
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Separation Science and Technology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713708471

An Electrokinetic Study on the Oil Flotation of Oxidized Coal
W. W. Wena; S. C. Sunb

a U. S. DEPARTMENT OF ENERGY, PITTSBURGH MINING TECHNOLOGY CENTER, PITTSBURGH,
PENNSYLVANIA b MINERAL PROCESSING PENNSYLVANIA STATE UNIVERSITY, UNIVERSITY
PARK, PENNSYLVANIA

To cite this Article Wen, W. W. and Sun, S. C.(1981) 'An Electrokinetic Study on the Oil Flotation of Oxidized Coal',
Separation Science and Technology, 16: 10, 1491 — 1521
To link to this Article: DOI: 10.1080/01496398108058313
URL: http://dx.doi.org/10.1080/01496398108058313

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496398108058313
http://www.informaworld.com/terms-and-conditions-of-access.pdf


SEPARATION SCIENCE AND TECHNOLOGY, 16(10), pp.  1491-1521, 1981 

An Electrokinetic Study on the Oil Flotation of 
Oxidized Coal 

w. w. WEN 

U. S. DEPARTMENT OF ENERGY 
PITTSBURGH MINING TECHNOLOGY CENTER 
P. 0. BOX 10940  
PITTSBURGH, PENNSYLVANIA 15236  

S. C. SUN 

MINERAL PROCESSING 
PENNSYLVANIA STATE UNLVERSITY 
UNIVERSITY PARK, PENNSYLVANIA 16802  

ABSTRACT 

The objective of this investigation was to study the 
electrokinetic behavior of oxidized coals and of hydrocarbon 
emulsion droplets of flotation reagents to indicate the 
feasibility of separating the oxidized coals from ash materials 
and pyrite by an oil flotation process. The effects of 
surfactants and hydrolyzed metal ions were also included. The 
electrokinetic behavior of the oxidized coals and the hydrocarbon 
emulsion droplets were studied by an electrophoresis technique. 
Generally the isoelectric point (IEP) of the coals decreased with 
increasing degree of oxidation. 

A model of selective flotation of oxidized coal is 
postulated on the basis of the electrokinetic results. This 
model simply states that in the presence of a suitable amount of 
collector and frother, the optimal selective flotation of 
oxidized coal will occur at the IEP of the oxidized coal. To 

Reference in this report t o  any specific commercial product, 
process, or  service is to facilitate understanding and does not 
necessarily imply its endorsement or favoring by the United 
States Department of Energy. 
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1 4 9 2  WEN AND SUN 

achieve this condition at the coal surface, it is necessary to 
adsorb heavy metal hydroxide ions prior to flotation and to 
absorb hydrocarbon oil droplets containing positively charged 
organic functional groups during flotation. Oxidized coal 
becomes more hydrophobic at its IEP because most of its surface is 
relatively non-polarizable. In contrast, pyrite and ash minerals 
have relatively polarizable surfaces and remain in suspension 
even when they are at an IEP. 

INTRODUCTION 

Coal is relatively easy to float by froth flotation, when 

compared to other minerals, due to its native floatability. 
Practically, alcohol-type frothers, kerosene, and fuel oils are 

the commonly used reagents for coal flotation. However, if the 

coal is oxidized by weathering o r  by storage, a reduction of its 

hydrophobicity and floatability will result. This effect is 

attributed to surface oxidation, which takes place readily at 

normal atmospheric temperatures, and is characterized by the 
formation of acidic groups at the coal surface (1 ,2,5) .  In almost 

all cases, oxidation reduces floatability when aliphatic alcohol 

frothers are used; however, when nonpolar oils are used in 

emulsion flotation (oil flotation), a slight oxidation may 

increase coal floatability (1 ,3 ) .  This peculiar phenomenon still 

remains unexplainable. 

The oxidation of coal begins at the surface of a coal 

particle. A slight oxidation of coal is considered to be surface 
oxidation. Therefore, if such an oxidized surface layer is 

removed, the floatability will be restored (4). However, coals 

such as outcrop coal have been exposed to weathering for many 

thousands of years; their bulk is oxidized. When a few percent of 
this outcrop is blended with the unoxidized coal, the 

floatability of the unoxidized coal is deteriorated almost 
completely. In order to float this type of oxidized coal by 

flotation, an understanding of the characteristics of oxidized 
coal is necessary. 
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OIL FLOTATION OF OXIDIZED COAL 1493 

Oxidized c o a l  produces  s o l u b l e  p roduc t s ,  such  as i r o n  

s u l f a t e  and humic a c i d s .  The p resence  of t h e s e  i n o r g a n i c  and 

o r g a n i c  i o n s  i n  t h e  aqueous phase  i s  a p o s s i b l e  f a c t o r  t h a t  

affects  t h e  coal f l o a t a b i l i t y .  The mechanism o f  ox id i zed  c o a l  

f l o t a t i o n  is  n o t  c l e a r l y  understood. However, e l e c t r o k i n e t i c  

s t u d i e s  on such  complex sys tems are a b l e  t o  i n d i c a t e  t h e  

a d s o r p t i o n  of f l o t a t i o n  r e a g e n t s  and t h u s  p r e d i c t  t h e  f l o t a t i o n  

behavior  o f  t h e  ox id ized  coa l .  

Campbell and Sun ( 6 , ” )  r e p o r t e d  t h a t  hydronium and hydroxyl  

i o n s  are t h e  po ten t i a l -de t e rmin ing  i o n s  f o r  a n t h r a c i t e  and 

b i tuminous  c o a l s .  Wen and Sun ( 5 , l l )  a l s o  r e p o r t e d  t h a t  

hydronium and hydroxyl i o n s  are t h e  po ten t i a l -de t e rmin ing  i o n s  

f o r  modera te ly  ox id ized  c o a l  and t h a t  i n  t h e  p re sence  of 

e l e c t r o l y t e s ,  t h e  minimum hydrophob ic i ty  o f  c o a l  and ox id ized  

c o a l  would be n e a r  i ts i s o e l e c t r i c  p o i n t .  

EXPERIMENTAL METHODS 

The c o a l s  s t u d i e d  are l i s t e d  i n  Tab le  1. The o x i d i z e d  c o a l  

samples were prepared  i n  a l a b o r a t o r y  oven u s i n g  pu re  oxygen ( 5 ) .  
The c o a l  samples used f o r  t h e  e l e c t r o k i n e t i c  s t u d y  were 

p u l v e r i z e d  b e f o r e  ox ida t ion .  The o x i d i z e d  h igh  v o l a t i l e  A(HVA) 

b i tuminous  v i t r a i n  s t u d i e d  was s u b j e c t e d  t o  o x i d a t i o n  a t  125OC 

f o r  48 hour s  u n l e s s  some o t h e r  c o n d i t i o n  is s p e c i f i e d .  C r y s t a l  

p y r i t e  from Rico, Colorado, and p u r i f i e d  q u a r t z  were used. A l l  

chemica l s  were r e a g e n t  grade.  The p i n e  o i l  used was from 

Hercules ,  Inco rpora t ed .  

Moderately weathered b i tuminous  c o a l  from t h e  B a l m e r  seam, 

Canada, was used t o  p r e p a r e  t h e  f l o t a t i o n  feed .  The minus 35 mesh 

o x i d i z e d  c o a l  con ta ined  15.32 p e r c e n t  a s h  and 0.46 p e r c e n t  

s u l f u r .  Ground and washed beach sand and c r y s t a l  p y r i t e  of minus 

100 mesh i n  s i z e  were added t o  t h e  ox id ized  coa l .  A s y n t h e t i c  

f l o t a t i o n  f eed  having  approximate ly  24.02 p e r c e n t  a s h  and 1.65 

p e r c e n t  t o t a l  s u l f u r  was prepared .  
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14 94 WEN AND SUN 

TABLE 1 

Ultimate and Proximate Ana lys i s  of t h e  Coal Samples 

- Rank z!l€!!? Seam Locat ion  

High V o l a t i l e  A V i t r a i n  P i t t s b u r g h  Thomas, 
B i  tuminous Pennsylvania  

B i  tuminous Oxidized Balmer Canada 

Ultimate Ana lys i s ,  % 
Dry, Minera l  Matter F r e e  Basis 

C 0 - N - - H - S - 
High V o l a t i l e  A 2.08 5.55 83.32 1.52 8.61 
Bituminous 

Bituminous 0.46 4.84 87.38 1.35 5.97 

Proximate  Ana lys i s ,  % 

V o l a t i l e  Fixed 
Mat t e r  Carbon - Ash Mois ture  

High V o l a t i l e  A 35.73 50.97 10.47 2.83 
B i  tuminous 

Bituminous 20.19 63.89 15.46 0.47 

The e l e c t r o k i n e t i c  measurements were made by a mic roe lec t ro -  

p h o r e s i s  t echn ique  ( 5 ) .  The v a l u e s  of z e t a - p o t e n t i a l  were ca l -  

c u l a t e d  from m o b i l i t y  d a t a .  

F l o t a t i o n  exper iments  were performed i n  a two l i t e r  Wemco 

Labora tory  c e l l  a t  about  1200 rpm and wi th  16 p e r c e n t  s o l i d s .  The 

samples were washed by d i s t i l l e d  water t o  a s s u r e  no e l e c t r o l y t e s  

a t  an  e f f e c t i v e  l e v e l  p r i o r  t o  f l o t a t i o n .  The pH o f  t h e  pulp was 

a d j u s t e d  by H C 1  and NaOH s o l u t i o n s .  D i s t i l l e d  wa te r  was used 

throughout  t h e  f l o t a t i o n  tes ts  (5 ) .  
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OIL FLOTATION O F  OXIDIZED GOAL 1495 

RESULTS AND DISCUSSIONS 

E l e c t r o k i n e t i c s  o f  Oxidized Goal 

F i g u r e  1 shows t h a t  t h e  i s o e l e c t r i c  p o i n t  ( IEP)  o f  HVA- 

bituminous v i t r a i n  decreased  from pH 4.5 f o r  a n  unoxid ized  sample 

t o  pH 3.4 f o r  a sample ox id ized  f o r  24 h r  a t  125OC. No I E P  could  

be determined for t h e  c o a l  v i t r a i n  ox id ized  f o r  120 h r  o r  more due 

t o  t h e  i n c r e a s e  of  t h e  magnitude of t h e  n e g a t i v e  z e t a - p o t e n t i a l .  

These r e s u l t s  i n d i c a t e  t h a t  i n c r e a s e s  i n  t h e  deg ree  of o x i d a t i o n  

o f  c o a l  i n c r e a s e  t h e  magnitude of  t h e  n e g a t i v e  va lue  of t h e  zeta- 

p o t e n t i a l  and t h a t  t h e  hydronium and hydroxyl i o n s  are t h e  

p o t e n t i a l - d e t e r m i n i n g  i o n s  f o r  modera te ly  ox id ized  c o a l  b u t  n o t  

f o r  e x t e n s i v e l y  ox id ized  coa l .  

The z e t a - p o t e n t i a l  v a r i a t i o n s  due t o  o x i d a t i o n  were 

r e l a t i v e l y  small i n  magnitude a t  pHs above 7 when compared t o  

v a r i a t i o n s  a t  pHs below 7. T h i s  phenomenon may be due t o  t h e  

s o l u b i l i t y  o f  humic a c i d s ,  f o r  which hydronium and hydroxyl i o n s  

are n o t  t h e  po ten t i a l -de t e rmin ing  i o n s  ( 5 ) .  Humic a c i d s  are t h e  

major c o n s t i t u e n t  o f  o r g a n i c  o x i d a t i o n  p roduc t s  and are formed on 

c o a l  s u r f a c e s  w i t h  v a r i o u s  molecular  we igh t s  f o r  d i f f e r e n t  

o x i d a t i o n  c o n d i t i o n s .  They are i n s o l u b l e  i n  a c i d i c  s o l u t i o n s  b u t  

become s o l u b l e  i n  a l k a l i n e  s o l u t i o n s .  T h e i r  s o l u b i l i t y  v a r i e s  

w i th  t h e i r  molecular  weight.  Usual ly  t h e  lower molecular  weight 

humic a c i d s  d i s s o l v e  a t  lower a l k a l i n e  s o l u t i o n  s t r e n g t h s .  When 

v i t r a i n  i s  ox id ized  a t  125OC f o r  380 h r ,  t h e  s u r f a c e  is  conve r t ed  

comple te ly  t o  humic a c i d s .  

E l e c t r o k i n e t i c s  o f  P y r i t e :  Effect o f  Oxida t ion  and Pos t -  

Ox ida t ion  Treatment 

When c o a l  i s  ox id ized  by n a t u r a l  weather ing ,  p y r i t e  is a l s o  

ox id ized .  The s o l u b l e  p roduc t s  from ox id ized  p y r i t e  are f e r r o u s  

s u l f a t e  (FeS04) and s u l f u r i c  a c i d .  Winmill ( 8 )  measured t h e  

r a t e s  o f  o x i d a t i o n  f o r  c o a l - p y r i t e  t o  be h i g h e r  t han  t h o s e  f o r  
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4-4 0 

HVA-BITUMINOUS VITRAIN OXIDATION TIME 
+20 AT 125"C, HR 

1. 0 

> 
E O  
J- 

5 c z 
u1 c- 
2 
t; 
q -20 

N 

-40 

-60 I I I I I 1 1 I I J 
8 9 10 11 12 2 3 4 5 6 7 

pH VALUE 

FiRure 1. Effect- of k i d a t i o n  Time on Electrokinztic 
Eehavlor of 1.1VA-BitunLnoria Vitrnin ( ? S I X  295) .  

c o a l  of t h e  same p a r t i c l e  s ize .  After one week o f  o x i d a t i o n ,  t h e  

ra te  dec reased  t o  about  25 p e r c e n t  of t h e  i n i t i a l  rate. Upon 

washing t h e  p y r i t e  w i th  water, t h e  ra te  i n c r e a s e d  t o  a p o i n t  nea r  

t h e  o r i g i n a l  rate.  This  r e s u l t  a l s o  showed t h a t  t h e  ox id ized  

p roduc t s  for p y r i t e  can  be washed away by water. 
F i g u r e  2 shows t h a t  t h e  o r i g i n a l  c r y s t a l  p y r i t e  and t h e  

boiling-water-washed ox id ized  p y r i t e  have IEPs o f  4.2 and 3.9, 
r e s p e c t i v e l y .  They were found t o  have similar z e t a - p o t e n t i a l s  
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I 
Figure 2.  E f f e c t  o f  Oxidized Products of P y r i t e  on the 

E l e c t  rokl.net i c  Eehdvior of P y r i t e  . 

through t h e  range of pH from 2.8 t o  11.0. This  i nd ica t ed  t h a t  

oxidized products might be completely removed by boiling-water 

washing and t h a t  t h e  remaining p y r i t e  su r face  was r e s to red  t o  

near ly  the  same s t a t e  a s  t h e  unoxidized p y r i t e .  

Unwashed oxidized p y r i t e  shows charge r e v e r s a l  po in t s  (CR) 

a t  t h e  pHs of  2.8, 4.3, and 7.3. The negat ive charge might be due 

t o  SO4 The p o s i t i v e  charge 

between pH 4.3 and 7.3 is bel ieved t o  be due t o  t h e  adsorpt ion of  

2- adsorpt ion between pH 2.8 and 4.3. 
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p o s i t i v e l y  charged f e r r o u s  hydroxy s p e c i e s .  Above pH 7.3,  t h e  

p y r i t e  s u r f a c e  cha rge  a g a i n  r e v e r s e d  t o  n e g a t i v e .  Th i s  may a l s o  

be due t o  t h e  a d s o r p t i o n  o f  f e r r o u s  hydroxide.  The z e t a -  

p o t e n t i a l  o f  t h i s  p y r i t e  a lmost  fo l lows  t h e  same z e t a - p o t e n t i a l  

curve  as t h a t  f o r  hydrolyzed f e r r o u s  i o n s ,  which i n d i c a t e d  t h a t  

t h e  e l e c t r o k i n e t i c  behav io r  of ox id i zed  p y r i t e  c l o s e l y  resembles  

t h e  e l e c t r o k i n e t i c  behavior  of  hydrolyzed f e r r o u s  ions .  The more 

n e g a t i v e l y  charged s u r f a c e  o f  t h e  cold-water-washed ox id ized  
2- p y r i t e  between pH 3.0 and 8.0 might be due t o  t h e  presence  of SO,, 

on t h e  s u r f a c e  t h a t  was n o t  removed by co ld  water washing. 

E l e c t r o k i n e t i c s  of  Hydrocarbon O i l s  

S i x  pu re  a l i p h a t i c  hydrocarbon o i l s  were s t u d i e d .  They a r e  

a l l  l i q u i d s  a t  room t empera tu re  excep t  oc t adecane ,  which i s  s o l i d  

below 28OC and t h u s  was s t u d i e d  a t  30°C. For  each  t es t ,  0.05 gram 

of o i l  was added t o  250 m l  o f  w a t e r ;  t h e  mix tu re  was shaken by 

hand f o r  two minutes  and then  d i l u t e d  t o  1000 m l .  A l l  

measurements were made w i t h i n  one hour.  The pure  hydrocarbon 

o i l s  were found t o  have similar z e t a - p o t e n t i a l  c h a r a c t e r i s t i c s  

r e g a r d l e s s  o f  t h e i r  cha in  l e n g t h ,  as shown i n  F igu re  3. The I E P  

occur red  f o r  a l l  hydrocarbons a t  pH 2.0. A z e t a - p o t e n t i a l  o f  

about  -50 mv was found a t  pH 5.0 and about  -95 mv a t  around pH 

11.0. The o r i g i n  o f  t h e  n e g a t i v e  cha rge  of a hydrocarbon d r o p l e t  

was cons idered  by P a r r e i r a  an Schulman ( 9 )  t o  be due t o  

p r e f e r e n t i a l  a d s o r p t i o n  of OH- i o n s  i n  comparison t o  H O+ i ons .  

A t  very  low pH v a l u e s ,  a d s o r p t i o n  of H O+ i o n s  may g i v e  r i s e  t o  a 

p o s i t i v e  charge .  They a l s o  cons ide red  t h e  a d s o r p t i o n  o f  h a l i d e .  

The maximum and minimum t h a t  occu r red  i n  a l l  hydrocarbon cu rves  

provided ev idence  t h a t  t h e  a d s o r p t i o n  o f  C1-ions ( 1 0 )  had 

occurred .  The maximum z e t a - p o t e n t i a l  o f  about  -40 mv occurred  a t  

pH 5.8. The minimum z e t a - p o t e n t i a l  of -50 t o  -60 mv occurred  a t  

pH 4.8 f o r  t h e  pu re  hydrocarbon d r o p l e t s .  The i n c r e a s e  i n  t h e  

magnitude of t h e  z e t a - p o t e n t i a l  between pH 4.8 and 5.8 may be 

3 
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Figure 3 .  E l e c t r o k i n e t i c  Behavior of Pura  Hydrocarbon 
Oil-in-tlater Ehuls ion  D r o p l e t s .  

i n t e r p r e t e d  as a r a p i d  d e c l i n e  i n  t h e  amount of  c h l o r i d e  

a v a i l a b l e  t o  adso rb  on t h e  d r o p l e t  s u r f a c e s .  Below pH 4.8, t h e  

a d s o r p t i o n  o f  H O+ predominates ove r  t h e  a d s o r p t i o n  o f  C1-, and 

t h e  z e t a - p o t e n t i a l  beg ins  t o  r ise aga in .  Below t h e  I E P  a t  abou t  

pH 2.3 f o r  t h e  pu re  hydrocarbons,  t h e  carbon atoms of t h e  

molecules  probably  p r e f e r e n t i a l l y  a d s o r b  H O+, t h u s  r ende r ing  t h e  

whole s u r f a c e  p o s i t i v e .  

3 

3 

Kerosene was a l so  t e s t e d  and showed a z e t a - p o t e n t i a l  curve  

( F i g u r e  4 ) .  The p resence  o f  excess  C1-shows q u i t e  c l e a r l y  t h e  
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PH 

Figuse 11 .  Effect of X ~ C I ,  MIBC 2nd ~ e ~ +  on E l e c t r o -  
kinetic Behavior of Ke.rosene-in-Vater 
Emnl.slon I l r o p l e  ts . 

e f fec t  o f  C1-  a d s o r p t i o n .  The maximum normal ly  found i s  sup- 

p r e s s e d ,  and t h e  z e t a - p o t e n t i a l  cu rve  c o n t i n u e s  t o  d rop  as t h e  pH 

i n c r e a s e s .  The N a C l  c o n c e n t r a t i o n  was molar ,  which probably  

caused some doub le - l aye r  compression.  T h i s  doub le - l aye r  com- 

p r e s s i o n  probably  a c c o u n t s  f o r  t h e  s l i g h t l y  less  n e g a t i v e  v a l u e s  

of z e t a - p o t e n t i a l  found between pH 2.5 and pH 4.0 f o r  t h e  N a C l  

t es t s .  Similar behav io r  was found f o r  pure  hexadecane and is  

p l o t t e d  i n  F i g u r e  6. 
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OIL FLOTATION OF O X I D I Z E D  COAL 1501 

E l e c t r o k i n e t i c s  of  Hydrocarbon O i l :  E f f e c t  of  Ino rgan ic  

E l e c t r o l y t e s  
The most common so lub le  inorganic  e l e c t r o l y t e s  produced by 

oxidizing coa l  were t e s t e d  f o r  t h e i r  e f f e c t  on t h e  e l e c t r o k i n e t i c  

behavior of  hexadecane emulsions, as shown i n  Figures  5 and 6. 
The charge r e v e r s a l  p o i n t s  of t h e  hydrocarbon d r o p l e t s  i n  t h e  

presence of metal-ions were found t o  be similar t o  t h e  charge 

r e v e r s a l  po in t s  of oxidized coa l  par t ic les ,  a s  reported 

previously ( 1 1 ) .  According t o  James and Healy's d e f i n i t i o n  (12 ) ,  

t h e  first charge r e v e r s a l ,  CR 1 ,  was shown t o  correspond t o  t h e  

point-of-zero charge (PZC) of t h e  mineral .  The second charge 

r e v e r s a l ,  CR 2,  was shown t o  correspond t o  t h e  surface 
p r e c i p i t a t i o n  of metal hydroxide on t h e  c o l l o i d  s u b s t r a t e ,  while 
CR 3 was shown t o  be t h e  PZC of t h e  metal hydroxide. It is clear 

t h a t  i n  t h e  presence of metal  i ons ,  t h e  su r faces  of coa l  and 
hydrocarbon d r o p l e t s  a r e  a c t i v a t e d  by t h e  f i r s t  hydroxy complex 

o f  t h e  metal  i ons  and then by t h e  adsorpt ion o f  t he  metal 

hydroxide as pH g radua l ly  increases .  Figure 7 shows t h a t  CR 3 f o r  

t h e  oxidized v i t r a i n  and f o r  t h e  hexadecane d r o p l e t s  occurs  a t  
t h e  same pH when i n  t h e  presence of loe4 molar Fe2+, though t h e  

charge r e v e r s a l  p o i n t  CR 2 occurs  a t  d i f f e r e n t  pHs f o r  t h e  p a i r .  
Metal i ons  l i k e  Mg2+, Ca2+, and Na+ compress t h e  e l e c t r i c a l  

double l aye r  but do no t  r eve r se  t h e  s i g n  of ze t a -po ten t i a l  

between pH 2.0 and pH 11 .O. However, Mg2+ does show t h e  charge 

r e v e r s a l  po in t  CR 2 a t  pH 11.5. A compressed double l a y e r  may 

c o n t r i b u t e  t o  good emulsion f l o t a t i o n .  

E l e c t r o k i n e t i c s  of Hydrocarbon O i l :  E f f e c t  of Long-chain 

F l o t a t i o n  Reagents 

The ze t a -po ten t i a l  c h a r a c t e r i s t i c s  of  hexadecane d r o p l e t s  

were determined i n  s o l u t i o n s  t h a t  contained he te ropo la r  f l o t a t i o n  

r eagen t s  such a s  dodecylammonium ch lo r ide  ( D A C ) ,  sodium o l e a t e ,  

and sodium dodecy l su l f a t e  (SDS). A t  lo-' molar, DAC shows a very 

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



1502 WEN AND SUN 

s t r o n g  a d s o r p t i o n  a t  t h e  o i l - w a t e r  i n t e r f a c e .  The z e t a - p o t e n t i a l  

of t.he hexadecane is s h i f t e d  s t r o n g l y  p o s i t i v e  th roughou t  t h e  pH 

range ,  as shown i n  F i g u r e  8. The r a p i d  d e c r e a s e  i n  z e t a - p o t e n t i a l  

i n  Lhe h i g h  pH range  was due t o  t h e  d i s s o c i a t i o n  o f  t h e  DAC ion  

( 13 1. T h i s  e v e n t u a l l y  r e s u l t e d  i n  an  I E P  a t  pH 10.6. 
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+30 I I I I I I I I I I 

ca2+ M 
Na+ M 

+10 NO METAL I O N S  

-1101 I I 1 I 1 1 I 1 I I 
1 2  3 4 5 6 7 8 9 1 0 1 1 1 2  

F i g u r e  6 .  Effec t  of  1) Ng2* 10-I' PI, 2 )  Ca2+, 11 
and 
B eh av i o  r o f Hex ad e c ari. e- i.14 la t er Emu 1 s 1 on 
1koJl.e t s .  

3) ?la', 10-3'T,f on t h e  E l e c t r o k i m t i c  

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

were l i t t l e  a f f e c t e d  by t h e  p re sence  o f  o l e a t e  i o n s ,  i n d i c a t i n g  

t h a t  t h e  f u n c t i o n a l  group o f  sodium o l e a t e  behaves s i m i l a r l y  t o  

t h e  o i l  d r o p l e t s .  A t  low pH, t h e  ca rboxy l  group does  no t  i o n i z e  

and t h u s  h a s  l i t t l e  a f fec t  on t h e  hexadecane, whi le  a t  h igh  pH, 

t h e  i o n i z a t i o n  of t h e  ca rboxy l  group h a s  l i t t l e  added a f f e c t  on 
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1504 WEN AND SUN 

t h e  a l r e a d y  q u i t e  r a p i d  drop  i n  z e t a - p o t e n t i a l  shown by t h e  pu re  

hexadecane. 

Sodium d o d e c y l s u l f a t e  would be expec ted  t o  be s t r o n g l y  

i o n i z e d  even a t  q u i t e  low pH. Thus i t  would be expec ted  t o  d r i v e  

t h e  hexadecane more n e g a t i v e  i n  t h e  low pH range. A s  expec ted ,  

t h e  z e t a - p o t e n t i a l  fo r  t h e  sys tem,  as shown i n  F i g u r e  8 ,  was found 

t o  be more n e g a t i v e  t h a n  t h e  pu re  hexadecane i n  t h e  low pH range. 
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Figure  8. E f f e c t  of F l o t a t i o n  C o l l e c t o r s  1) Sodium 
Dodecylsulfate  PI, 2 )  Sodium Oleate 
l oq4  FI and 
E l e c t r o k i n e t i c  Behavior of IIexadecane-in- 
Water Enulsion Drop le t s .  

3)  Dodecyl Amine 1.0-4 Pi on the 
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1506 WEN AND SUN 

The e l e c t r o k i n e t i c  c h a r a c t e r i s t i c s  o f  e m u l s i f i e d  hexadecane  

d r o p l e t s  i n  t h e  p r e s e n c e  of v a r i o u s  c o n c e n t r a t i o n s  of dodecyl -  

ammonium c h l o r i d e  are shown i n  F i g u r e  9. With t h e  a d s o r p t i o n  of 

amine i o n s ,  t h e  I E P  o f  hexadecane  d r o p l e t s  i n c r e a s e d  from pH 2.2 

t o  pH 10.7 a s  t h e  amine c o n c e n t r a t i o n  was i n c r e a s e d  from t o  

molar .  

I_ E l e c t r o k i n e t i c s  of  I n d u s t r i a l  O i l s  

F u e l  o i l s  No. 2 and No. 6 (Bunker  C )  a re  t h e  commercial  o i l s  

which a r e  used  i n  i n d u s t r i a l  f l o t a t i o n  o f  o x i d i z e d  c o a l .  A 

m i x t u r e  o f  f o u r  p a r t s  of f u e l  o i l  No. 2 t o  one p a r t  o f  f u e l  o i l  

No. 6 was r e p o r t e d  t o  be  t h e  b e s t  c o m b i n a t i o n  for u s e  as a col- 

l e c t o r  f o r  o x i d i z e d  coal ( 1 4 ) .  A p u r i f i c a t i o n  column o f  

a c t i v a t e d  c a r b o n  and a c t i v a t e d  a l u m i n a  was used  t o  c l e a n  t h i s  

m i x t u r e  o f  commercial o i l s  f o r  t e s t i n g .  The p u r i f i e d  o i l  was 

c o l o r l e s s  and p r o b a b l y  c o n s i s t e d  m o s t l y  o f  No. 2 f u e l  o i l ,  w h i l e  

t h e  u n p u r i f i e d  m i x t u r e  was b l a c k  i n  color .  

F i g u r e  10 shows t h a t  a n  e m u l s i f i e d  m i x t u r e  o f  f o u r  p a r t s  o f  

No. 2 and one p a r t  o f  No. 6 f u e l  o i l s  h a s  a much h i g h e r  p o s i t i v e  

z e t a - p o t e n t i a l  (+58 mv a t  pH 2.0)  t h a n  d o e s  No. 2 f u e l  o i l .  The 

XEP was found t o  b e  a t  pH 4.9.  2 and 

No. 6 f u e l  o i l s  i n  t h e  same r a t i o  a s  b e f o r e  p u r i f i c a t i o n  shows a 

c o m p l e t e l y  d i f f e r e n t  e l e c t r o k i n e t i c  c u r v e  when compared w i t h  t h e  

u n p u r i f i e d  m i x t u r e .  The z e t a - p o t e n t i a l  c u r v e  o f  t h e  p u r i f i e d  

m i x t u r e  w a s  v e r y  s imi la r  t o  t h e  k e r o s e n e  shown i n  F i g u r e  4. It is 

b e l i e v e d  t h a t  t h e  major p a r t  o f  t h e  p u r i f i e d  o i l  was No. 2 f u e l  

o iL .  The p o s i t i v e  c h a r g e  of t h e  m i x t u r e  o f  u n p u r i f i e d  No. 2 and 

No, 6 o i l s  is a t t r i b u t e d  t o  t h e  i m p u r i t i e s  from t h e  No. 6 f u e l  

o i  L .  These i m p u r i t i e s  are  a g r o u p  o f  p o l a r  compounds o f  

m i e t e r m i n e d  p o l y c y c l i c  s t r u c t u r e s  t h a t  c o n t a i n  amine and s u l f u r  

components ,  a s p h a l t ,  and n i c k e l  and vanadium sal ts  (15) .  

Doubling t h e  amount of No. 6 f u e l  o i l  i n  t h e  m i x t u r e  i n c r e a s e d  t h e  

I E P  f rom pH 4.9 (No. 2 : No. 6 4 : l )  t o  pH 5.5 (No. 2 : No. 6 = 

The p u r i f i e d  m i x t u r e  o f  No. 
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PH 

Figure 9 .  I l r f cc t  o f  Dodecylnmnoniuin C1110ride 
(UAC) at Varied Concentrat ions on th,. 
E l e c t r o k i n e t i c  Behavior of  Ilt.xadec:,inc- 
in-Water Emulsion Ikoplets .  

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



1508 

+60 

t40 

+20 

0 
i z 
.dl 
5 5 -20 

8 
L 

w 
t- 

Q 

N -fko 

-60 

-80 

-100 

WEN AND SUN 

1. FUEL OIL NO. 2 AND No. 6 

2. PURIFIED FUEL OIL No. 2 
( 4 : I  RATIO) 

AND NO. 6 ( 4 : l  RATIO BEFORE 
PURIFICATION) 

3. FUEL OIL No. 2 
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OIL FLOTATION OF OXIDIZED COAL 1509 

2 : l ) .  Other  t es t  data i n d i c a t e d  t h a t  t h e  I E P  remained unchanged 

a t  pH 4.9 when t h e  r a t i o  o f  No. 2 and No. 6 f u e l  o i l s  was 

i n c r e a s e d  t o  9 : l .  

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

mix tu res  are shown i n  F igu re  11 .  The a d d i t i o n  o f  DAC t o  t h e  

p u r i f i e d  f u e l  o i l  mix ture  gave e l e c t r o k i n e t i c s  similar t o  those  

found f o r  t h e  mixture  o f  u n p u r i f i e d  f u e l  o i l s  shown i n  F i g u r e  10. 

If t h e  ox id ized  c o a l  f l o t a t i o n  is a f u n c t i o n  o f  t h e  ze t a -  

p o t e n t i a l  of t h e  hydrocarbon d r o p l e t s ,  t h e n  t h e  optimum f l o t a t i o n  

may be c o n t r o l l e d  by a d j u s t i n g  t h e  c o n c e n t r a t i o n  o f  s u r f a c t a n t  

and t h u s  t h e  z e t a - p o t e n t i a l  of t h e  e m u l s i f i e d  oil d r o p l e t s .  

E l e c t r o k i n e t i c  S t u d i e s  of S e v e r a l  Proposed Methods t o  Res to re  t h e  

F l o a t a b i l i t y  o f  Oxidized Coal 

It h a s  long  been sugges ted  t h a t  t h e  f l o a t a b i l i t y  of  ox id i zed  

c o a l  could  be improved by r e v e r s i n g  t h e  e f f e c t s  of o x i d a t i o n .  Two 

g e n e r a l  methods have been proposed t o  ach ieve  such a r e v e r s a l .  

The most d i rec t  approach would be t o  p h y s i c a l l y  remove t h e  

ox id ized  s u r f a c e  e i t h e r  by sc rubb ing  and a t t r i t i o n ,  o r  by 

g r i n d i n g .  Other  p roposa l s  would ach ieve  t h e  same e f f e c t  by 

chemica l  means. 

Gog i t idze  and P l a k s i n  (16,17) r e p o r t e d  t h a t  t h e  f l o a t a b i l i t y  

o f  ox id i zed  c o a l  h a s  been r e s t o r e d  e i t h e r  by d i s s o l v i n g  t h e  
ox id ized  s u r f a c e  l a y e r  i n  a 1.0 p e r c e n t  c a u s t i c  soda  s o l u t i o n  

( f l o t a t i o n  c a r r i e d  o u t  i n  an  a l k a l i n e  medium) o r  by r e d u c t i o n  o f  

t h e  ox id ized  s u r f a c e  by benz id ine  i n  benzoyl a l c o h o l  a t  85 C. 
From t h e  e l e c t r o k i n e t i c  p o i n t  of view, it i s  expec ted  t h a t  t h e  

t r e a t m e n t  o f  ox id i zed  coal by benz id ine  would r educe  t h e  ze t a -  

p o t e n t i a l  o f  t h e  ox id ized  c o a l  and t h u s  would reduce  t h e  

h y d r a t i o n  o f  t h e  ox id ized  c o a l  s u r f a c e ,  which i n  t u r n  would 

i n c r e a s e  t h e  hydrophob ic i ty  o f  t h e  ox id ized  c o a l  s u r f a c e .  

0 

Figure  12 shows t h a t  t h e  NaOH treated ox id ized  v i t r a i n  was 

found t o  have a smaller magnitude of  t h e  n e g a t i v e  z e t a - p o t e n t i a l  
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WEN AND SUN 1510 

F l q u r e  11. E f f e c t  of Dod2cyla;nmoniuin Ch la r ide  on ~ h r .  
Elec t rokine t tc  Behavior of P u r f f i e d  Xixture  
of F u e l  O L L s  No. 2 nntl N3. h ('+:l l L i t i u )  i n  
Vztpr 1 3 r n u L c ; i o n  D r o p l r t  :, . 

t,han the untreated vitrain. This effect was more pronounced in 

alkaline solutions. According to the correlation between contact 

angle and zeta-potential ( l l ) ,  smaller zeta-potentials mean 

better floatabilities. 

Benzidine is a cationic-type organic substance with two 

aromatic rings. Its chemical formula is 4,4 '  -NH C H C H NH 2 6 4 6 4 4  2 '  
When oxidized HVA-bituminous vitrain was treated with 10- or 
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OIL FLOTATION OF OXIDIZED COAL 1511 

F i g u r e  72. Effec t  of  C h e m i c s l  T r e a t m e n t  on t h e  
Zeta-Potential of Oxldizeil INR- 
Bituminous Vierain (PSOC: 2 9 5 ) .  

molar benzidine,  its e l e c t r o k i n e t i c  behavior became nea r ly  

t h e  same a s  the  unoxidized c o a l ,  a s  shown i n  Figure 12. The I E P s  

f o r  t h e  treated oxidized c o a l  were found a t  pH 4.3 and 6.2, 
r e spec t ive ly .  The I E P  can be ad jus t ed ,  depending on t h e  

concentrat ion of benzidine.  The r epor t ed  inc rease  i n  

f l o a t a b i l i t y  is believed t o  be because t h e  decrease i n  t h e  

magnitude of t h e  ze t a -po ten t i a l  g ives  r ise  t o  an inc rease  i n  

su r face  hydrophobicity. 

I f  oxidat ion affects only t h e  su r face  l a y e r  of t he  oxidized 
c o a l  p a r t i c l e s ,  a s l i g h t  g r ind ing  o r  a t t r i t i o n  would remove t h e  

oxidat ion l a y e r  and expose a f r e s h  su r face ,  which could be  less  o r  
no t  a t  a l l  oxidized. The f l o a t a b i l i t y  of t h i s  ground oxidized 
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1512 WEN AND SUN 

c o a l  should  i n c r e a s e .  For Balmer seam c o a l  from Canada, i t  has  

been e s t a b l i s h e d  by f l o t a t i o n  t e s t i n g  t h a t  g r i n d i n g  does  i n c r e a s e  

i t s  f l o a t a b i l i t y ,  t h u s  i n d i c a t i n g  t h a t  o x i d a t i o n  does  n o t  ex tend  

throughout  i t s  bulk .  F i g u r e  13 shows t h a t  t h e  +65 mesh Balmer 

seam c o a l  a f te r  g r i n d i n g  shows an  I E P  a t  pH 3.2 and shows a 
r educ t ion  i n  z e t a - p o t e n t i a l  a s  compared t o  t h e  -400 mesh sample,  

which does  n o t  have a measurable I E P .  

On t h e  o t h e r  hand, f o r  an  ou tc rop  c o a l  o r  a n  e x t e n s i v e l y  oxi -  

d i zed  c o a l ,  e i ther  g r i n d i n g  or  a t t r i t i o n  should  no t  a i d  

f l o a t a b i l i t y  much, as t h e  o x i d a t i o n  ex tends  throughout  t h e  bulk  

o f  t h e  coa l .  The York Canyon mine ou tc rop  c o a l  is  ox id ized  

throughout  i t s  bulk.  No IEP was found for  either s u r f a c e  or c o r e  

p o r t i o n s  o f  t h i s  c o a l .  The re fo re  g r i n d i n g  would n o t  improve i t s  

f l o a t a b i l i t y .  

P o s t u l a t e d  Model f o r  S e l e c t i v e  F l o t a t i o n  of  Oxidized Coal 

The e l e c t r o k i n e t i c  s t u d y  o f  o x i d i z e d  c o a l ,  p y r i t e ,  and 

hydrocarbon o i l  d r o p l e t s  i n d i c a t e d  t h a t  t h e  hydrophob ic i ty  o f  

ox id i zed  c o a l  i s  a t  a maximum a t  i t s  I E P  and t h a t  t h e  maximum 

a d s o r p t i o n  o f  hydrocarbon d r o p l e t s  on ox id ized  coal i s  a t  t h e  I E P  

of  t h e  hydrocarbon d r o p l e t s .  It h a s  been e s t a b l i s h e d  t h a t  t h e  I E P  

o f  p a r t i c l e s  o r  o i l  d r o p l e t s  i s  c o n t r o l l e d  by pH, h e t e r o p o l a r  

r e a g e n t s  c o n c e n t r a t i o n ,  and metal i o n s  a d s o r p t i o n .  

These r e s u l t s  a l s o  i n d i c a t e  t h a t  a p a r t i a l  n a t i v e  

f l o a t a b i l i t y  o f  ox id i zed  c o a l  might e x i s t .  Pa r t i a l  n a t i v e  

f l o a t a b i l i t y  means t h a t  t h e  p a r t i a l l y  ox id i zed  c o a l  s u r f a c e  may 

c o n s i s t  o f  bo th  hydrophobic s i tes  and h y d r o p h i l i c  sites. Hydro- 
phobic s i t e s  are similar t o  t h e  s u r f a c e  o f  unoxid ized  c o a l ,  wh i l e  

h y d r o p h i l i c  s i t e s  c o n s i s t  o f  a c i d i c  i n s o l u b l e  o x i d a t i o n  p roduc t s  

o r  bf oxygen-containing f u n c t i o n a l  groups .  Hydroph i l i c  s i t e s  

form a h y d r a t i o n  l a y e r  a t  z e t a - p o t e n t i a l s  a p p r e c i a b l y  d i f f e r e n t  
from z e r o ,  t h u s  cove r ing  the  f l o a t a b l e  s i tes .  The re fo re ,  t h e  

ox id i zed  c o a l  becomes less f l o a t a b l e .  I n  the  p resence  o f  meta l  
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+3q I I I I I I I I I 

- 7  
2 3 4 5 6 7 8 9 1 0 1 1 1 2  

PH 

F i g u r e  13. Ef fec t  of  Grinding on t h e  Zcta- 
P o t e n t i a l  of Oxidized CoaL.5. 

1. Weathered Coal o f  B a l m ~ r  Sctam, 

2 .  Weatliered Coal of Ralme.z Seam, 
Canada, -400 Mo-sh 

Cailada, 4-65 Mesh, Crou:td t o  -r+OO 
Mesh 

3 .  Outcrop York Caiiyun Coal, N . M . ,  

4 .  Outcrop York Canym Coal, N . P f . ,  
-400 bksh 

4-114 Inch 

hydroxides,  t h e  c o a l  s u r f a c e  i s  p a r t i a l l y  covered by metal 

hydroxide p r e c i p i t a t e .  When t h e  s u r f a c e  reaches its I E P ,  t h e  

s u r f a c e  hydrat ion l a y e r  is decreased. The oxidized c o a l  becomes 

f l o a t a b l e  again due t o  t h e  exposure of i t s  f l o a t a b l e  si tes.  
On t h e  o t h e r  hand, t h e  f l o t a t i o n  f r o t h e r s  and o i l y  

c o l l e c t o r s  form emulsion d r o p l e t s  i n  t h e  f l o t a t i o n  pulp. The 
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1514 WEN AND SUN 

r eagen t  d r o p l e t s  are n e g a t i v e l y  charged  i n  water, and t h e i r  

magnitude of  t h e  n e g a t i v e  z e t a - p o t e n t i a l  i n c r e a s e s  a s  pH 

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

r eaches  an  optimum when bo th  d r o p l e t  and p a r t i c l e  are a t  or n e a r  

t h e i r  I E P s .  The re fo re ,  it is p r e d i c t e d  t h a t  i n  t h e  absence  o f  

metal hydroxide ,  t h e  f l o t a t i o n  o f  o x i d i z e d  c o a l  i n c r e a s e s  as t h e  

pII d e c r e a s e s  and t h a t  i n  t h e  p re sence  of me ta l  hydroxide ,  t h e  

optimum f l o a t a b i l i t y  o f  t h e  o x i d i z e d  c o a l  i s  a t  t h e  common I E P  o f  

t h e  ox id ized  c o a l  and t h e  r e a g e n t  d r o p l e t .  

F l o t a t i o n  o f  Oxidized Coal 

The fo l lowing  f l o t a t i o n  tes ts  are an  a t t e m p t  t o  v e r i f y  t h e s e  

e l e c t r o k i n e t i c  f i n d i n g s  and t o  e s t a b l i s h  a sound b a s i s  f o r  

improved r e c o v e r i e s  of ox id ized  c o a l .  However, a d e t a i l e d  

e v a l u a t i o n  o f  t h e  f l o t a t i o n  behav io r  o f  o x i d i z e d  c o a l  i s  beyond 

t h e  scope o f  t h i s  s tudy .  

Pure  hydrocarbon o i l  f l o t a t i o n  r e s u l t s  are shown i n  F igu re  

l 4 A .  At lower c o l l e c t o r  c o n c e n t r a t i o n s ,  a combust ib le  r ecove ry  

o f  '76.7 p e r c e n t  was found a t  pH 6.5, wh i l e  a combust ib le  recovery  

of 60.3 p e r c e n t  was found a t  pH 4.0. A t  t h e  h i g h e r  c o l l e c t o r  

c o n c e n t r a t i o n ,  bo th  pHs gave v i r t u a l l y  t o t a l  r ecove ry  of  t h e  com- 

b u s t i b l e s .  I n  t h e  presence  o f  a n a t u r a l  l e v e l  o f  Fe2+ (as  FeSO,,), 

t h e  r e c o v e r i e s  o f  combus t ib l e s  a t  pH 4.0 and 6.5 were found t o  be 

about  t h e  same as t h e  r e c o v e r i e s  a t  pH 4.0 wi thou t  Fe2+. However, 

t h e  recovery  a t  pH 9.0 wi th  Fe2+ was very  low. The r e s u l t s  

i n d i c a t e d  t h a t  pH is a c o n t r o l  f a c t o r  f o r  hydrocarbon o i l  

f l o t a t i o n .  

The a s h  c o n t e n t s  o f  t h e  f l o t a t i o n  p roduc t s  i n c r e a s e d  wi th  

t h e  c o n c e n t r a t i o n  o f  hexadecane o i l ,  b u t  no s i g n i f i c a n t  v a r i a t i o n  
2+ cou.ld be observed  f o r  t h e  effect  o f  pH o r  a n a t u r a l  l e v e l  of Fe 

when t h e  combust ib le  recovery  w a s  above 60 pe rcen t .  

The s u l f u r  c o n t e n t  o f  t h e  f l o t a t i o n  p roduc t s  i n c r e a s e d  as 

t h e  hexadecane o i l  c o n c e n t r a t i o n  inc reased .  The ave rage  s u l f u r  
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1516 WEN AND SUN 

con ten t  a t  t h e  lower c o n c e n t r a t i o n  was 0.5 p e r c e n t ,  which 
inc reased  t o  1.8 p e r c e n t  a t  t h e  h i g h e r  c o n c e n t r a t i o n .  However a t  

pH 6.5 and wi th  Fe2+, t h e  s u l f u r  c o n t e n t  was 0.93 and 1.05 

p e r c e n t ,  r e s p e c t i v e l y .  A t  t h i s  pH v a l u e ,  t h e  p y r i t e  could  be 
2+ depressed  by t h e  p re sence  of  Fe , as d i s c u s s e d  p rev ious ly .  

Comparison o f  t h e  combust ib le  r e c o v e r i e s  w i t h  t h e  e l e c t r o -  

k i n e t i c s  o f  hydrocarbon d r o p l e t s  and ox id ized  c o a l  w i th  and 

wi thou t  Fe2+ shows t h a t  t h e  optimum f l o a t a b i l i t y  o f  ox id i zed  c o a l  

i s  n e a r  t h e  r e s p e c t i v e  I E P s  of hydrocarbon d r o p l e t s  and ox id ized  

coa l .  I n  t h e  p re sence  of Fe2+, t h e  IEPs o f  bo th  d r o p l e t s  and 

ox id ized  c o a l  occu r  around pH 6.5 t o  7.0. 

The f l o t a t i o n  r e s u l t s  f o r  t h e  hexadecane-DAC mix tu re  are 

shown i n  F igu re  14B. It was shown i n  F i g u r e  9 t h a t  t h e  e l e c t r o -  

k i n e t i c s  o f  hexadecane could  be v a r i e d  i n  a c o n t r o l l a b l e  f a sh ion  

by t h e  a d d i t i o n  o f  DAC. For t h e s e  tes ts ,  a r a t i o  o f  162:l was 
chosen f o r  t h e  hexadecane-DAC mixture .  The effects of pH and of a 

n a t u r a l  l e v e l  of Fe2+ were a l s o  t e s t e d .  
2+ . With no Fe i n  t h e  system, t h e  r ecove ry  of  combust ib le  

m a t e r i a l  a t  0.8 pound o f  r e a g e n t  p e r  t o n  of s o l i d  was 40.15 

p e r c e n t  (pH 3.2)  and 61.35 p e r c e n t  (pH 6.51, which was even lower 
than  w i t h  no amine. The a sh  and s u l f u r  c o n t e n t s  i n  r e c o v e r i e s  a t  
pH 6.5 are r e s p e c t i v e l y  10.49 and 0.43 p e r c e n t ,  which appear  t o  be 

low. However, t h e s e  v a l u e s  were probably  reduced by t h e  low t o t a l  
recovery  of  the product .  

The a d d i t i o n  of Fe2+ t o  t h e  sys tem improved t h e  r e s u l t s  con- 
s i d e r a b l y .  The combust ib le  r ecove ry  i n c r e a s e d  t o  t h e  97-99 
p e r c e n t  range  f o r  a l l  pHs tes ted,  wh i l e  t h e  a s h  c o n t e n t  remained 
a lmost  the  same as f o r  pu re  hydrocarbon f l o t a t i o n  wi thou t  amine. 

The p y r i t e ,  a g a i n ,  seemed depres sed  by t h e  p re sence  of  Fe2+ a t  pH 

6.5. 
The f l o t a t i o n  r e s u l t s  f o r  t h e  commercial mix ture  are 

p resen ted  i n  F i g u r e  1 4 C .  T h i s  mix tu re  was a 4 : l  b lend  o f  f u e l  o i l  

No. 2 and f u e l  o i l  No. 6. T h i s  mix tu re  was r e a d i l y  e m u l s i f i a b l e  
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OIL FLOTATION OF OXIDIZED COAL 1517 

a t  room tempera tu res ,  even though f u e l  No. 6 is t o o  v i s c o u s  t o  be 

e m u l s i f i e d  by i t se l f  a t  room tempera ture .  

The r e s u l t s  are somewhat similar i n  t r e n d  and are better 

t h a n  t h e  o t h e r  o i l y  c o l l e c t o r  tests.  Even wi thou t  Fe2+, t h e  

combust ib le  r e c o v e r i e s  a t  0.8 pound o f  o i l  p e r  t o n  o f  s o l i d  are 

around 93 t o  98 pe rcen t .  Ash c o n t e n t  i n  t h e  r e c o v e r i e s  is a l s o  

similar t o  t h a t  w i th  t h e  o t h e r  o i l y  c o l l e c t o r s ,  and a g a i n ,  t h e  

p y r i t e  seemed depres sed  by t h e  p re sence  o f  Fe2+ a t  pH 6.5. 

The pu re  hexadecane f l o t a t i o n  wi thou t  Fe2+ shows t h a t  com- 

b u s t i b l e  r e c o v e r i e s  o f  75.7 p e r c e n t  a t  pH 6.5 and of  60.7 p e r c e n t  

a t  pH 4.0 were ob ta ined  w i t h  0.8 pounds o f  o i l  pe r  t o n  o f  s o l i d .  

The e x p l a n a t i o n  f o r  t h i s  pH effect  seems t o  be c o r r e l a t e d  wi th  t h e  

maximum and minimum z e t a - p o t e n t i a l  found f o r  o i l  d r o p l e t s  (see 

F i g u r e  3 ) .  The z e t a - p o t e n t i a l s  for o i l  d r o p l e t s  a t  4.5 and pH 6.5 

are approximate ly  -50 mv and -35 mv, r e s p e c t i v e l y .  T h i s  

d i f f e r e n c e  i n  z e t a - p o t e n t i a l  f o r  t h e  o i l  d r o p l e t s  could  be 

r e s p o n s i b l e  f o r  t h e  d i f f e r e n c e  i n  o x i d i z e d  c o a l  f l o t a t i o n  

recovery .  

Ash c o n t e n t s  i n  recovered  c o a l  f l o a t e d  by pu re  hydrocarbon 

o i l s  and i n  commercial o i l  f l o t a t i o n  are g e n e r a l l y  low. The 

i n c r e a s e  i n  a s h  c o n t e n t  w i t h  t h e  i n c r e a s e  i n  p e r c e n t  o f  r ecove ry  

i s  p o s s i b l y  due t o  mechanical en t rapment  o r  slime coa t ing .  
The re fo re ,  a c l e a n i n g  f l o t a t i o n  o r  pu lp  d i l u t i o n  may be n e c e s s a r y  

t o  reduce  such  entrapment.  

The s u l f u r  c o n t e n t  i n  r ecove red  c o a l  i s  mainly due t o  

recovered  p y r i t e .  Gene ra l ly ,  t h e  s u l f u r  c o n t e n t  i n c r e a s e s  w i t h  

a n  i n c r e a s e d  p e r c e n t  o f  recovery.  However, i n  t h e  p re sence  o f  

Fe2+ a t  pH 6.5, p y r i t e  is depressed .  T h i s  d e p r e s s i v e  e f f e c t  has 

been observed  i n  a l l  t h e  hydrocarbon o i l  f l o t a t i o n s .  

The mix tu re  of pu re  hexadecane and amine d i d  n o t  show any 

b e t t e r  f l o t a t i o n  r ecove ry  than  t h e  pu re  hexadecane a l o n e  a t  pH 
6.5 i n  t h e  absence  o f  Fe2+. T h i s  may be because t h e  s o l u b i l i t y  of 

amine i o n s  i n  water causes  t he  ox id ized  c o a l  p a r t i c l e s  and o i l  
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1.518 WEN AND SUN 

d r o p l e t s  t o  become similar i n  cha rge ,  which produces  a n  e l e c t r o -  

k i n e t i c  r e p u l s i o n  and the reby  r educes  t h e  a d s o r p t i o n  o f  o i l  on 

c o a l .  The f l o t a t i o n  r ecove ry  i s  a l s o  reduced. It i s  t h e r e f o r e  

sugges ted  t h a t  i f  t h e  amine a c i d  is mixed wi th  t h e  hydrocarbon 

o i l ,  t h e  a d d i t i o n  o f  FeSO,, and t h e  c o n t r o l  o f  pH t o  6.5 are 

necessa ry  t o  improve t h e  f l o t a t i o n  o f  ox id i zed  coa l .  The 

f l o t a t i o n  r e s u l t s  v e r i f i e d  t h a t  t h e  optimum f l o t a t i o n  o f  ox id i zed  

c o a l  is  a t  t h e  IEPs o f  hydrocarbon o i l  d r o p l e t s  and ox id ized  c o a l  

p a r t i c l e s .  I n  t h e  presence  o f  Fe , t h e  I E P s  o f  t h e  d r o p l e t s  and 

c o a l  p a r t i c l e s  are  n e a r  pH 6.5 t o  7.0. A hydrocarbon o i l  and p i n e  

o i l  combination was a good f l o t a t i o n  r e a g e n t  f o r  t h e  r ecove ry  o f  

ox id i zed  coa l .  The combust ib le  r ecove ry  was ove r  90 p e r c e n t  and 

was ob ta ined  wi th  a r e a g e n t  consumption o f  1.6 pounds p e r  t o n  of 

coa l .  A commercial hydrocarbon mix tu re  o f  f u e l  o i l  No. 2 and 

f u e l  o i l  No. 6 i n  a r a t i o  of  4 : l  was t h e  b e s t  r e a g e n t  found f o r  

ox id i zed  c o a l  f l o t a t i o n .  

2+ 

CONCLUSIONS 

1 .  A model o f  s e l e c t i v e  f l o t a t i o n  o f  ox id i zed  c o a l  is  

p o s t u l a t e d  based on t h e  r e s u l t s  o f  a n  e l e c t r o k i n e t i c  s tudy  

o f  ox id i zed  c o a l ,  hydrocarbon o i l  d r o p l e t s ,  and f l o t a t i o n  

c o l l e c t o r s .  T h i s  model s t a t e s  t h a t  i n  t h e  presence  o f  a 

s u i t a b l e  amount of  c o l l e c t o r  and f r o t h e r ,  t h e  op t ima l  

s e l e c t i v e  f l o t a t i o n  o f  ox id i zed  c o a l  w i l l  occu r  a t  t h e  

i s o e l e c t r i c  p o i n t  ( I E P )  o f  o x i  d i z e d  c o a l  p a r t i c l e s .  To 

ach ieve  t h i s  c o n d i t i o n  a t  t h e  c o a l  s u r f a c e ,  it i s  necessa ry  

t o  adso rb  heavy metal hydroxide  i o n s  p r i o r  t o  f l o t a t i o n  and 

t o  adsorb  hydrocarbon o i l  d r o p l e t s  c o n t a i n i n g  p o s i t i v e l y  

charged o rgan ic  f u n c t i o n a l  groups  du r ing  f l o t a t i o n .  

2. O i l  f l o t a t i o n  r ecove ry  i n c r e a s e d  by as much as 20 p e r c e n t  i n  

t h e  presence  o f  Fe2+ a t  molar compared t o  t h e  recovery  

wi thou t  t h e  f e r r o u s  ions .  The op t ima l  s e l e c t i v e  f l o t a t i o n  
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occurred around pH 6.5 to 7.0, which is the IEP of ferrous 
hydroxide. This could also be the reason that a slight oxi- 
dation may increase coal floatability. 

3. Emulsified hydrocarbon oil droplets with different hydro- 
carbon chain lengths have similar negative zeta-potentials. 
The IEPs for all the tested pure hydrocarbons occurred at pH 
2.0. 

4. Hydronium and hydroxyl ions are the potential-determining 
ions for moderately oxidized coals and for emulsion droplets 

of hydrocarbon oils in aqueous systems. However, they were 
found not to be potential-determining ions fo r  the 
extensively oxidized coal and for regenerated humic acids. 

5 .  

6 .  

The studies on the physical and chemical methods to restore 
the floatability of  oxidized coal indicated that oxidized 
coal shows an increased floatability at reduced zeta- 

potentials. Therefore, zeta-potential is an indicator of 
floatability and can also predict flotation behavior of 

oxidized coal. 
Increasing oxidation times and temperatures decreased the 
measured IEPs and increased the magnitude of the zeta- 
potential for HVA-bituminous vitrain. 
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