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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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TABLE 1 Flotation Techniques Classified on the Basis of Mechanism of Separation and Size of Material
Separated

Size range

B . - 0

Mechanism wiolecular Microscopic Macroscopic
i Natural surface Foam fractionation; example: Foam flotation: examples: Froth flotation of non-
o activity detergents from aqueous microorganisms, polar minerals;
a solutions proteins example: sulfur
o
b1 In association Ion flotation, molecular Microflotation, colloid Froth flotation; example:
g with surface- flotation, adsorbing flotation, ultraflotation; minerals such as
) active agents colloid fiotation; examples: particulates in silica
;‘ examples: Sr2t, Pb2+, wastewater, clay, micro- Precipitate flotation
! Hg2t, cyanides organisms (first and second

it

kind); example:
farwia herdmatan
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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 fine 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.

H. FLOTATION TECHNIQUE

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 rotating 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,
tale, molybdenite, graphite, and coal are hydrophobic), they are
treated with a surfactant that adsorbs on the mineral surface,
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FIG. 1 Schematic representation of s Notation cell.

rendering them hydrephcbie. These surfactants adsorb with their
polar head oriented towsard the mineral surface and the hydrophobic

tail pointing toward the solution, thus making the mineral surface
hydrophobic.

A. Thermodynamic Aspects

At equilibrium, the forces at the peoint of contact between an air

bubble and solid in a liguid is defined by the Young-Dupre equi
tion,

Y =y + ¥ cOs B (1
8g 5 Ig

where Yags Tsi and Y] are the surface tensions at the solid-gas,

solid-liquid, and liquid-gas interface, respectively, and
contact angle. For flotation to ccour, cos
the contact angle hos to be & maximum.

1 iz the
f has to be a minimum or
This eondition iz met il
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Ysg B Ysl
Cos 6 =

(2)
g

is also minimum or if Yse 1S as small as possible, keeping Yg] and

Ylg at maximum values. It can be seen that the surfactant must
adsorb, if possible with maximum effect at the solid-

ment is as a destruction of a solid-liquid and liquid-gas interface
and a creation of g solid-gas interface. The free-energy change
for this process is given by Dupre's equation,

VG o= _ (3)
4G Ysg (Ysl+Ylg)

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

= 5 - 4)
AG {lg (cos 8 1) (
It is clear from Eq. (4) that for all finite values of 8 there is a
net decrease in 4G upon particle bubble attachment, which leads
to the condition that
Tsg T Yg € Yig 5

for particle bubble attachment. In practice, a minimum contact angle
is required for flotation; for example, a 10° angle is reported for
the quartz dodecylamine system [15]. The application of Egs. (1) to
(5) to an actual flotation system is limited because these equations
are valid only under equilibrium conditions. In an actual system,
dynamic conditions prevail and equations based on dynamic factors
such as minimum particle-bubble contact time would be more relevant
[16—18].

Another approach in this regard is that of Derjaguin [19], who

used the concept of disjoining pressure inside the liquid film between

the particle and the bubble to examine the attachment process. Dis-
joining pressure is defined as the derivative of the free energy of

the system with respect to the interlayer thickness per unit surface
area.

lae]
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As flotation is direetly dependent on film rupture, the value of d
joining pressure must be negative for particle-bubhle attachment.
Three factors contribute to P:

where Pyy is the van der Waals contribution, Pagy the eleetrical

double-layer contribution, and P, the surface hydration contribution.

P. Somasundaran and R. Ramachandran

ig-

The values of these compaonents are directly dependent on the no-

ture and orientation of the adsorbed surfactant species and can b

estimated as deseribed in many works [20=25]. It is to be pated
that theoretical determination of the values in both Younpg's and
Derjaguin's treatment requires prior knowledge of the orientation
of the surfactant at the solid/liguid interface.
using fluorcscence and electron spin rescnance spectroscopy [26)
have yielded valuable information on the strueture and orientation
of adsorbed alkyl sulfates on alumina. Similar data en other min
eral-surfactant systems would prove very useful to vield a better
insight into the flotation process.

B. Swurfactants for Flotation

Surfactants with a large wvariety of polar and nonpolar groups ar
available for flotation and they can be classified based on their
funection and on their chemical composition. A surfactant whoss
primary role is to render the solid surface hydrophobic is called
a collector. Surfactants whose primary role is to provide the ro-
quired stability to the top froth laver in the flotation cell and to
influence the kineties of particle-bubble attachment are referred
as frothers. These are ususily nonionic surfactants such as ercs
which can enhance the rate of film thinning and eontribute to th
stability of the particle-bubble aggregates. The exact mechanic:
of frothers in flotation is not clearly established. The role of t
frothers in particle bubble attachment is supposedly due to the
duction in the repulsion forces between the bubble and the partic
by suitable alignment of the surfactant dipoles at the three-phas:
point of contact. [t is the ability of the nonionic surfactants 1o
their dipoles that make them good frothers. Experimental evidon
conflirm this theory based on the relaxation time of the frother
however, lacking. Lekki and Laskowski [27] showed the fnducti
time to deerease markedly in chalcocite fotation using ethvl xantl
in the presence of =-terpinecl at pH 9.7. Surface tension, zel:
potential, and infrared spectroscopic data in the literature indion:

Recenl experiments
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in flotation

significant intersction between frothers and collectors
tion have been

systems. Commercial frothing agents and their utiliza
reviewed comprehensively by Booth and Freyberger [28]. Tabile 2
shows frother usage in different flotation systems. Surfactants can
also be classified on the basis af (1) the charge of the polar group:
cationie, anjomic, or nonionie; (2) the nature of the hydrocarbon
chain: alkyl, aryl and so ong or {4y functionality of the polar
rroup: thio compounds, oximes, amines, carboxylates, and so On.
Typical flotation surfactants with their ionization characteristics are

listed in Table 4.

[11. SURFACTANT ADSORPTION

ant on mineral surfaces is dependent on a
number of factors, such as the surface charge and surface chemical
composition of the mineral, and the solution chemistry of the mineral
ane the surfactant. Major forces involved in causing surfactant
adsorption are olectrostatic attraction, ecovalent bonding, hydrogen
bonding., and nonpolar bonding between the surfactant and the min-
eral, as well as the lateral attraction between the adsorbed species.
In the following sections the various surfactant adsorption mechan-
isms are discussed with specific pxamples from the literature.

adsorption of the surfact

A. Electrostatic Factors

Electrostatic forces will play & significant role in systems where the
surfactant and the mineral are charged. For example, in the system
alumina/dodeeyl sulfonate, significant adsorption was observad only
below pH 9, where the mineral is positively charged (Fig. 2y, Bim-
n the electrostatic dependence of surfactant adsorp-
apatite {411, corunduam

magnetite [36], and

ilar correlations o
tion have been observed for caleite [39,40],
(31,32, quartz [4T], monazite [34], zircon [ 357,
tricaleium phosphate [371.

It is to be noted that
dependent on the mineral solutior
under the processing conditions.
proposed for the surface charge generation of various systems.
Oxides such as hematite, silica, and alumina are considered to
apquire their charge due to hydroiysis
This process can be represented by the following Teactions:

the mineral surface charge itself is mainky
i equilibria operating in the system

Several mechanisms [38] have been

MOH = MO~ + H

H*t + MOH = MOH,"

and pH-dependent dissolution.

s i i S —— | s
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TABLE 2 Frother Usage

Simple Complex

-
.
:
_'_ ; Gald copper copper Lead

- ores,® ores,P ores,®  ores,d
32 mills 66 mills 35 mills 93 mills
Frother
Pine oll 15 17 23 4
Cresylic acid 8 11 8 27
: Pine oil and cresylic aecid 19 5 3 2
: Methylisobutylearbinal (MIBC) - 14 26 29 .
Other aleohols 4 3 3 — '
- Polyglycol types 13 21 8 9 |
TS Triethoxybutane ( TEBR) 15 B 3 - 1
e el { None = - — 9
T T £ Combinations (other than pine
. ; oil and cresylic neid)
v Palyglycols and
j {(n) Pine oil 4 5 8 2
() Cresylic acid g L 3 2
(c) Pine oil and eresvylic
> i H — - -
MIBC and
Skl T o (a) Pine oil 2 5 [ 2
et il (b) Cresylic acid 4 3 g 12
i £ (¢) Pine ail and cresylic
& > acid - = — —
a0 Mizcellaneous 2 T 3 2

80res from which gold is the only importent product recovered by
flotation. probably in most cases in pyrite.
BOres from which copper is the product of major importance. 49

ares classed as containing copper only, 17 ores classed as containing
some gold and/or silver,

“Ores from which two importanl products are obtained, generally by
selective flotation., 14 Cu-MoSq ores; 13 Cu-Zn ores; 2 Cu-Co ores;
6 Cu-Ni ores.
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somplex
copper Lead
ores,®  ores,d

15 mills 95 mills
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Percentage of total mills |

| e2 o ca

& oo

L

{g=]
-3

LﬂlWlEl\?

o R

uet recovered by

importance.

classed as containing

ained, generally by
ores: 2 Cu-Co ores;

43

Bulk Fatty acid,

Zinec Pyrite sulfide Amine soap , sulfonate [
ores,®  ores ores,f  Ceoal,F fotation, flotation, I
104 mills 14 mills 23 mills 15 mills 21 mills 61 milis

1
= I
13 50 L7 27 50 (mica; 8 | H
feldspar} |
17 22 13 - - 5 I
fi == g — — =
33 = 25 53 25 (KC1) 11 IIJ
4 i 4 7 5 (KC1) 5 [
18 7 9 13 5 ( feldspar) 7 i
= "il' — — — —

30 (quartz)

&
r
==
—em

o — j— (e r S ==
2 'i
E — il S il .
i
- = = - i 1
i
1 - 9 — — - !
3 —~ 5 — - —
- 7 T — — —
3 — g — 5 -

dy jead ores: 71 Pb-Zn ores; 15 Ph-Cu-2Zn ores. In the last named
subgroup it was assumed that n lead, copper foat was aimed pri-
marily at recovering the lead .

28 zine ores: T0 Pb-Zn ores, 13 Ph-Cu-Zn ores; 13 Cu-Zn ores.

{ Zine frother unidentified in one Ph-Zn ore and two Ph-Cu-Zn ores.)
fBulk sulfide flotation from ore, not followed by differential flotation.
Eight instances of flotation of sulfides from tungsten ores.

Egurvey limited to domestic mills in this group.

Source: Ref. 28.
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FIG. 2 Adsorption of dodecyl sulfate on alumina as 3 function of pi.

where M represents the metal atom. It is clear from these equahions
that the oxide surface will be positive at low pH and negntive at high
pH wvalues. The pH at which the surface is completely neutral is re-
ferred to as the point of zero charge or PZC of the mineral. PIUS
of several oxides are listed in Table 4. For salt-type minerals such
as caleite, apatite. and dolomite, the preferentinl dissolution of fons.
their reactions with the solution constituents, and subsequent adsorp-
tion-precipitation on the surface are mainly responsible for the gen-
eration of surfoce charge. TFor example, npatite equilibria in water
can be represented by the following reactions:
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10Ca + [il"t"J4 + F.0H Y K__(F)Y=
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3 - 4= =
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TABLE & PZCs of Several Oxides

e ____,_____,_.____,__._.
Vineral PZC keferences

= e B e S
y\natase 5.9 5

Barite 9.5 Tl

Caleite § — 10.8 72
Cassiterite 4.5 73
Chromite 6.6 — 7.2 a0
Corundum a — §.4 74
Cuprite 7 — 8.5 a1
Dolomite 7.0 76

i Fluoroapatite 4 — 6 LY
Hluorcapatite 5.2 76

(syn)

i Goethite 6.7 77
Hematite 4.8 — 6.7 a0
£ oalinite 5 = 6 gE, =9

! Quartz 2.4 — 8.7 83
Rutile 6.0 84
Tale 3.5 B84
Tenorite 9.5 85
Zircon 5.8 86
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H, PO H® T H_PO 10%-2
2y i
3 - ~ 1
ca® + H,0 ¥ caon® + 1 g7 e
24 > 22
Ca™ + 2H,0 ~ Ca(OH),(s) + 20 10
F s H T ar 1g-1
L 2 - 2.9
Ca™ + HPO," ¥ CaHPO (aq) 10
- -+ 4.3
LaHPL‘JIi{an *- CnHPOJI(s} 10
ca® + 1. po0,” T can po * 10!
BTy ¥ Lall RO
eat g8 2 CaF (5) T g
ca® + ¥ 2 cart ¥k

The distribution of the activities of the dissolved species can
be caloulated using the information above and is shown in Fig. 3-:-+
as & function of pH. It is clear that in the acidic pH range, Ca”
activity governs the behavior of hydroxyapatite, whereas in the
alkaline pH ranpge CDEE' and HOO3™ activities will predominate.
Zeta-potential results on apatite [39,40] support the ealeulations
above (Fig. 4). At pH 7.2, where the zots potential is zero. the
activities of the pesitive and negative species counteract on another
Similar correlations between zeta-potential and species-distribution
diagrams have been obtained for other minerals, such as ealeito |41
dolomite [42], and magnesite [43].

Electrostatic adsorption of surfactants can glso be influenced
by the other charged species present in the system [44—46G]. For
example, multivalent cations enhance the [otation of quartz using
fatty acids due te the uptake of these ions bearing a charge Lhat
opposite to that of the surfactant [45]. In contrast, amine flotation
of quartz is depressed by KNOj due to the competition between K*
and the aminium ions for adsorption on the negative sites of the
quartz surflace (Fig. 5),

Surfac
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FIG. 3 Species distribution dizgram of hydroxyapatite.

B, Chain-Chain Interactions

In the case of fotation of non-sulfide minerals, & major foroe 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=
ration oceurs duse to the favorable energetics of the partial removal
of hvdrocarbon chains from the agqueous environment. Recent work
by Chandar et al. using fluoroscence and electron spin resonance
spectroscopy [26] has shown the evolution of two-dimensional aggre-
gates of dodecylsulfate at the aluming surface, supporting the mech-
anism of associative interactions of the surfactant. These authors
further probed the microfluidity of the adsorbed layer and found it
o be more viscous than micelles. The evolution of these aggregates

.
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at the solid-liquid interface is illustrated schematically in Fig. 6b.
It is to be noted that the extent of assceiation and hence adsorpti
will depend on the chain length and branching of the surfactan

the size of the ionic head group. and other features, mr:[u-_..n;; th
presence of double bonds or perfluoro proups.

C. Chemical Farces

Adsorption of surfactant dus to specific covalent bond interaction
with the mineral surface is termed chemisorption. The chemical 1
between the surfactant and the solid is more system specific than

are the other bonds. The chemisorption phenomenon is illustratec
here with examples of different minersal-surfactant systems,

!"mty acids -.!d.SI:Ir'FIT_I.E]rL on caleite, barite, and fluorite haos boo:
proposed by several investigators to occur by ehemisorption [48- 3

P, Somasundaran and K. Ramoechandran
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100 ?
L=
B0+
Fe
- EO -
=
d
- =t
=
o 40
=
b
201 1s5x107*M, DDA
Quartz
o 3 1 I L |
] 105 104 103 o2 o= 1

KNOy CONCENTRATION, mala /1

FIG. 5 Flotation recovery of guartz as funection of KNOg concen-
tration at pH 4.6, 5.8, and 6.4. 1.5 x to-1 mMiliter of dodecylam-
moninm scetate was used as collector. (From Ref. 47.}

Chemisorption in the fluorite-oleate system 15 thought to take place
by an ion-exchange mechanism in which a stoichiometric amount of
lattice ions such ss F~ is released into the solution during oleate
adsorptlion. Experimental evidence of chemisorption is mainly from
infrared spectra of the solid after pdsarption. Thus Miller et al.
[53] observed that the intensity of the =CH bond of adsorbed oleate
decressed 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
technigue suffers from a major drawback, owing to the possibility of
alterations in the chemieal state of the adsorbed surfactant during
the preparation of the sample for spectroscopic investigation.

In examining the chemical forces involved, a major foctor that
is often ignored is the change in the active chemical form of the
surfasctant with change in solution pH. This has often forced re-
gearchers to adopt the alternative of chemisorption as the mechanism
of adsorption. For example, flotation maximum at pH 8 for the
hematite-aleate system has been proposed to be due to covalent bond-
ing between the surfactant specics 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
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schematic representation of evelution of surface agpregates at dif
ferent regions of the adsorption isotherm. (From Ref. 29.)

active ecomplexes in this pH region [34,55]. Ionomolecular complexe:
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
activity of the acid-soap oleate complex hematite flotation exhibit o
maximum at the same pH (Fig. 7).

D. Surface Precipitation

An important factor that has to be taken inte aceount in this regardc
is the possibility of the precipitation of the surfaetant on the partic
surface. Since the concentration of an ionic surfactant at an op-

positely charge surface is higher than that in bulk, precipitation of
it can occur at the interface even below conecentrations required for
precipitation in the bulk., Such surface preecipitation can indeed be
expected to lead to a sharp dependence of adsorption on solution

conditions. Adsorption of multivalent species on oxide surfaces ex-
hibits & sharp pH dependence; in the past this has been attributed

B i el e e
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to chemisorption of the metal hydroxy species. For example, the
adsorption of Ca species on silica (Fig. 8) shows o sharp increase
around pH 11 which was proposed to be the result of chemisorption
of Ca0HT since Ca(OH)" forms in measurable amounts in the bulk
around pH 10 to 11. However, if the sccumulation of Ca®t ions
{as measured by the adsorption) is taken into account, it becomes
clear that surface precipitation of Ca(OH), can take place around
pH 11. This correlates with the adsorption isotherm, supgpesting
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that surface precipitation rather than chemisorption is responsible
for the steep rise of the isotherm. Similar correlations have been
obtained for the cobalt-silica and the alumina-dodecyisulfonate

S¥ystems

Adsorption of surfactants on semisoluble minerals has alse bor

[56].

considered in the past to be due to chemisorption. Figure 9 show

fotation behavior of dolomite using oleate. By determining the Cn-
aclivity in equilibrium with the mineral and the surfactant reguire:
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FIG. 8 pH dependence of Ca adsorption on quartz. Kg, Ca(OH) =
9.2 pH of surface precipitation for different assumed walues of
sdsorbed lnyver thichness (x): x=35 A, pH 11.4; x=10 A, pH 10.95.

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.

E. Xanthate Interactions

Sulfide mineral flotation is an important example where chemical in
teractions between the surfactant and the mineral plavs & governing
role. The most commonly used collector for sulfides is xanthate,
which is essentinlly a derivative of carbonic aseid (H2CO3) in which
the two oxvgens are replaced by sulfurs and one hydrogen by an
alkyl or aryl group. Different xanthates used in sulfide flotation
are listed in Table § along with their salubility products. The exact
nature and mechanism of interactions in the - xanthate-sulfide system
are not established procisely despite many deecades of research partiy
because of the wide and complex variations in the surface properties

e R
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(From Ref. 93.)

of sulfides. Thus while it is known that oxygen is necessary [m
xanthate adsorption [57—63], the role of oxygen in ¢critical reactic
involving xanthate oxidation to dixanthogen,

IROCS, = (ROCSH

a'g
ROCS, + 0, + H,0 = (ROCS,), + 208

and consequent hydrophobization of the solid is notl elearly astob
lished. Finkelstein [59] proposed a two-gite glectrochemical mooc!
anism involving oxidation of the lattice sulfide ions to explain sul
flotation. Xanthate adsorption was attributed to ion exchange
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TABLE 5 Solubility Products for

H'IIU_!T_JT_
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unAp D

fetal Xanthates at 20°CH

Ethyl xanthate
Izopropyl xanthate
Butyl xanthate
Butyl {i—) xanthate
Amyl (i—) xanthate
Hexyl (n=) xanthate
Oetyl (i—=) xanthate
Nonyl {n—) xanthate
Nonyl (i=) xanthate

Laury!l xanthate

A+

24
Ph

nmzwonmm- 18.6
nwanﬁmm- 18.6
n_m._m_n_nmm- 19.5
npxmonmm- 19.2
nmmzonmm- 19.7
nmm_mcnmm- 20.8
nm::cnmm- 0.4
nmm_,monmm- 22.6
CH Hwonmm- 21.3
n_m:monmm- 23.8

8A1 values are givan

g5 negative logarithm of the solubility product extrapolated to infinite dilution.
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between the exidation broduects and the x»

machanism wasg analogous to that of metal corrosion and it was ox-
pected that the rest potential of the mineral surface would be he-
tween the reversible potentials of the snodic apd cathodic reactions.
Experimental data on the rest patentials of the galena-xanthate-gx -
YEen system, however, show significant variations passibly due to
the mineralogical heterogeneitios leading to different extent of oxid
ation at the interface. Poling [65] reported adjacent localities of
the same particulate sampla to show variations of several hundred
millivolts in potentials with the more anodie areas adsorbing higher
amounts of xanthate. The complex nature of xanthate adsorption
and hydrophobisation of sulfides is still not adequately explained,

mainly because of the surfaca chemical heterogeneities of differsnt
sulfide minerals that resul

t in different mechanisms dominating in
different systems.

anthate species. This

CHz—NH,  NH,—CH,
St | “le
':HE__NHE J'MIHE—'EHE

HC H (Im)
/

FIG. 10 General structure of chelating agents.
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Surfactants in Flotation

TABLE 5 Examples of Chelating Apgents as Collectors

Reagent Minerals
0-0 type
Cupferron Cassiterite, uraninite, hematite
Salicyvialdehyde Cassiterite
e-Nitroso g-naphthol Cobaltite
Acetylacetons Malachite, chrysocolla

Alkylhvdroxamic acid (IM30)

Phosphonic acids

N-0O type
f-Hydroxyoximes
= -Hydroxyoximes
B-Hydroxyquinoline

N=-N type
Diphenylguanidine
Dimethylglyoxime
Benzotrinzole

5-5 type
Xanthates
Dithiophosphates
Dithiocarbamates

N-5 type
fercaptohenzothiazole
Dithizone

5-0 type
N-benzoyl-0-alkyl
thionocarbamate

Chrysocolla, hematite and minerals
containing Ti,Y,La,Nb, Sn,andW
Cassiterite

Cu oxide minerals
Cu oxide minerals
Cerussite, pyrochlore, chrysooolla

Cu minerals
Mi minerals
Cu minerals

All sulfide minerals

Sulfide and tarnished
sulfides
Sulfides

Sulfides

F. Surface Chelation

Another group of collectors used for the flotation of cepper, 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 apents: [, where
the metal is eoordinated to the four nitrogens of two molecules of

ethylene diamine; type II, showing an intramolecular hydrogen bridge;

and type 11I, involving peolynueclear halogen bridges. The two basic
requirements for a molecule to form metal chelates are (1) it should
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have suitable functional groups,

be situated so as to permit ring formation with the metal as the
¢losing 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 icnic
strength [66,67]. Examples of common chelating agents and their
structures 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-salievlaldoxime
system (Fig. 11).

G. Surfactant Solution Chemistry

In addition to the aqueous chemistry of the minerals and the intes-

actions between surfactant and dissolved inorganic species, tl
solution chemistry of the surfactant itself, plays a significant role
in flotation. As mentioned earlier, hydrolyzable surfactants such
as fatty acids and amines ean undergo assoecistive reactions to form
highly surface active ionomalecular complexes leading to enhanced
flotation. For exsmple, dodecylamine reactions in aqueons media
can be represented by the following reactions [69]:

e

' + + - &
HTHH:: - ]--’.N!'l2 + H pKu =+10,83
2RNH, - (RNH i (. =--2.08
aR! ili- * il 3}:!- phd =--2.0¢

- +
BN + RN - vH N I 3. 12
R H.'I H'\EI2 [HHEJE_H'\HE} pﬂud J. 1
RNH, (1) + RNH,(aq) pK'sol = 4.69

{mass balngn
E.HNH '} mass baln

The dimerization constant for dodecylamine hydrochloride is

DESUMO
here to be the same as that for dodecylamine thiosul{ate [68].

Species distribution diagrams of dodecylamine hydrochloride ot two
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and (2} the functional groups must
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FIC. 12 (a)Species distribution diagram of dodecylamine as a func-

tion of pH, total amine = 1077 M, below the Eolubility limit: (b}

species distribution dingram of dodeeylamine as funetion of pH
5 - -0 a iy =

total amine = 5 x 1077 M, above the solubility limit,

different concentrations, 5 x 105 M (above the
of neutral dodeey] amine) and 1079 M (below the precipitation limi-
are shown in Fig. 12. Two important aspects of these ealeulntio:
are: (1) the pH of maximum amine-pminium complex has shified

8 higher value (10.9) to & lower wvalue (10.4) with increasing to,
dodeylamine toncentration,

precipitation limi:

and (2} the pH of precipitation coinc:
with the pH of maximum eomplex formation. Figure 13 shows o
tion of quartsz using dodecylamine at 10-5 M and 5 x 10°5 M en

centrations with g maximum at pH 10 to 1. It s to be noled
at 5 x 1075 M amins concentration, the pH of flotation masimi:

coincides with the pH of maximum aectivity of aminium dimer ir
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FIG. 12 (Continued) 1

the amine sminium complex and in amine precipitation. However, at
10-5 M amine concentration, there is no precipitation, and fotation
maximum ecan be correlated solely to the formation of the iono-mofec-
ular complex, Similar correlations between collector association and
fluotation have also been abserved for the oleate-hematite system [69] .

V. MODIFYING AGENTS

In addition to surfactants that function primarily as collectors and
frothers. other chemicals are added as depressants, deactivators,

activators, pH modifiers, and dispersants to mast flotation systems.
Depressants act by retarding or inhibiting the flotation of the solid
selpcted. Polvmers such as starch and tannin are common depres-
sants. Interestingly, depression of flotation does not always take
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230 P. Somasundaran and R. Ramachandraon
addition of cvanide in xanthate flotation of rinc sulfides ecauses de-
activation of copper flotation. In addition to these chemicals, dis-
persants such as sodium silicate and modifiers such as oxalic acid,
tartarie acid, and sthylenediaminetetraacetie acid (EDTA) are often
used in flotation systems either to complex with the deleterious
chemical species or colleids that can coat the particles to be floated,

It is ¢lear 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.
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