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SEPARATION SCIENCE AND TECHNOLOGY, 16(10), pp.  1475-1490, 1981 

Polymer-Surfactant Interactions in Flotation of Quartz 

P. SOMASUNDARAN and L. T. LEE 

H E N R Y  KRUMB SCHOOL OFMINES 
COLUMBIA UNIVERSITY 
NEW YORK, NEW YORK 10027 

ABSTRACT 

Separation of minerals currently often involves the use of po- 

lymers along with surfactants. Polymer-surfactant interactions in 

flotation are studied here for quartz, which along with clay is pre- 
sent in coal, oil shale etc., using nonionic, anionic, and cationic 

surfactants. Polymers are found under most conditions to affect 

flotation. It can activate or depress flotation markedly depending 

on the nature of the charge of the reagents. Possible mechanisms 

by which flotation is affected by the polymers are discussed. Rea- 

sons for the observed maximum in flotation vs. mine concentration 

are also considered here briefly. 

INTRODUCTION 

Conventional mineral processing techniques become inefficient 

for the beneficiation of low-quality ores ground to ultrafine size 

range for the purpose of liberation (1). Techniques that are be- 

ing developed for the benefication of such ultrafines often involve 

use of polymers. For example, the selective flocculation technique 

that has been successfully demonstrated on a commercial scale for 

the beneficiation of low grade iron ore uses polymeric type rea- 
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1476 SOMASUNDARAN AND 

g e n t s  ( 2 ) .  S e l e c t i v e  f l o c c u l a t i o n  and g e n e r a l  f l o c c - f l o t a t i o n  

techniques  i n v o l v e  u s e  of polymers i n  a d d i t i o n  t o  s u r f a c t a n t s  ( 3  

and t h e  success o f  t h e  p r o c e s s  depends t o  a g r e a t  e x t e n t  on  t h e  

type of  i n t e r a c t i o n s  between t h e s e  two t y p e s  of r e a g e n t s .  

LEE 

, 

Polymers have a l s o  been proposed f o r  reducing  energy consump- 

t i o n  dur ing  g r i n d i n g ,  b u t  when used f o r  such a purpose ,  can e n t e r  

t h e  f l o t a t i o n  stream. Furthermore,  polymers used i n  f i l t r a t i o n ,  

e f f l u e n t  t rea tment  or waste d i s p o s a l  can r e - e n t e r  t h e  p r o c e s s  stream 

through r e c y c l e d  water .  Recycled polymers and s u r f a c t a n t s  can a l s o  

a f f e c t ,  i n  a d d i t i o n  t o  f l o t a t i o n ,  g r i n d i n g ,  f i l t r a t i o n ,  p e l l e t i z i n g ,  

and 311 such upstream and downstream b e n e f i c i a t i o n  techniques .  Pro- 

per c o n t r o l  of  t h e  polymer-surfactant  i n t e r a c t i o n s  i s  c r i t i c a l  f o r  

main ta in ing  t h e  r e q u i r e d  s e p a r a t i o n  e f f i c i e n c y  and t h e  i n t e g r i t y  of 

the  o v e r a l l  minera l  b e n e f i c i a t i o n  p r o c e s s .  

Usoni e t  a1 ( 4 )  have i n  f a c t  shown t h a t  polymers can enhance _ -  
o r  depress  f l o t a t i o n  depending on t h e  n a t u r e ,  c o n c e n t r a t i o n ,  and 

d u r a t i o n  of  c o n t a c t  of t h e  polymers w i t h  t h e  m i n e r a l .  For example, 

t h e  f l o t a t i o n  of s p h a l e r i t e  and s m i t h s o n i t e  w a s  found t o  be a c t i v a -  

t e d  by  the  a d d i t i o n  of  Separan and c e r t a i n  Aerofloc and Nalco f l o c -  

c u l a t i n g  a g e n t s  up t o  c e r t a i n  c o n c e n t r a t i o n s  and t o  be depressed 

above then.  The reasons  f o r  t h i s  are l a r g e l y  s p e c u l a t i v e  a t  p r e s e n t .  

I n  c o n t r a s t  t o  t h e  above, Rubio and Kitchener  ( 5 )  have r e p o r t e d  good 

s e l e c t i v e  f l o c c u l a t i o n  of  c e r t a i n  m i n e r a l  f i n e s  u s i n g  hydrophobic 

polymers when t h e  f i n e s  are f i r s t  t r e a t e d  w i t h  x a n t h a t e  s u r f a c t a n t s .  

G h i q i  and Botre  ( 6 , 7 )  have a l s o  r e p o r t e d  t h e  use  of polymer-surfaetant  

complexes f o r  q u a r t z  and magnet i te  f l o t a t i o n .  

I t  i s  impor tan t  t o  understand t h e  n a t u r e  of i n t e r a c t i o n s  of  

polymers and s u r f a c t a n t s  wi th  minera l  i n  o r d e r  f o r  them to be 

c o n t r o l l e d  f o r  optimum m i n e r a l  s e p a r a t i o n .  While polymer-surfac- 

taiit i n t e r a c t i o n s  i n  bulk s o l u t i o n s  have been s t u d i e d  t o  some 

exrertt i n  t h e  p a s t  (8-18), no major s tudy  h a s  been conducted t o  

OUT: knowledge on t h e i r  i n t e r a c t i o n s  a t  t h e  minera l  s u r f a c e .  I t  

i s  the aim of  our  work t o  i n v e s t i g a t e  t h e  e f f e c t s  ofpolymer-sur -  

f a c t a n t  i n t e r a c t i o n s  on s o l i d - l i q u i d  and l i q u i d - a i r ,  as w e l l  as 

b u l k  s o l u t i o n  p r o p e r t i e s  u s i n g  v a r i o u s  techniques .  A v a i l a b i l i t y  
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POLYMER-SURFACTANT INTERACTIONS 147 7 

of data for all these effects for the same mineral/polymer/surfac- 

tant system makes it possible to develop information on the me- 

chanisms of interactions. In this paper, we examine specifically 

the role of polymer-surfactant interactions on flotation of quartz 

using both anionic and cationic surfactants and polymers. Quartz, 

clay and other silicate type mineral are almost always present 

with energy minerals such as coal and shale, and it is considered 

important to understand tne behavior of these minerals. Also, it 

is the quartz-nematite system that has been subjected to selective 

flocculation on a commercial scale and successful extension of it 

to other ores pivots on a complete understanding of the basic in- 

teractions involved in this mineral system. 

EXPERIMENTAL 

Mater id Is 

Quartz: Brazilian quartz was purchased from Wards Natural 

Science Establishment, and the mineral samples were crushed using 

a roll crusher and sized by sieving in a "Rotap". The -28 +65 

mesh portion was collected and passed through a magnetic separa- 

tor several times to remove any iron contamination. The mineral 

was then leached with warm nitric acid for 15 minutes. This was 

followed by several washings with triple distilled water until the 

pH ( -5.7) was obtained and then stored in triple distilled 

water in a polypropylene bottle. 

Cnemi cal s 

(i) Surfactants: Dodecylamine hydrochloride and sodium dode- 

cylsulfonate were purchased from Eastman Kodak Co. and Aldrich 

Chemical Co. respectively and were used as received. 

(ii) Polymers: Acrylamide (AM) monomer was purchased from 

Eastman Kodak Co. in powder form, and 2-acrylamido-2-methylpropane 

sulfonic acid (AMPS) co-monomer was obtained from Lubrizol Chemical 

Corporation. The cationic co-monomer, methacrylamido propyltrime- 

thy1 ammonium chloride (MAPTAC) was purchased from Jefferson Chemi- 
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147s SOMASUNDARAN AND LEE 

c a l  Co .  a s  a s t a b i l i z e d  l i q u i d .  The i n h i b i t o r ,  hydroquinone, was 

removed b e f o r e  use  by p a s s i n g  t h e  l i q u i d  through a n  a c t i v a t e d  c a r -  

bon colrimn. 

Polymer S y n t h e s i s  

All t h e  polymers w e r e  synthes ized  a t  Columbia U n i v e r s i t y  us ing  

a r a d i a t i o n  induced heterogeneous polymer iza t ion  technique  w i t h  

6 o C o  source .  

The charge d e n s i t i e s  of t h e  a n i o n i c  and c a t i o n i c  polymers w e r e  es t imated  

t o  be 3 m o l %  and 10 mol% r e s p e c t i v e l y .  

The MW of  a l l  t h e  polymers were g r e a t e r  t h a t  1 m i l l i o n .  

S o l u t i o n  P r e p a r a t i o n  __ 
A l l  s o l u t i o n s  were prepared  w i t h  t r i p l e  d i s t i l l e d  water  of spe- 

-6 c i f i c  c o n d u c t i v i t y  of -10 ummho. 

Polymer s t o c k  s o l u t i o n  was prepared  by s t i r r i n g  t h e  r e q u i r e d  

amount of s o l i d  polymer i n  t r i p l e  d i s t i l l e d  water u s i n g  a t e f l o n  

coa ted  s t i r r i n g  b a r  i n  a vo lumetr ic  f l a s k  u n t i l  a11  t h e  s o l i d  had d i s -  

so lved .  The polymer s o l u t i o n  w a s  s e a l e d  wi th  t e f l o n  t a p e  and s t o r e d  

i n  the  r e f r i g e r a t o r  till use .  A l l  polymer s o l u t i o n s  used were less 

than 10 days o l d .  

S u r f a c t a n t  s t o c k  s o l u t i o n  w a s  p repared  by d i s s o l v i n g  t h e  s o l i d  

i n  t r i p l e  d i s t i l l e d  w a t e r ,  warming when necessary .  

For t h e  p r e p a r a t i o n  of t h e  polymer-sur fac tan t  mixture, t h e  r e q u i r e d  

volume of t h e  polymer s t o c k  s o l u t i o n  w a s  added t o  t r i p l e  d i s t i l l e d  water  

i n  a flask fol lowed by t h e  s u r f a c t a n t  stock s o l u t i o n .  The mixture  

w a s  shaken on a w r i s t - a c t i o n  shaker  f o r  2 hours .  

Techniques __-_ 
F l o t a t i o n :  One gram of  t h e  minera l  sample w a s  condi t ioned  

with t h e  s u r f a c t a n t  i n  a 100cm3 volumetr ic  f l a s k  by tumbling a t  

1 G  r.p.m. f o r  10  minutes  and then  t r a n s f e r r e d  t o  a modif ied Hal- 

limond c e l l  f o r  f l o t a t i o n  ( 1 9 ) .  F l o t a t i o n  w a s  conducted f o r  

15 seconds u s i n g  n i t r o g e n  a t  a f low-ra te  of 36cm /min. pH of  t h e  

s o l u t i o n  w a s  measured b e f o r e  and a f t e r  f l o t a t i o n ,  b u t  no change 

w a s  observed d u r i n g  f l o t a t i o n  f o r  t h e  p r e s e n t  system. 
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POLYMER-SURFACTANT INTERACTIONS 1479 

Surface  Tension: Sur face  t e n s i o n  measurements were made 

u s i n g  t h e  Wilhelmy P l a t e  method ( 2 0 ) .  The sensor  used w a s  a 

sandblas ted  p la t inum p l a t e  of known dimensions.  C a r e  w a s  t a k e n  

t o  ensure  proper  w e t t i n g  o f  t h e  s e n s o r  by tne s o l u t i o n  and rea- 

d i n g s  were taken  a t  e q u i l i b r i u m .  

ABBREVIATIONS FOR REAGENTS 

For convenient  r e f e r e n c e  o f  r e a g e n t s ,  t h e  fo l lowing  abbre-  

v i a t i o n s  are adopted h e r e :  

DDA-HC1 = Uodecylamine hydrochlor ide  

NaDDS = Sodium dodecylsu l fona te  

PAM = Polyacrylamide (nonionic)  

PAMS = Co-polymer of acrylamide and AMPS ( a n i o n i c )  

PAMD = Co-polymer of  acrylamide and MAPTAC ( c a t i o n i c )  

RESULTS AND DISCUSSIONS 

Dodecylamine 

F l o t a t i o n  of q u a r t z  a t  p H  6.5 is given  i n  F i g u r e  1 as a 

f u n c t i o n  of dodecylamine hydrochlor ide  c o n c e n t r a t i o n .  It i s  seen  

t h a t  amine causes  f l o t a t i o n  b u t  i n t e r e s t i n g l y ,  use  o f  excess  amine 

c a u s e s  a d e p r e s s i o n .  The f l o t a t i o n  o b t a i n e d  a t  lower c o n c e n t r a t i o n  

i s  i n  agreement w i t h  t h e  expec ted  e l e c t r o s t a t i c  a d s o r p t i o n  of  t h e  

c a t i o n i c  amine s u r f a c t a n t  on t h e  q u a r t z  p a r t i c l e s  t h a t  are nega- 

t i v e l y  charged a t  p H  6 . 5  (21). The d e c r e a s e  i n  f l o t a t i o n  a t  h igher  

amine c o n c e n t r a t i o n s  can be a t t r i b u t e d  t o  t h e  fo l lowing  major r e a -  

sons  : 

(i) Reverse a d s o r p t i o n  of  s u r f a c t a n t s :  Hydrophobici ty  of  t h e  

particles and t h e  r e s u l t a n t  f l o t a t i o n  i s  a t t r i b u t e d  t o  t h e  adsorp-  

t i o n  of  t h e  s u r f a c t a n t  w i t h  t h e  hydrophobic p a r t  o r i e n t e d  towards 

the bulk s o l u t i o n .  S u r f a c t a n t s  t h a t  adsorb  i n i t l a l l y  due t o  elec- 

t r o s t a t i c  f o r c e s  can o f t e n  cont inue  t o  adsorb  even a f t e r  t h e  miner- 

a1 charge h a s  been comple te ly  n e u t r a l i z e d  by a d s o r p t i o n  owing t o  

lateral  i n t e r a c t i o n  between t h e  hydrocarbon c h a i n s  t o  form t w o  d i -  
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1480 SOMASUNDARAN AND LEE 

QUARTZ / DDA - HCI pH = 6.5 * 0.5 

00 - 

60 - 

10- 10-2 

DDA- HCI CONCENTRATION ( krnol/rn3) 

Fi.g. 1. F l o t a t i o n  of q u a r t z  as a f u n c t i o n  of docecylaminehydrochloride 
concent ra t ion .  

mensional a g g r e g a t e s  c a l l e d  hemi-micel les .  This  type  of  adsorp t ion  

has  been shown f o r  t h e  case of  alumina/dodecylsulfonate system ( 2 2 ) ,  

and has  been suggested above t h e  charge n e u t r a l i z a t i o n  p o i n t  t o  t a k e  

p l a c e  w i t h  a reverse o r i e n t a t i o n  ( 2 3 ) .  Such an a d s o r p t i o n  wi th  t h e  

i o n i c  p a r t  of  t h e  s u r f a c t a n t  t u r n e d  towards the  bulk  s o l u t i o n  i s  

e n e r g e t i c a l i y  favored  b u t  a lso d e p r e s s e s  t h e  hydrophobic i ty  of t h e  

minera l  and t h e r e b y  f l o t a t i o n .  

(ii) Armoring of bubbles :  C o m p l e t e  coverage of t h e  bubble s u r -  

f a c e  w i t h  s u r f a c t a n t s  can h i n d e r  p a r t i c l e - b u b b l e  a t tachment  i n  some 

cases .  A l a y e r  of  i o n i c  groups around t h e  bubble  can unfavorably 

a l t e r  t h e  d i s j o i n i n g  p r e s s u r e  i n  t h e  f i l m  between t h e  bubble  and 

t h e  p a r t i c l e  bo th  by reducing  t h e  Van d e r  Waals a t t r a c t i v e  f o r c e s  

and by i n c r e a s i n g  t h e  e lectrostat ic  r e p u l s i v e  f o r c e s  between them i f  

t h e r e  1 s  r e v e r s e  a d s o r p t i o n  of  s u r f a c t a n t s  on t h e  minera l .  

(iii) Decrease i n  l e v i t a t i o n  f o r c e :  If t h e  g a s  p r e s s u r e  f o r  

product ion  of  bubbles  is  maintained c o n s t a n t ,  a s  t h e  s u r f a c t a n t  

c o n c e n t r a t i o n  i s  i n c r e a s e d ,  accord ing  t o  Laplace c a p i l l a r y  p r e s s u r e  
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POLYMER-SURFACTANT INTERACTIONS 1481 

e q u a t i o n ,  bubble  s i z e  should decrease  w i t h  decrease  i n  s u r f a c e  t e n -  

s i o n .  I n  p r a c t i c e ,  bubbles  were observed t o  be smaller i n  concen- 

t r a t e d  s u r f a c t a n t  s o l u t i o n s .  Such d e c r e a s e  i n  bubble  s i z e  w i l l  na- 

t u r a l l y  d e c r e a s e  the l e v i t a t i n g  a b i l i t y  o f  t h e  bubble  and hence f l o -  

t a t i o n .  

All t he  above t h r e e  f a c t o r s  can i n d i v i d u a l l y  or i n  combination 

c a u s e  a d e c r e a s e  i n  f l o t a t i o n  a t  h igh  s u r f a c t a n t  c o n c e n t r a t i o n s .  It 

w i l l  be m o s t  i n t e r e s t i n g  t o  i n v e s t i g a t e  how t h e  f l o t a t i o n  decrease i s  

also a f f e c t e d  by polymer a d d i t i o n s  t o  t h e  system. 

Polyacrylamide and Dodecylamine 

The e f f e c t  of  a d d i t i o n  of  polyacrylamide (PAM), a nonionic  

polymer, on q u a r t z  f l o t a t i o n  a t  p H  6 .5  u s i n g  m i n e  i s  i l l u s t r a t e d  

i n  F igure  2.  A t  3.6~10 k m o l / m  amine, PAM, which does n o t  ad- 

s o r b  on q u a r t z  ( 2 4 )  and does n o t  by i t s e l f  cause f l o t a t i o n  o f  i t ,  

h a s  no measurable e f f e c t  on t h e  m i n e  f l o t a t i o n  i n  t h e  n e u t r a l  

pH range.  A t  6x10 k m o l / m 3  amine, f l o t a t i o n  i s ,  however, s l i g h t -  

l y  i n c r e a s e d  by t h e  a d d i t i o n  of  polymer. T h i s  i s  a t t r i b u t e d  t o  t h e  

uptake  of  water molecules  by t h e  polymer f o r  h y d r a t i o n ,  caus ing  

e f f e c t i v e l y  a n  i n c r e a s e  i n  t h e  c o n c e n t r a t i o n  of t h e  s u r f a c t a n t  

( i n  t h e  f r e e  w a t e r ] .  The e f f e c t  of  t h i s  “sa l t ing-out ’ ‘  type  phe- 

nomenon i s  e v i d e n t  a t  6x10 k mol/m3 amine c o n c e n t r a t i o n  s i n c e ,  

as  can be  seen  from Figure  I ,  it i s  i n  t h i s  c o n c e n t r a t i o n  range 

t h a t  a s m a l l  i n c r e a s e  i n  amine c o n c e n t r a t i o n  produces a measurable  

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

-5 3 

-5 

-5 

Sul fona ted  Polyacrylamide and Dodecylamine 

The e f f e c t  o f  a d d i t i o n  of  t h e  a n i o n i c  PAMS on amine f l o t a t i o n  

o f  q u a r t z  i s  i l l u s t r a t e d  i n  F igure  3 .  I t  can  be seen  t h a t  PAMS 

does i n c r e a s e  f l o t a t i o n .  Anionic PAMS i s  n o t  expected t o  adsorb  

on t h e  n e g a t i v e l y  charged q u a r t z  p a r t i c l e s .  D i r e c t  a c t i v a t i o n  of  

amine a d s o r p t i o n  i s  t h e r e f o r e  n o t  expec ted .  Evident ly ,  “ s a l t i n g -  

o u t “  of  amine is  a g a i n  r e s p o n s i b l e  f o r  t h e  enhancement of  f l o t a t i o n .  

Furthermore,  t h e  e x t e n t  of  “ s a l t i n g - o u t “  by PAMS i s  s i g n i f i c a n t l y  

h i g h e r  t h a n  t h a t  by PAM due t o  the g r e a t e r  h y d r a t i o n  tendency of 
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Diagram i l l u s t r a t i n g  t h e  e f f e c t  of  the a n i o n i c  polymer, PAMS, 
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the former than that of the latter. A comparison of the amount of 

polymer required to increase the flotation, for example, from 22% 

to 29% at 6.0~10 

to be about 250 times that of PAM. It is such a strong hydration 

that is able to produce an effect on flotation even at the lower 

mine concentration of 3.6~10 k mol/m . 

-5 k mol/m3 in fact suggests the hydration of PAMS 

-5 3 

In addition to the hydration effect, there can be direct poly- 

mer-surfactant electrostatic interactlon leading to the formation 

of complexes with high collecting property. It has been reported 

tnat such complexes can possess higher collector properties than 

the corresponding surfactant components (6,7). Any surfactant- 

polymer complex formation can also lead to a reduction in the de- 

pression of flotation due to armoring of bubbles. The anionic 

polymer molecules can essentially bridge the adsorbed mine on the 

quartz particles to the amine on the bubble surface and can thus 

in fact, even enhance flotation under saturated adsorption condi- 

tions (Figure 4). 

Cationic Polyacrylamide and Dodecylmine 

Flotation obtained in solutions containing the amine and a 

similarly charged polymer is illustrated in Figure 5. It is 

clear that a cationic polymer can completely depress the flota- 

tion of quartz using a cationic surfactant. The depression 

might partly be due to the competitive interaction between the 

polymer and mine at the adsorption sites on the mineral. PAMD 

is known to adsorb well on quartz and even cause flocculation 

of it even though the flocs are redispersed easily during stir- 

ring in the flotation cell. 

It is to be noted that the co-adsorbed polymer itself does 

not contribute to any flotation. Flotation in the absence of 

amine is zero at all polymer concentrations since adsorbed po- 

lymer exposes essentially a hydrophilic surface to the bulk so- 

lution. The flotation reduction obtained particularly above 

the concentration corresponding to the maximum is attributed to 

this hydrophilic nature of the co-adsorbed polymer. Reduction in 
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Fig .  4 .  Diagram i l l u s t r a t i n g  t h e  e f f e c t  of t h e  a n i o n i c  polymer, PAMS, 
on t h e  f l o t a t i o n  of q u a r t z  u s i n g  dodecylaminehydrochloride. 
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Diagram i l l u s t r a t i n g  t h e  e f f e c t  of t h e  c a t i o n i c  polymer, PAMD, 
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f l o t a t i o n  o b t a i n e d  under t h e s e  c o n c e n t r a t i o n  c o n d i t i o n s  i s  n o t  as 

s e v e r e  as t h a t  ob ta ined  aT; l o w e r  amine c o n c e n t r a t i o n s  s i n c e  i n  t h i s  

range any r e d u c t i o n  i n  amine a d s o r p t i o n  i t s e l f  i s  n o t  expected t o  

l e a d  t o  any decrease  i n  f l o t a t i o n .  Mainly, t h e  decrease  i n  f l o t a t i o n  

i s  cons idered  t o  be due t o  the masking of  t h e  adsorbed amine by 

t h e  massive polymer s p e c i e s  ( 2 5 ) .  Furthermore,  any r e d u c t i o n  i n  

a d s o r p t i o n  due t o  e l e c t r o s t a t i c  r e p u l s i o n  between t h e  unadsorbed 

polymer loops  and t h e  s u r f a c t a n t  w i l l  a lso c o n t r i b u t e  towards f l o t a t i o n  

d e p r e s s i o n .  However, such r e d u c t i o n  i n  a d s o r p t i o n  h a s  n o t  y e t  been 

observed exper imenta l ly .  

Polymer-surfactant  complexation w i l l  be  i n s i g n i f i c a n t  i n  

t h i s  case  due t o  charge r e p u l s i o n  between t h e  s p e c i e s .  Thus even 

w i t h  t h e  " s a l t i n g - o u t "  e f f e c t ,  i n t e r a c t i o n  between t h e  adsorbed 

PAMD and amine i n  combination wi th  t h e  above f a c t o r s  o p e r a t e s  t o  

d e p r e s s  t h e  q u a r t z  f l o t a t i o n .  

C a t i o n i c  Polyacrylamide and Dodecylsulfonate  

I f  t h e  c a t i o n i c  polymer can d e p r e s s  f l o t a t i o n  of  q u a r t z  w i t h  

a s i m i l a r l y  charged s u r f a c t a n t ,  it can be expected t o  p o s s i b l y  

a c t i v a t e  f l o t a t i o n  w i t h  a n e g a t i v e l y  charged s u r f a c t a n t .  This  

e f f e c t  i s  i n  f a c t  observed when t h e  PAMD i s  added a long  wi th  

dodecylsu l fona te  f o r  t h e  f l o t a t i o n  of q u a r t z  (see Figure  6 ) .  While 

no f l o t a t i o n  i s  obta ined  wi th  s u l f o n a t e  a l o n e ,  complete f l o t a t i o n  

r e s u l t s  w i t h  t h e  a d d i t i o n  of  PAMD. S u l f o n a t e  does n o t  f l o a t  q u a r t z  

because of e l e c t r o s t a t i c  r e p u l s i o n  between t h e  a n i o n i c  head and t h e  

n e g a t i v e l y  charged q u a r t z  which p r e v e n t s  s u r f a c t a n t  from adsorb ing  

on t h e  minera l .  PAMD, on t h e  o t h e r  hand, adsorbs  e l e c t r o s t a t i c a l l y ,  

and even though it does n o t  cause  f l o t a t i o n ,  it a c t i v a t e s  f l o t a t i o n  

w i t h  s u l f o n a t e .  This  a c t i v a t i o n  i s  mainly t h e  r e s u l t  of  PAMD pro-  

v i d i n g  a d s o r p t i o n  sites f o r  t h e  s u l f o n a t e .  

As i n  t h e  case of PAMS-mine system, PAMD can complex wi th  t h e  

s u l f o n a t e  e l e c t r o s t a t i c a l l y  i n  t h e  bulk s o l u t i o n .  The complex it- 

s e l f ,  i f  o n l y  p a r t i a l l y  n e u t r a l i z e d  by t h e  s u r f a c t a n t ,  can adsorb  

on t h e  q u a r t z  and produce f l o t a t i o n .  C l e a r l y ,  p a r t i a l  n e u t r a l i z a t i o n  

can be  expected a t  h i g h  polymer-surfactant  c o n c e n t r a t i o n  ra t ios .  I t  
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can be  seen from Figure  6 t h a t  f l o t a t i o n  i s  i n  f a c t  a c t i v a t e d  a t  such 

c o n c e n t r a t i o n  r a t i o s .  

I n  a l l  t h e  above c a s e s ,  " s a l t i n g - o u t "  of  t h e  s u r f a c t a n t  by t h e  

polymer can be  expected t o  produce an i n c r e a s e  i n  s u r f a c e  a c t i v i t y  

and thereby  a d s o r p t i o n  and f l o t a t i o n .  Evidence f o r  t h e  i n c r e a s e  i n  

s u r f a c e  a c t i v i t y  i s  obta ined  from an a n a l y s i s  of t h e  d a t a  f o r  t h e  de- 

pendence of  s u r f a c e  t e n s i o n  of t h e  s u r f a c t a n t  s o l u t i o n  on polymer 

a d d i t i o n  (see Figure  7 ) .  I t  can be  seen t h a t  polymer a d d i t i o n  does 

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

A t  h igher  s u r f a c t a n t  c o n c e n t r a t i o n s ,  however, complexation of  t h e  

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

monomer a c t i v i t y  and thereby  an i n c r e a s e  i n  s u r f a c e  t e n s i o n .  

SUMMARY 

1. Quartz f l o t a t i o n  u s i n g  amine i s  found to  e x h i b i t  a maximum 

as a f u n c t i o n  of m i n e  c o n c e n t r a t i o n ,  The decrease  i n  f l o t a t i o n  a t  

h igh  m i n e  c o n c e n t r a t i o n  i s  a t t r i b u t e d  t o  r e v e r s e  a d s o r p t i o n  (wi th  

t h e  i o n i c  head t u r n e d  towards t h e  bulk  s o l u t i o n ) ,  armoring of t h e  

bubbles  and decrease  i n  bubble  s i z e .  

2 .  F l o t a t i o n  of  q u a r t z  i s  a f f e c t e d  by all t h e  polymers t e s t e d  

i n  t h i s  s tudy .  

3 .  The nonionic  polyacrylamide i n c r e a s e s  f l o t a t i o n  s l i g h t l y  

b u t  o n l y  a t  h i g h  polymer and amine c o n c e n t r a t i o n s .  The observed 

i n c r e a s e  i s  cons idered  t o  be t h e  r e s u l t  of " s a l t i n g - o u t "  of t h e  

s u r f a c t a n t  by t h e  polymer. 

4.  The a n i o n i c  polymer, PAMS, enhances f l o t a t i o n  markedly un-- 

d e r  a l l  c o n d i t i o n s .  The l a r g e r  e f f e c t  of  PAMS r e s u l t s  from t h e  

g r e a t e r  tendency of PAMS t o  hydra te  and thereby  s a l t - o u t  t h e  amine. 

PAMS-mine complex i s  a l s o  expected t o  c o n t r i b u t e  towards f l o t a t i o n .  

5 .  The c a t i o n i c  polymer, PAMD, d e p r e s s e s  f l o t a t i o n  of q u a r t z  

u s i n g  amine. This  i s  a s c r i b e d  t o  compet i t ive  i n t e r a c t i o n s  between 

PAMD and amine on t h e  m i n e r a l  s u r f a c e  and masking of t h e  adsorbed 

amine by t h e  bulky polymeric  s p e c i e s .  

6.  The c a t i o n i c  polymer i s  found t o  a c t i v a t e  f l o t a t i o n  of  

q u a r t z  u s i n g  t h e  a n i o n i c  s u l f o n a t e .  Nei ther  t h e  polymer n o t  the 
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1488 SOMASUNDARAN AND LEE 

s u i f o n a t e  causes  f l o t a t i o n  when p r e s e n t  a l o n e .  The combined ac-  

t i o n  i s  considered t o  be t h e  r e s u l t  of co-adsorpt ion of n e g a t i v e l y  

charged s u l f o n a t e  on t h e  c a t i o n i c  polymeric  s p e c i e s  adsorbed on t h e  

mineral  p a r t i c e .  PAMD-sulfonate complex can a lso ac t  a s  c o l l e c t o r  

for q u a r t z .  

7 .  Sur face  t e n s i o n  d a t a  obta ined  f o r  s o l u t i o n s  c o n t a i n i n g  PO-- 

lxymers and s u r f a c t a n t s  i s  i n d i c a t i v e  of  " s a l t i n g - o u t "  of  t h e  s u r -  

ilactarit a s  well. as polymer-sur fac tan t  complex formation.  
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