ranspor ta t i on  i n t o  
t h e  f ro th.  This lowers the  e f f i c i e n c y  o f  t he  f r o t h  f l o t a t i o n  process when 
excessive amounts o f  c lay  are present. The entrained ash can be washed from 
t h e  f ro th  by counter-current  washing as i n  column f l o t a t i o n ,  but a t  the same 
t ime i t  may rup tu re  the bubble and reduce the  recovery. 

Coal f l o t a t i o n  by I n t r i n s i c  Bubble Separation has shown t o  circumvent 
surface phenomena which reduce the e f f i c i e n c i e s  o f  the conventional c leaning 
processes [3]. 
t h e  organic f rac t i on  o f  t he  coal .  
d i r e c t l y  on the organic coal p a r t i c l e s ,  e l im ina t i ng  the bubb le -pa r t i c l e  
c o l l i s i o n  and attachment p r o b a b i l i t i e s .  
bubbles, assuring 100% bubb le -pa r t i c l e  contact. Thus, f l o t a t i o n  can be 
h igh l y  se lec t i ve .  
minimizes free bubble format ion and enhances the cleaning o f  high ash coals. 

Washabil i ty curves are the graphs showing the  ash-density d i s t r i b u t i o n .  
These curves are i n d i c a t i v e  o f  the maximum cleaning po ten t i a l  o f  any 
physical coal c leaning process f o r  a p a r t i c u l a r  coal sample. 
curves were obtained f o r  f o u r  coals from the I l l i n o i s  Basin Coal Sample 
Program (IBC 101, 102, 104, and 106). Southern I l l i n o i s  Un ive rs i t y  a t  

F i f t y  f i v e  t o  80% o f  the s u l f u r  i n  

Presently, the 

Coal has t o  be grounded t o  -325 mesh i n  

There i s  a wide range o f  chemicals t h a t  are requi red f o r  coal 

This process takes t h e  advantage o f  the na tu ra l  po ros i t y  o f  
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Carbondale has developed a method for  r a p i d l y  and accurate ly  evaluat ing f i ne  
and u l t r a f i n e  coal l i b e r a t i o n  using Density Gradient Cen t r i f uga t ion  (DGC), 
Micro S u l f u r  and Thermgrav imetr ic  Analysis (TGA) methods t o  es tab l i sh  
washabi l i ty  curves [3].  
the l i b e r a t i o n  o f  minerals between -100 and -400 mesh mate r ia l .  The ash 
y i e l d s  went through a minimum w i t h  increasing densi ty ,  i n d i c a t i n g  t h a t  the 
i n e r t i n i t e  and the l i p t i n i t e  macerals have higher inherent  ash y i e l d s  than 
the v i t r i n i t e s .  
the 102 Coal but  had much h igher  ash y i e l d s  which i nd i ca ted  t h a t  even a t  
u l t r a - f i n e  s ize there i s  substant ia l  amount o f  un l iberated minerals i n  these 
coals [6] .Previous r e s u l t s  on i n t r i n s i c  bubble format ion process showed t h a t  
pressure, i n  general, increased the hydrophobicity o f  the organic p o r t i o n  o f  
the coal. Except f o r  Octanol, add i t i ves  d i d  not  have any p o s i t i v e  e f f e c t  on 
the process. Lower pHs seem t o  favor  the process. 
e f f e c t i v e l y  on weathered coals  and pulp dens i t i es  as high as 20% [21 .  

A l l  t he  IBC coals a t  -32 mesh have been cleaned t o  t h e i r  respect ive -100 
mesh washabi l i ty  l i n e s .  Results from the h igh  c l a y  I B C  104 coal are the 
best thus f a r .  For t h i s  coal substant ia l  ash (> 90%) and s u l f u r  r e j e c t i o n  
(> 80%)have been obtained. These r e s u l t s  compare q u i t e  favorably  w i t h  those 
o f  the I l l i n o i s  State Geological Survey Aggregate F l o t a t i o n  process (Fig. 1) 

Recoveries and ash r e j e c t i o n s  w i t h  t h i s  process compared very favorably  w i t h  
other  processes. F l o t a t i o n  k i n e t i c s  are much fas te r .  There were some 
problems w i t h  the we t t i ng  o f  coal a t  h igh pulp dens i t i es  (> 20 wt.%) which 
were overcome by us ing a b igger  mixing chamber and two 10,000 rpm mix ing 
motors. This h igh  mix ing r a t e  should he lp i n  breaking some o f  the mixed 
phase mineral/coal p a r t i c l e s  which caused problems i n  the e a r l y  phases o f  
t h i s  p ro jec t .  

EXPERIMENTAL PROCEDURES 

The coals  selected f o r  use i n  t h i s  research were I B C  101, 102, 104 and 106 
from the I l l i n o i s  Basin Coal Sample Program (IBCSP) and a Her r i n  # 6 coal 
from the Monterey #2  mine located near S t .  Louis. The choice o f  these coals  
was made on the bas is  o f  t h e i r  d i f f e r i n g  rank ( re f lectance) ,  ash y i e l d s  and 
pyr i te /organic  s u l f u r  r a t i o s  ( 3 ) .  The p a r t i c l e  sizes used f o r  the I B C  coal 
samples were -32, -100,-400 mesh and f o r  the Monterey coal -400 mesh sample 
was used. 
determined by wet sieving, and t h a t  f o r  -400 mesh was performed using the 
Microt rack analyzer. Washabil i ty curves were p l o t t e d  f o r  -100 and -400 mesh 
samples. A schematic o f  the experimental setup used i s  shown i n  f i gu re  2. 
Dr ied coal i s  f ed  i n t o  the l ock  hopper where i t  i s  pressurized using a i r .  
Water and the f l o t a t i o n  media used are fed i n t o  the mix ing chamber and are 
pressurized t o  the same pressure as the coal. Coal i s  then dumped i n  the 
mixing chamber, mix ing s t a r t s  simultaneously (two 10,000 rpm motors are used 
f o r  mixing). A p lug  valve i s  used for  s l u r r y  output a t  t he  bottom o f  t he  
mixer and f o r  depressur izat ion con t ro l .  The o u t l e t  p ipe i s  immersed i n  a 
separation column w i t h  a water cushion. Coal s l u r r y  depressurizes through a 
nozzle i n  the separation column; f l o a t  f r o t h  r i s e s  t o  the  top and i s  
co l l ec ted  i n  a t rough attached t o  the separation column. The l i q u i d  l e f t  i n  
the column i s  termed as the suspension and the so l i ds  s e t t l e d  a t  the bottom 
are c a l l e d  the s ink.  Recovery and ash values are determined on each o f  t he  
co l l ec ted  f rac t i ons .  Runs w i t h  good recovery and separation are subjected 
t o  add i t i ona l  analyses. 

For the  IBC 102 coal there was small d i f f e rence  i n  

Washabil i ty curves f o r  the IBC 101 and 106 coals were l i k e  

The process works 
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The p a r t i c l e  s i ze  d i s t r i b u t i o n  f o r  -32 and -100 mesh were 
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I n i t i a l  runs, t o  study the  e f f e c t s  o f  var ious condit ions, were performed 
w i t h  IBC coals. 
on the three mesh s izes of these coals .  
and HC1. 
(NE, C02, and A i r )  on the process were studied. 
various add i t i ves  t o  assess t h e i r  e f f e c t  on recovery and separation. 
t he  e f f e c t  of mix ing ra te ,  mix ing time, pu lp densi ty ,  and weathering 
(ox idat ion)  on c l e a n a b i l i t y  and recovery were s tud ied [6]. 

Ef fec ts  o f  add i t i ves  (Octanol, Corn o i l ,  Pentane, and var ious dispersants), 
pH (2.3 t o  11.0) and pu lp  dens i t y  on the  Monterey coal were studied. These 
runs were performed a t  60 p s i g  and 5% pulp dens i t y  (-400 mesh samples), i n  
the new apparatus shown i n  F ig .  : 2. Various loadings o f  add i t i ves  were 
used t o  study the effect o f  t he  a d d i t i v e  loadings. 

RESULTS AND DISCUSSION 

U l t r a f i n e  (8pn mean s ize)  Monterey coal was subjected t o  s ink  f l o a t  analys is  
by cen t r i f ug ing  a t  34,000 rpm and s p e c i f i c  g r a v i t y  o f  1.6. 
t h i s  run  had a recovery o f  59 w t . %  (5.4 w t . %  ash) and the s ink  had a 
recovery o f  41 w t . %  (45.6 w t . %  ash). Th is  r e s u l t  showed t h a t  even a t  
u l t r a f i n e  s i ze  minerals are un l iberated.  Also, from the o p t i c a l  microscopy 
i t  i s  seen t h a t  t he re  are a l o t  o f  mixed phase mineral/coal p a r t i c l e s  
present a t  t h i s  f i n e  p a r t i c l e  size. 

Increase i n  mix ing r a t e s  and t ime have a p o s i t i v e  e f f e c t  on the process, 
though very h igh  mix ing t ime (> 30 min.) tend t o  wet the organic mat ter  and 
caused a decrease i n  the recovery (Fig. : 3). 
the recoveries go up but  the ash r e j e c t i o n s  tends t o  l e v e l  o f f ,  t h i s  could 
be due t o  un l i be ra ted  minera ls  o r  mixed phase mineral/coal pa r t i c l es .  The 
problem o f  mixed phase i s  more ev ident  a t  -400 mesh where the e l e c t r o s t a t i c  
charges are much stronger. 

Addi t ive loadings had mixed e f f e c t  on the  c leaning o f  u l t r a f i n e  Monterey 
coal. With increased octanol l oad ing  there was a very small increase i n  the 
recovery but  the ash y i e l d  i n  the f l o a t  almost doubled (6.4 t o  11.2 wt.96). 
Thus lower octanol loadings are favorable f o r  the process. This i n  
con t rad i c t i on  t o  r e s u l t s  repor ted prev ious ly  f o r  -32 and -100 mesh f r a c t i o n s  
of IBC 104 coal and may be due t o  change i n  we t t i ng  angle, r e s u l t i n g  i n  more 
p a r t i c l e  bubble detachment i n  the  case o f  u l t r a f i n e  coal. Increased bubble 
detachment would be expected t o  e n t r a i n  l i b e r a t e d  u l t r a f i n e  c l a y  p a r t i c l e s .  
I n  t h e  case o f  l a r g e r  p a r t i c l e  s i ze  f r a c t i o n s  the  detached bubbles are n o t  
su f f i c i en t  t o  f l o a t  t he  l a r g e r  s ized c l a y  p a r t i c l e s .  

O i l  f r o th  agglomerates generated w i t h  corn o i l  gave h igher  recovery and h igh  
ash y ie lds ,  when the o i l  loading was increased there was a s l i g h t  drop i n  
recovery but  the ash y i e l d s  went down almost t o  h a l f  o f  t h a t  a t  lower 
loadings (7.4 from 12.5 wt.%). Since Ocatnol and corn o i l  had d i f f e r e n t  
e f fects  on the  process a run was performed w i t h  both octanol ( a t  lower 
loading) and corn o i l  ( a t  h igher  loading) ,  t h i s  combination o f  a d d i t i v e  gave 
a very h igh carbon recovery (>  90 wt.%) and an ash y i e l d  o f  9.3 wt.%. Other 
addi t ives had no p o s i t i v e  e f f e c t  on t h e  process. I n  f a c t  dispersants 
tend t o  g i ve  very low recovery. This i s  due t o  wet t ing o f  organic p a r t i c l e s  
t h a t  r e s u l t s  i n  less  gas being trapped i n  the coal pores. 

Pressure v a r i a t i o n s  were made ranging from 15 t o  300 p s i g  
pH va r ia t i ons  were made u s i r q  NaOH 

Also, 

A f t e r  t he  optimum pHs were determined, the e f f e c t  o f  var ious gases 
Runs were performed w i t h  

The f l o a t  from 

With increased mixing r a t e  
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Ef fec ts  o f  pH on the process were a l so  studied. 
addi t ive.  When corn o i l  was used h igher  pH (11.0) was optimum f o r  the 
process and both the recovery and ash r e j e c t i o n  increased w i t h  the  
increas ing pH. Whereas, w i t h  pentane neu t ra l  pH favored the process and any 
change i n  pH resu l ted  e i t h e r  i n  the lower recovery (w i th  lower pH) o r  lower 
ash r e j e c t i o n  (w i th  an increase i n  pH). 
dispersed i n  the separation column(high c l a y  content i n  the suspension), 
lower pH on the  other  hand tends t o  s i n k  not  on l y  the minerals ( c lea r  
suspension) bu t  a l so  the organic coal p a r t i c l e s .  

The process has been operated a t  pu lp  dens i t i es  as h igh as 20 wt.%, a f t e r  
which we t t i ng  o f  coal and mineral entrainment i n  the f r o t h  becomes a 
problem. We t h i n k  t h a t  t h i s  problem can be overcome when the  process i s  
scaled up t o  the p i l o t  p lant .  

CONCLUSIONS 

Fine and u l t r a f i n e  coal cleaning by the IBS/Oil f r o t h s  process i s  
feasible. Coals have been cleaned t o  t h e i r  washabi l i ty  l i m i t s  by t h i s  
process. Add i t i ve  loadings have no systematic e f f e c t  on the  process and 
higher add i t i ve  loadings work j u s t  as we l l  as the lower a d d i t i v e  loadings. 
Octanol gave very h igh  ash re jec t i ons  (> 90 wt.%),  t he  carbon recover ies 
were depressed (SO wt.%). Corn oi l /Octanol (neutra l  pH) and pentane a t  
lower pH a l l  cleaned Monterey coal t o  the washab i l i t y  l i m i t s .  
p a r t i c l e  f l o t a t i o n  i s  almost instantaneous. Results thus f a r  have shown 
t h a t  the process has much b e t t e r  recovery and ash r e j e c t i o n  than the 
conventional f l o t a t i o n  processes. Increased mix ing ra tes  have a p o s i t i v e  
e f f e c t  on the e f f i c i ency .  The process i s  l i m i t e d  by the un l i be ra ted  
minerals and espec ia l l y  by the i n t e r a c t i o n  o f  coal and mineral p a r t i c l e s .  
There i s  a need t o  f i n d  a d ispers ing agent t h a t  could break the phase o f  
mineral/coal i n te rac t i ons  wi thout  adversely a f f e c t i n g  the we t t i ng  angle o r  a 
b e t t e r  g r i nd ing / l  i be ra t i on  process i s  required. 
e f fect iveness o f  t he  process f o r  u l t r a f i n e  coal cleaning. 

REFERENCES 

pH seems t o  depend on the  

A t  h igher  pHs minerals were 

Organic 

This would improve the 

1. 

2. 

3. 

4 .  

5 .  

6. 

Knel ler ,  W.A., Phvsico-Chemical Character izat ion o f  Coal and Coal- 
Reac t i v i t y :  A rewiew. 

Hippo, E.J., Sarvela, O.P., and Tandon, D., Coal F l o t a t i o n  by I n t r i n s i c  
Bubble Formation. Technical Reoort PreDared f o r  CRSC 1990. 

Tandon, O., "Coal Cleaning By I n t r i n s i c  Bubble Formation". Master's 
Thesis, Department o f  Mechanical Engineering and Energy Processes. 
Southern I l l i n o i s  Un ive rs i t y  a t  Carbondale. Sept. 1990. 

Yoon, Roe-Hoan, F l o t a t i o n  o f  Coal using Micro-Bubbles and Inorganic  Salts, 
Mining Congress Journal 68(12) 76-80, 1982. 

Wil l iams, K.P., Unlu, M., Coal F l o t a t i o n  i n  the Presence o f  Polymeric 
F locculants .  Coal Preparation, 1987, Vol.4, pp. 109-132. 

Hippo, E.J., Tandon, D., and Sarvela, D.P., "Coal f l o t a t i o n  by I n t r i n s i c  
Bubble Formation. 1991 In te rna t i ona l  Conference on Coal Science 
Proceedings. Un ive rs i t y  o f  Newcastle-upon-Tyne, U.K. pp. 893-896. 

1993 

I 
r' 



Fyrite Reiection Ash Reiection 
100 

40 
20 

Z E H B  1 Z E H 6  1 1 i o  
MIBUK. 

40 

20 40 60 eo 100 20 40 60 80 100 
Btu Recovery 

FIGURE : 1 Comparison of intrinsic bubble formation with aggregate 
flotation. 

LOCK HOPPER 
(PRESSURIZED) ' &!I VALVE 

WATER AND FLOTATION 
MEDIA I N  

TROUGH FOR FLOAT - 

MIXING CHAMBER 
(PRESSURIZED) 

OUTLET FOR S INK 
AND SUSPENSION 

FIGURE : 2 SCHEMATIC OF FLOTATION APPARATUS 

1994 
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