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INTRODUCTION

Flotation is an important separation technique today. with its ap-
plications ranging from selective separation of minerals to micro-
organisms and even ions. The flotation process utilizes the differ-
ences in the surface properties of the particulates. normally with
the addition of reagents to achieve the separation. Surfactants play
a critical role in the flotation process since their interaction with the
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particle surface essentially determines the hydrophobicity of the
particles and their probability of attachment to bubbles during col-
lisions in the flotation cell. A large number of surfactants and
auxiliary reagents are used in flotation process depending on the
properties of the particles to be processed and the ultimate aim of
the process. In this chapter these surfactants are discussed with
emphasis on the mechanisms by which they act in various flotation
processes. Many types of flotation processes exist today, and these
are classified on the basis of size and the mechanism of flotation in
Table 1: foam fractionation for the separation of surface-active
species such as detergents in aqueous solutions, foam flotation for
naturally surface-active organisms and proteins, ion flotation for
the separation of ions, micro and ultra flotation for separation of
very tine particles, and froth flotation for the separation of min-
erals. In addition, there are nonfoaming techniques such as bubble
fractionation, solvent sublation, and oil flotation [2-4] in which
the floated material is collected selectively in a liquid phase that
is not compatible with the bulk aqueous media. Among these, froth
flotation is the only technique with wide industrial application. Here
the role of surfactants in froth flotation of minerals is therefore
dealt with in detail.

II. FLOTATION TECHNIQUE

i
t
'"
f

j

In froth flotation, mineral particles are initially stirred, often in-
tensely with the reagent solution in a mixer, and then transferred
into a specifically designed cell for the actual flotation process
(Fig. 1). Air is sucked or pushed into the cell and dispersed by
a rotatinl?; impeller. Hydrophobic particles attach to the air bubbles
and levitate to the top of the cell, where they are skimmed off and
hydrophilic material is collected at the bottom of the cell. In froth
flotation, surfactants have to impart hydrophobicity selectively, to
the desired particles, for successful separation. Selective adsorp-
tion of the surfactant on the mineral surface itself is a function of
a number of parameters such as surface composition of the solid,
mineral-solution equilibria and solution chemistry of the surfactant
[5-14] . The principles involved in flotation and the complex role
of surfactants in different mineral systems are discussed in the
following sections.

Mineral particles can be separated by flotation only if hydro-
phobicity can be selectively imparted to those particles that are to
be floated. Since most minerals are naturally hydrophilic (sulfur,
talc, molybdenite, graphite, and coal are hydrophobic), they are
treated with a surfactant that adsorbs on the mineral surface,

IIISt
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AIR

FROTH
CONTAINING
HYOROPHOBIC
81 ENTRAPPEO
MATERIALS

SUSPENSION-
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UNFLOATEO
MATERIAL

FIG. 1

- . IMPELLER

Schematic representation of a flotation ~ll

rendering them hydrophobic. These surfactants adsorb with their
polar head oriented toward the mineral surface and the hydrophobic
tail pointing toward the solution, thus making the mineral surface
hydrophobic.

f
I

A. Thermodynamic Aspects

At equilibrium. the forces at the point of contact between an air
bubble and a solid in a liquid is defined by the Young-Dupre equll
tion, l

t
l'
t
8

I
t
,.

Yag = Ysl + Ylg cas e
(1

where YsJ' val' and Ylg are the surface tensions at the solid-gas.
solid-liquld, and liquid-gas interface. respectively, and 6 is the
contact angle. For flotation to occur, COS 6 has to be a minimum or
the contact angle has to be a maximum. This condition is met if
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y - y
cas e = sg '!!.

YIg (2)

IlG = y - (Ysl + YI )sg g

Combining Eqs. (1) and (2). we get

(3)

6G = YIg (~ e - 1)
(4)

ILS
NTAINING
FLOATED
TERIAL

Ysg - YSI < Ylg
(5)

their

ophobic
rface

air
~ equa-

(1)

I-gas,
the
mum or
t if

30
3A

p =
(8)
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As flotation is directly dependent on film rupture. the value of dis-
joining pressure must be negative for particle-bubble attachment.
Three factors contribute to P:

P=P +P
dl +P

VW e 8

(7)

where Pvw is the van der Waals contribution, Pedl the electrical
double-layer contribution, and Ps the surface hydration contribution.
The values of these components are directly dependent on the na-
ture and orientation of the adsorbed surfactant species and can be
estimated as described in many works [20- 25] . It is to be noted
that theoretical determination of the values in both Young's and
Derjaguin's treatment requires prior knowledge of the orientation
of the surfactant at the solid/liquid interface. Recent experiments
using fluoroscence and electron spin resonance spectroscopy [26 J
have yielded valuable information on the structure and orientation
of adsorbed alkyl sulfates on alumina. Similar data on other min-
eral-surfactant systems would prove very useful to yield a better
insight into the flotation process.

t
.I
u

B. Surfactants for Flotation

Surfactants with a large variety of polar and nonpolar groups are
available for flotation and they can be classified based on their
function and on their chemical composition. A surfactant whose
primary role is to render the solid surface hydrophobic is called
a collector. Surfactants whose primary role is to provide the re-
quired stability to the top froth layer in the flotation cell and to
influence the kinetics of particle-bubble attachment are referred {"
as frothers. These are usually nonionic surfactants such as crCSt,
which can enhance the rate of film thinning and contribute to the
stability of the particle-bubble aggregates. The exact mechanism
of frothers in flotation is not clearly established. The role of th'.:
frothers in particle bubble attachment is supposedly due to the 1".
duction in the repulsion forces between the bubble and the partici
by suitable alignment of the surfactant dipoles at the three-phas('
point of contact. It is the ability of the nonionic surfactants to ;':

their dipoles that make them good frothers. Experimental evidcnc',
confirm this theory based on the relaxation time of the frothcr i~..
however, lacking. Lekki and Laskowski [27] showed the inducti.-, ,
time to decrease markedly in chalcocite flotation using ethyl xanti"
in the presence of «-terpineol at pH 9.7. Surface tension, zet~\
potential, and infrared spectroscopic data in the literature indica:

\

I
t-t-
';.

t
~
;j;

;jj:
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significant interaction between frothers and collectors in flotation
systems. Commercial frothing agents and their utilization have been
reviewed comprehensively by Booth and Freyberger [28]. Table 2
shows frother usage in different flotation systems. Surfactants can
also be classified on the basis of (1) the charge of the polar group:
cationic, anionic, or nonionic; (2) the nature of the hydrocarbon
chain: alkyl, aryl and so on; or (3) functionality of the polar
group: thio compounds, oximes, amines, carboxylates. and so on.
Typical flotation surfactants with their ionization characteristics are

listed in Table 3.

SURFACTANT ADSORPTIONIII.

\!

to
!sols

ne
re-
icle
.e
I nli gn
nce to

ion
thate MOH = MO- + H+

H+ + MOH = MO1l2+

A. Electrostatic Factors
Electrostatic forces will play a significant role in systems where the
surfactant and the mineral are charged. For example, in the system
alumina/dodecyl sulfonate, significant adsorption was observed only
below pH 9, where the mineral is positively charged (Fig. 2). Sim-
ilar correlations on the electrostatic dependence of surfactant adsorp-
tion have been observed for calcite [39,401. apatite [411. corundum
[31,32]. quartz [471, monazite [341, zircon [351, magnetite [36], and
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TABLE 2 Frother Usage

Gold
ores,&
52 mills

Complex
copper
ores,c

35 mills

Lead
ores,d
95 mills

Frother

Pine oil 15 1'1 23 4

11
5

14
3

21
8

8
3

26
3
8
3

27
2

29

9

9

5
1

8
3

2.
;;':;A;:c4;i~:,t~:

.~\)j::~~.;"'YO -,... ,

~"l~*~
~"'~'::~~...~~:,". ,-" 5

3
6
6

2
12

Cresylic acid
Pine oil and cresylic acid
Methylisobutylcarbinol (MIBC)
Other aIcohols
Poly glycol types
Triethoxybutane (TEB)
None
Combinations (other than pine

oil and cresylic acid)
Polyglycols and

(a) Pine oil
(b) Cresylic acid
(c) Pine oil and cresylic

acid
MmC and

(a) Pine oil
(b) Cresylic acid
(c) Pine oil and cresylic

acid
Miscellaneous T 3 2

~:~~:~?ff;~~.- "

,;,~-;:;;.~ ~-".::'~~~
:-o;;.;,."..-r..."w

~~~~~
::!,"~~~:I""~

!~~::~~~.

l~?"C""'..

2--- ~--- - -- ---
acres from which gold is the only important product recovered by

flotation. probably in most cases in pyrite.
bOres from which copper is the product of major importance. 49
ores classed as containing copper only. 17 ores classed as containing
some gold and/or silver.

cOres from which two important products are obtained, generally by
selective flotation. 14 Cu-MoS2 ores; 13 Cu-Zn ores; 2 Cu-Co ores;
6 Cu-Ni ores.

Simple
copper
ores,b
66 mills
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FIC. 2 Adsorption of dodecyl sulfate on alumina as a function of pH.

CalO(
where M represents the metal atom. It is clear from thcse equations
that the oxide surface will be positive at low pH and ncgative at high
pH values. The pH at which the surface is completely neutral is re-
ferred to as the point of zero charge or PIC of the mineral. PZCs
of several oxides are listed in Table 4. For salt-type mincrals such
as calcite. apatite. and dolomite. the preferential dissolution of ions.
their reactions with the solution constituents. and subsequent adsorp-
tion-precipitation on the surface are mainly responsible for the gen-
eration of surface charge. For example. apatite equilibria in \vater
can be represented by the fol1owing reactions:

PO.!

IlPO4

~
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TABLE' PZCs of Several Oxides

ReferencesPZC
:I!ineral

5

71

'12

73

90

74

91

76

92

76

5.9

9.5

8 - 10.8

4.5

- 7.2

- 9.4

- 9.5

7.0

4 - 6

. 5.2

5.6

9

7

77

90
6.7

4.8 - 6.'1
5 - 6

2.3 - 3.'1

88.89

83

83

84

85

86

6.0

3.5

9.5

5.8

,\natase

Barite

Calcite

Cassiterite

Chromite

Corundum

Cuprite

Dolomite

Fluoroapatite

Fluoroapatite
(syn)

Goethite

Hematite

Kaolinite

Quartz

Rutile

Talc

Tenorite

Zircon

3- + 2(F:OH-) K (F) =
sp

-118

1012.3z-

10"~
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Surfac

102.2 4

2+ + + +
Ca + H2O ... CaOH + H

10-12.9 2

10-22.8
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"

'0

E
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.

>-

;-

Co)

C

~

0

..J

- + +
F + H + HF

lO~.l

102.7

104.3
+CaHPO 4(aq) + CaHPO 4(8)

Ca2+
101.1

-82+ - +
Ca + 2F + CaF 2(8)

1010.4

-10
2+ +

c. + F + CaP
101.0

-12 L.
4

FIC. 3

B. Ct

In the
lector:
of adso
al aggr
enon fo
zation (
of bydr
by Cha

spectro
gates 0
anism 0
further
to be IT

The distribution of the activities of the dissolved species can
be calculated using the information above and is shown in Fig. 32+
as a function of pH. It is clear that in the acidic pH range, Ca
activity governs the behavior of hydroxyapatite, whereas in the
alkaline pH range CO32- and HCO3- activities will predominate.
Zeta-potential results on apatite [39, 40J support the calculations
above (Fig. 4). At pH 7.2, where the zeta potential is zero, the
activities of the positive and negative species counteract on another
Similar correlations between zeta-potential and species-distribution
diagrams have been obtained for other minerals, such as calcite [41 r
dolomite [42J, and magnesite [43J.

Electrostatic adsorption of surfactants can also be influenced
by the other charged species present in the system [44-46J. For
example, multivalent cations enhance the flotation of quartz using
fatty acids due to the uptake of these ions bearing a charge that is
opposite to that of the surfactant [45 J . In contrast, amine flotation
of quartz is depressed by KNO3 due to the competition between K+
and the aminium ions for adsorption on the negative sites of the
quartz surface (Fig. 5).

0
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-4
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B. Chain-Chain Interactions
In the case of flotation of non-sulfide minerals. a major force of col-
lector adsorption results from the association of hydrocarbon chains
of adsorbed surfactant at the mineral surface to form two-dimension-
al aggregates called hemimicelles. Figure 6 illustrates this phenom-
enon for the alumina dodecylbenzene sulfonate system. Hemimicelli-
zation occurs due to the favorable energetics of the partial removal
of hydrocarbon chains from the aqueous environment. Recent work
by Chandar et al. using fluoroscence and electron spin resonance
spectrosoopy [26] has shown the evolution of two-dimensional aggre-
gates of dodecylsulfate at the alumina surface. supporting the mech-
anism of associative interactions of the surfactant. These authors
further probed the micro fluidity of the adsorbed layer and found it
to be more visoous than micelles. The evolution of these aggregates
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FIG. 4 Zeta potential of apatite as a function of pH.

at the solid-liquid interface is illustrated schematically in Fig. 6b.
It is to be noted that the extent of association and hence adsorptior
will depend on the chain length and branching of the surfactant.
the size of the ionic head group. and other features. including th\:
presence of double bonds or perfluoro groups.

is (
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C . Chemical Forces

Adsorption of sutfactant due to specific covalent bond interaction
with the mineral surface is termed chemisorption. The chemical boJ
between the surfactant and the solid is more system specific than
are the other bonds. The chemisorption phenomenon is illustrated
here with examples of different mineral-surfactant systems.

Fatty acids adsorption on calcite, barite, and fluorite has bee:
proposed by several investigators to occur by chemisorption [48- 5:

20

0
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FIG. 5 Flotation recovery of quartz as function of KNO3 concen-
tration at pH 4.6. 5.8. and 6.4. 1.5 x 10-4 M/liter of dodecylam-
monium acetate was used as collector. (From Ref. 47.)

t~:
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~(~eO ...

Chemisorption in the fluorite-oleate system is thought to take place
by an ion-exchange mechanism in which a stoichiometric amount of
lattice ions such as F- is released into the solution during oleate
adsorption. Experimental evidence of chemisorption is mainly from
infrared spectra of the solid after adsorption. Thus Miller et al.
[53] observed that the intensity of the =CH bond of adsorbed oleate
decreased at high temperature in the fluorite-oleate system and at-
tributed this phenomenon to an oxidation-polymerization reaction be-
tween the oleyl groups at the fluorite surface. However, the FTIR
technique suffers from a major drawback, owing to the possibility of
alterations in the chemical state of the adsorbed surfactant during
the preparation of the sample for spectroscopic investigation.

In examining the chemical forces involved, a major factor that
is often ignored is the change in the active chemical form of the
surfactant with change in solution pH. This has often foTCed re-
searchers to adopt the alternative of chemisorption as the mechanism
of adsorption. For example, flotation maximum at pH 8 for the
hematite-oleate system has been proposed to be due to covalent bond-
ing between the surfactant species and the mineral surface (Fig. 7).
Oleate itself, however. has been found to exhibit maximum surface
tension lowering at pH 8, suggesting formation of highly surface

""':
-"i-..

-Ii



212 P. Somasundaran and R. Ramachandran

10-9
50S/ALUMINA
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!J 1.
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lal

FIG. 6 (a) Adsorption isotherm of dodceyl sulfate on alumina; (b) .

schematic representation of evolution of surface aggregates at dif-
ferent regions of the adsorption isotherm. (From Ref. 29.) c

.
I

active complexes in this pH region [54. 55J . Ionomolecular complexes ~
that can form between oleic acid and oleate in this pH range can be ~

expected to give rise to a flotation maximum. Indeed. the surface i,activity of the acid-soap oleate complex hematite flotation exhibit a .
maximum at the same pH (Fig. 7). i

;

~
D. Surface Precipitation i

i An important factor that has to be taken into account in this regard 1
: is the possibility of the precipitation of the surfactant on the partie:':

surface. Since the concentration of an ionic surfactant at an op-
positely charge surface is higher than that in bulk. precipitation of it

: it can occur at the interface even below concentrations required for
, precipitation in the bulk. Such surface precipitation can indeed be

expected to lead to a sharp dependence of adsorption on solution '
Iconditions. Adsorption of multivalent species on oxide surfaces ex-

'; hibits a sharp pH dependence; in the past this has been attributed

r
!: !
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to chemisorption of the metal hydroxy species. For example, the
adsorption of Ca species on silica (Fig. 8) shows a sharp increase
around pH 11 which was proposed to be the result of chemisorption
of CaOH+ since Ca(OH)+ forms in measurable amounts in the bulk
around pH 10 to 11. However, if the accumulation of Ca2+ ions
(as measured by the adsorption) is taken into account, it becomes
clear that surface precipitation of Ca(OH)2 can take place around
pH 11. This correlates with the adsorption isotherm, suggesting
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that surface precipitation rather than chemisorption is responsiblc
for the steep rise of the isotherm. Similar correlations have been
obtained for the cobalt-silica and the alumina-dodecylsulfonate
systems [56).

Adsorption of surfactants on semisoluble minerals has also bec:
considered in the past to be due to chemisorption. Figure 9 sho\'l'i

.)flotation behavior of dolomite using oleate. By determining the C.1-
activity in equilibrium with the mineral and the surfactant required

\
\
\
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to precipitate the Ca-surfactant salt. Ananthapadmanabhan and
Somasundaran [56) clearly showed the flotation maximum in this
system to correlate with the onset of surface precipitation of the
calcium salt. Evidently. a careful distinction between chemisorption
and surface precipitation has to be made based on the chemical
equilibria involved in each system.
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E. Xanthate Interactions

Sulfide mineral flotation is an important example where chemical in-
teractions between the surfactant and the mineral plays a governing
role. The most commonly used collector for sulfides is xanthate.
which is essentially a derivative of carbonic acid (H 2CO3) in which
the two oxygens are replaced by sulfurs and one hydrogen by an
alkyl or aryl group. Different xanthates used in sulfide flotation
are listed in Table 5 along with their solubility products. The exact
nature and mechanism of interactions in the xanthate-sulfide system
are not established precisely despite many decades of research partly
because of the wide and complex variations in the surface properties
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(From Ref. 93.)

of sulfides. Thus while it is known that oxygen is necessary fo1'
xanthate adsorption [57-65], the role of oxygen in critical reactio
involving xanthate oxidation to dixanthogen,

2ROCS2 = (ROCS2)2 .e

ROCS2 + 102 + H2O = (ROCS2)2 + 20H

and consequent hydrophobization of the solid is not clearly est{\b-
lished. Finkelstein (59] proposed a two-site electrochemical mccl,-
anism involving oxidation of the lattice sulfide ions to explain sul~!(
flotation. Xanthate adsorption was attributed to ion exchange
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TABLE 6 Examples of Chelating Agents as Collectors

MineralsReagent
.'!"......,
tCassiterite, uraninite, hematite

Cassiterite
Cobaltite
Malachite, chrysocolla
Chrysocolla, hematite and minerals

containing Ti,Y,La,Nb,Sn,andW
Cassiterite

0-0 type
Cupferron
Salicylaldehyde
a-Nitroso 8-naphthol
Acetylacetone
Alkylhydroxamic acid (1M50)

,~

t'i};

Cu oxide minerals
Cu oxide minerals
Cerussite. pyrochlore. chrysocolla

Cu minerals
Ni minerals
Cu minerals

~~

All sulfide minerals

Sulfide and tarnished
sulfides

Sulfides

Phosphonic acids

N -0 type
8-Hydroxyoximes
« -Hydroxyoximes
8-Hydroxyquinoline

N-N type
Diphenylguanidine
Dimethylglyoxime
Benzotriazole

S-S type
Xanthates
Dithiophosphates
Dithiocarbamates

N-S type
Mercaptobenzothiazole

Dithizone

8-0 type
N-benzoyl-Q-alkyl
thionocarbamate

Sulfides

i
F. Surface Chelation

Another group of collectors used for the flotation of copper. nickel.
and other metal sulfides is chelating agents that adsorb by forming
metal hydrophobic complexes characterized by ring structures. Fig-
ure 10 shows examples of three types of chelating agents: I, where
the metal is coordinated to the four nitrogens of two molecules of
ethylene diamine: type II. showing an intramolecular hydrogen bridge;
and type III, involving polynuclear halogen bridges. The two basic
requirements for a molecule to form metal chelates are (1) it should
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12.'

12,'

have suitable functional groups. and (2) the functional groups must
be situated so as to permit ring formation with the metal as the
closing member.

In general, it has been observed that a chelate should prefer-
ably be neutral if it should function as a collector and be charged
to function as a depressant. Selectivity in chelation is achieved by
making use of the differences in stability constants of the metal
chelates and by optimizing solution properties such as pH and ionic
strength [66.67]. Examples of common chelating agents and their
stroctures are given in Tables 6 and 7. It is important to distin-
guish between the role of surface and bulk chelates in flotation
systems. Thus flotation has been shown to correlate with surface
chelation rather than bulk chelation in the tenorite-salicylaldoxime
system (Fig. 11).

11.

10.(

..(

&(

1.(

a.C

.I
......
~
...
%
U

9
c
~
2U

C. Surfactant Solution Chemistry

In addition to the aqueous chemistry of the minerals and the inter-
actions between surfactant and dissolved inorganic species, the
solution chemistry of the surfactant itself, plays a significant role
in flotation. As mentioned earlier, hydrolyzable surfactants such
as fatty acids and amines can undergo associative re-=tions to form
highly surface active ionomolecular complexes leading to enhanced
flotation. For example, dodecylamine reactions in aqueous media
can be represented by the following reactions (69]:

~.C

4.(.

+
+ RNH2 + HRNH3 pK. ='10.63 s.c

2+,
2RNH3

+ (RNH3)2- pK... = -2.08

RNH3 + RNH2 + (RNH2.RNH3) pKArl = - 3.12

RNH2( 1) + RNH2(aq) pK'sol = 4.69

,
(mass boln~c FIG

witt
dox

The dimerization constant for dodecylamine hydrochloride is assumc
here to be the same as that Cor dodecylamine thiosulfate [68].
Species distribution diagrams of dodecylamine hydrochloride at two
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FIG. 11 Correlation of bulk and surface chelation of salicylaldoxime
with tenorite and its species with flotation in the tenorite-salicylal-

doxime system. (From Ref. 67.)
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the amine aminium complex and in amine precipitation. However. at
10-5 M amine concentration. there is no precipitation. and flotation
maximum can be correlated solely to the formation of the iono-molec-
ular complex. Similar correlations between collector association and
flotation have also been observed for the oleate-hematite system (69].
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MODIFYING AGENTSIV.

In addition to surfactants that function primarily as collectors and
frothers. other chemicals are added as depressants. deactivators.
activators. pH modifiers. and dispersants to most flotation systems.
Depressants act by retarding or inhibiting the flotation of the solid
selected. Polymers such as starch and tannin are common depres-
sants. Interestingly. depression of flotation does not always take
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FIG. 15 Activation of flotation of quartz dodecylsulfonate by the
cationic polymer PAMA at natural pH. Adsorption of sulfonate in
the presence and absence of polymer is shown in the inset.
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-FIG. 16 Schematic representations of (a) cationic polymer PA~1A
and dodecylamine coadsorption on quartz particles resulting in flo-
tation depression, (b) adsorption in the quartz/dodecylsulfonate
system, and (c) cationic polymer PAMA and dodecylsulfonate 00-
adsorption on quartz particles resulting in flotation activation.
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addition of cyanide in xanthate flotation of zinc sulfides causes de-
activation of copper flotation. In addition to these chemicals, dis-
persants such as sodium silicate and modifiers such as oxalic acid,
tartaric acid, and ethylenediaminetetraacetic acid (EDT A) are often
used in flotation systems either to complex with the deleterious
chemical species or colloids that can coat the particles to be floated.

It is clear from the examples above that the role of the sur-
factant in flotation is influenced by a number of factors. For any
flotation system, selection of the best surfactant is dependent on
the identification of the relevant interactions between many species
that are released into the system on the dissociation of the sur-
factant as well as the dissolution of the mineral.

ACKNOWLEDGMENTS

The authors acknowledge the support of the National Science Found
ation and the Union Carbide Corporation for support of this work.

,

REFERENCES

1. P. Somasundaran, Sep. Purlf. Methods, 1:111 (1912).

2. R. M. W. Lai, and D. W. Fuerstenau, Trans. AIPc1E, 241:549
(1968): see also S. Raghavan, and D. W. Furstenau, AIChE
Syrnp. Ser., 71 (1915).

3. G. N. Shah, and R. Lemlich, Ind. Eng. Chem. Fundam., 9:250
(1910).

4. I. Sheiham, and T. A. Pinfold, Sep. Sci.. 7:43 (1972).

5. A. M. Gaudin, Flotation, 2nd ed, McGraw-Hill, New York,
1951.

6. M. C. Fuerstenau, Froth Flotation, 50th Ann. Vol., AI~'IE,
New York, 1962.

1. K. L. Sutherland, and I. W. Wark, Principles of Flotation,
Australian Institute of Minerals and Metals, Melb«x:lrne, 1955.

8. V. A. Glembotskii, V. I. Klassen, and I. N. Plaskin,
Flotation, translated from Russian by R. E. Hammond, Primar~'
Sources, New York, 1912.

9. M. C. Fuerstenau, Flotation, Vols. 1 and II, A. M. Gaudin
Memorial International Flotation Symposium, 1916.

10. P. Somasundaran, and R. B. Grieves, AIChE Symp. Ser., 160
(1975).



231
Surfactants in FlotationItandran

12

leS de-
, dis-
. acid,

! often
'us
floated.
sur-

>r any
lt on
opecies
3ur-

13

14

1~

II

1 tFound-
work.

1

1

2

2
41:549
.IChE

..9:250 :

~

Primary

160

eds.), Academic Press, 1964, p. 169.
. P. Somasundaran, in Separation and Purification Methods, Vol.

1 (E. S. Perry and C. J. Vannoss, eds.), Marcel Dekker,
New York, 1972, p. 117.

. P. Somasundaran, Sep. Sci., 10 (1):93 (1975).
i. P. Somasundaran, Trans. Soc. Min. Eng. AIME, 241:105 (1968).

i. D. W. Fuerstenau, and S. Raghavan, Freiberger Forschun-
schefte, Deutscher Verlag fur Grundstoffindustrie, Leipzig,
1978, pp. 75-109.

5. D. Reay, and G. A. Ratcliff, Can. J. Chem. Eng., 51:178

(1973).
7. J. P. An fru ns , and J. A. Kitchener, in Flotation, A. M.

Gaudin Mem. Vol. 2 (M. C. Fuerstenau, ed.), AlME, New

York, 1976, pp. 625-637.
8. G. J. Jameson, S. Nam, and M. M. Young, Miner. Sci. Eng.,

9:103 (1977).
9. B. V. Derjaguin, and S. S. Dukhin, Trans. IMM, 70:221 (1960).

:0. J. Laskowski, Min~r. Sci. Eng., 6(4):223 (1974).
!1. A. Frumkin, and Gorodetzkaya, Acta physicochim., URSS,9:327. .

!2. L. R. Flint, and W. J. Howarth, J. Chem. Eng. Sci., 26:1155

(1971).
23. H. J. Schulze, Physico-Chemical Elementary Processes in Flo-

tation, Elsevier, Amsterdam, 1984.

24. A. Sheludko, ColI. Polym. J., 191:52 (1963).
25. J. Laskowski, Advances in Mineral Processing (P. Somasun-

daran, ed.), Society of Mining Engineers, Colorado, 1986.
26. P. Chandar, P. Somasundaran, Kenneth Waterman. and N. J.

Turro, accepted for publication in J. Colloid and Interface

Sci.. and J. Phys. Chem.
27. Lekki and J. Laskowski. Trans. IMM. 80:174 (1971).
28. R. B. Booth. and W. L. Freyberger. in Froth Flotation (D. W.

Fuerstenau, ed.), 50th anniversary vol., AIME, New York.

1962. pp. 258-276.



surfP. Somasundaran and R. Ramachandran232

47.

48.

49.

29. P. 50masundaran, and D. W. Fuerstenau. J. Phys. Chem..
70:90 (1966).

30. I. Iwasaki. 5. R. B. Cooke. and Y. S. Kim, Trans. AIME,
223:113 (1962).

31. H. J. Modi. and D. W. Fuerstenau. Trans. AIME. 217:381
(1960).

32. H. J. Modi. and D. W. Fuerstenau. J. Phys. Chem.. 61:640
(1957).

33. I. Iwasaki. S. R. B. Cooke. and A. F. Colombo, Flotation
Characteristics of Goethite. Report of Invest. 5593. U. 5.
Bureau of Mines, Washington. D.C.. 1960.

34. H. S.,Choi. and K. U. Whang. Korean Chern. Soc.. 7:91 (1963)

35. H. 5. Choi. and K. U. Whang. Trans. Can. Ins. Min. Metall..
66:242 (1963).

36. I. Iwasaki. S. R. B. Cooke, and Y. S. Kim. Trans. AIME,
223:113 (1962).

37. H. S. Hanna. Ph.D. thesis. Ain Shamms University. Cairo.
1968.

38. G. A. Parks. in Chemical Oceanography (5. P. Riley and
G. Skirrow, eds.). Academic Press. 1975.

39. O. J. Amankonah. P. Somasundaran, and K. P. Ananthapad-
manabhan, paper presented at the 114th Annual AIME Meeting.
New York. 1985.

40. O. J. Amankonah, and P. Somasundaran, Colloids Surf., 15:
335-353 (1985).

41. O. J. Amankonah. P. Somasundaran. and K. P. Ananthapad-
manabhan. Colloids Surf., 15: 295- 307 (1985).

42. P. Somasundaran. K. P. Ananthapadmanabhan. and o. J.
Amankonah. in Proc. 15th Int. Min. Proc. Congr.. Cannes.
France. 1985, Vol. II, pp. 244-254.

43. O. J. Amankonah. Ph. D. thesis, Columbia University. 1985.

44. M. C. Fuerstenau. D. A. Rice. P. Somasundaran. and D. W.
Fuerstenau, Trans. IMM (London). 73:381 (1965).

45. M. C. Fuerstenau, C. C. Martin, and R. B. Bhappu, Trans.
AIME, 226:449 (1963).

46. F. Z. Saleeb. and H. 5. Hanna. J. Chern. UAR. 12(2) :237
(1969).

50

51

52

53

t.
t!

54

55

56

I"
57

5£

6{

6"

6

6

6

6



233Surfactant. in Flotationhandran

91 (1963).

lapad-
l1eeting.

1985.

). W.

47. P. Somasundaran, Trans. AIME. 255:64 (1974).

48. R. O. French. J. Phys. Chem., S8:8O.J (1954).
49. A. S. Peck, and M. E. Wadsworth, Proc. 7th Int. Min. Proc.

Congo (N. Arbiter, ed.), Gordon and Breach. New York, 1965,
p. 259.

SO. A. Bhar, M. Clement, and H. Surmatz. Proc. 8th Int. MinI.
Proc. Congr., Leningrad. Paper S-11. 1968.

51. U. Blissing, Dissertation. Bergakademie Frieberg. 1969, Ger-
Text.

52. H. L. Shergold, Trans. IMM, 81(3):CI48 (1972).
53. J. D. Miller, J. S. Hu. and M. Mishra. paper presented at the

116th annual AIME meeting, New Orleans, La., March 2-6. 1986
(Preprint 86-14).

54. P. Somasundaran. K. P. Ananthapadmanabhan, and I. B.
Ivanov, J. Colloid Interface Sci., 99( 1): 128 (1984).

55. K. P. Ananthapadmanabhan, Ph.D. thesis, Columbia University,

1981.
56. K. P. Ananthapadmanabhan, and P. Somasundaran. Colloids

Surf., 13:65-72.
57. A. Granville, N. P. Finkelstein, and S. A. Allision. Trans.

IMM, 81 :Cl (i972).
58. A. M. Gaudin. and N. P. Finkelstein. Nature. London. 207:389

(1965).
59. N. P. Finkelstein, Sep. Sci.. 6:227 (1970). .
60. J. Leja. L. H. Little. and G. W. Poling. Trans. IMM, 72:407

(1963).
61. G. W. Poling. and J. Lela. J. Phys. Chern., 67:2121 (1963).

62. N. P. Finkelstein, Trans. IMM, 76:C51 (1967).

63. A. Pomianowski, and J. Leja. Can. J. Chem., 41:2219 (1963).

64. S. A. AIUsion. L. A. Goold. M. J. Nicol, and A. Granville.
Metall. Trans.. 3:2613 (1972).

65. G. W. Poling, in Flotation, A. Pl1. Gaudin Mem. Vol. 1 (M. C.
Fuerstenau, ed.), AIME. New York. 1967.

66. D. R. Nagaraj, and P. Somasunduran, Min. Eng., 33:1351

(1981) .~237



.

P. Somasundaran and R. Ramachandran234

67.

68.

69.

10.

71

72.

73.

74.

75.

P. Somasundaran. and D. R. Nagaraj, Reagents in Mineral
Industry, Inst. of Min. . Met.. Lon.. 1984. pp. 209-219.

P. Mukerjee, J. Phys. Chem.. 62:1404 (1958).
P. Somasundaran. and K. P. Ananthapadmanabhan. in Solution
Chemistry of Surfactant. (K. L. Mittal. ed.), Plenum Press,

New York. 1979.
P. Somasundaran. and J. C1everdon. Colloids Surf.. 13( 1) :

73-85 (1985).
P. G. Johansen. and A. S. Buchanan. Aust. J. Chem.. 10:398

(1957).
P. Somasundaran. and G. E. Agar, J. Colloid Interface Sci.,
24:433 (1967).
J. Laskowski and S. SobieraJ, Inst. of Min. . Met., Lon., 28:

C163 (1969).
G. A. Parks, Chern. Rev.. 85:177 (1965).
M. Robinson, J. A. Pasko and D. W. Fuerstenau, J. Am. Chern

Soc., 41:516 (1964).
W. Stumm and J. J. Morgan. Aquatic Chemistry. Wiley. New

York, 1970.
G. A. Parks, Adv. Chern. Ser.. 6(67):121 (1961).
M. C. Fuerstenau, G. Gutierrez. and D. A. Elgillani. Trans.

AIME. 241:319 (1968).
P. Somasundaran. J. Colloid Interface Sci.. 21( 4) : 659 (

F. Z. Saleeb and P. L. de Bruyn. Electroanal. Chem. ..

Electrochem., 31:99 (1972).
I. Iwasaki. S. R. B. Cooke, D. H. Harraway. and H. -
Trans. AIME, 223:97 (1962).
R. D. Kulkarni and P. Somasundaran. Am. i

31 (1972).
A. M. Gaudin and D. W. Ferstenau. Trans. AIME, 202:66

(1955).
I. Iwasaki. S. R. B. Cooke, and H. S. Choi, Trans. AIME.

220:394 (1961).
. O. Huber and J. Weigl. Wochenbl. papierfabr., 91( 10) :359

(1964).

16
.:-~~I;""':~'~ ~.=~.,. .

'.f'~,..,

'~;~~,;':~:"
~"~7._~~;
~~~~
~~!lf;;~~j~'~~~'.~li~~. ~~'~r'-

'1'1

'18

:1968}.

Interface
79.

80

S. Chait
81

Electrochem. Sac..
82

83.

84

85



2351andran SW"factants in Flotation

:olution
ress,

10:398

Sci..

I., 28:

86. J. M. Cases, Trans. AIME, 241:123 (1970).

8? K. P. Ananthapadmanabhan and P. Somasundaran, Trans.

Indian lost. Met., 32( 2) : 177-194 (1979).

88. R. Ramachandran and P. Somasundaran, accepted for publication

in Colloids Surf. (1986).

89. P. B. Lorenz, Clays Clay Miner., 11:223 (1969).

90. M. C. Fuerstenau, D. A. Elgilliani, and J. D. Miller, Trans.
AlME, 247:11 (1970).

91. D. W. Fuerstenau, Pure Appl. Chem., 24:135 (1970).

92. P. G. Berube, and P. L. de Bruyn, Electrochemistry, 31:99

(1972).
93. B. M. Moudgil and R. Chanchani, Flotation of Calcite and

Apatite Using Sodium Oleate as Collector, SME-AIME preprint

83-160.

.968).

1terrace

Soc..

~'E.


