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Abstract

Fine and ultra-fine particle flotation is central to the mining industry as a result
of the need to treat low grade and difficult ores which require fine grinding to
liberate valuable minerals from gangue minerals. However, the flotation of fine
and ultra-fine particles is not efficient and a slime coating with slime gangue
particles attaching to valuable minerals is one of the most popular barriers. A
slime coating prevents the adsorption of collectors on the surface of valuable

minerals resulting in low flotation recovery or low product quality.

Saline water is also an important issue in the mining industry. In Western
Australia, bore water with a high ionic strength has to be used at mine sites for
production, site rehabilitation, and downstream processing because fresh water is
not available locally. In Queensland, most mine sites have adopted water re-use
as a means for making freshwater savings. However, water re-use results in
increased salinity in site water stores, which is driven largely by evaporation and
ongoing salt inputs from spoil, minerals and groundwater. Flotation relies on a
large amount of water and therefore the impact of saline water on flotation

performance has gained more and more attention.

In this research, the role of saline water in the mitigation of slime coatings was
studied and a generic approach to improve fine and ultra-fine particle flotation by
using saline water was developed, building on the previous research. A model
slime coating system was established by using copper minerals in the presence of
clay particles. It was found that chalcocite flotation was depressed in the presence

of bentonite slimes while chalcopyrite flotation was less affected.

Electrostatic interactions between copper minerals and clay particles were found
to be responsible for the different flotation of chalcocite and chalcopyrite in the

presence of clay minerals. It was found that surface oxidation occurred during



grinding and changed the surface properties of chalcopyrite and chalcocite.
Chalcocite was strongly oxidized while chalcopyrite was slightly oxidized after
the grinding with stainless steel media. The different extent of surface oxidation
resulted in the different electrical property of chalcocite and chalcopyrite surfaces.
The strongly oxidized chalcocite surface became positively charged after
grinding at the same pH and electrostatically attractive to bentonite particles
resulting in the depressed chalcocite flotation. In contrast, the slightly oxidized
chalcopyrite surface remained negatively charged after grinding at pH 9.0 and
entropically repulsive from bentonite slime particles. Therefore, bentonite slimes

did not influence chalcopyrite flotation as much as chalcocite flotation.

Mitigation of slime coatings on chalcocite in flotation by using electrolytes was
further investigated and kaolinite was used to introduce the slime. The results
indicated that in tap water, the presence of kaolinite slimes depressed chalcocite
flotation. With the addition of electrolytes to the flotation system, the flotation of
chalcocite in the presence of kaolinite slimes was improved. The effect of cations
(Li*, Na" and K¥) and anions (F-, CI- and I') on the mitigation of slime coatings
on chalcocite surfaces in flotation was also examined in this study. It was
interesting to find that larger size ions improved chalcocite flotation in the

presence of kaolinite slimes more than smaller size ions.

Electrochemical impedance spectroscopy (EIS) was developed to investigate how
kaolinite coated chalcocite surfaces and how electrolytes with different size ions
mitigated this coating. It was found that the impedance of chalcocite in the
presence of kaolinite was higher than that in the absence of kaolinite in the low
frequency range due to the formation of kaolinite coatings on chalcocite surfaces
decreasing the dielectric constant and increasing the impedance of chalcocite. EIS
results indicated that the impedance of chalcocite in electrolyte solutions in the
presence of kaolinite was lower than that in deionized water reflecting the

mitigation of the slime coating. Electrolytes reduced the electrostatic attraction



between kaolinite and chalcocite, resulting in the mitigation of kaolinite fine
particles coating on chalcocite surface and consequently the improved chalcocite
flotation. In addition, for the cations (Li*, Na" and K*) and anions (F-, Cl-and I),
the larger ions reduced the impedance of chalcocite more than the smaller ions
with less slime coating on chalcocite surfaces presumably due to the greater

decrease of electrostatic attraction between chalcocite and kaolinite.
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Chapter 1 Introduction

1.1 Research background and problem statement

Copper sulphide minerals yield most of the copper production throughout the
world. They are often associated with precious minerals such as gold and silver.
To recover copper sulphide minerals from ores, froth flotation which exploits the
difference in surface wettability is normally used to separate them from other

gangue minerals.

Clay minerals are naturally fine-grained with particles of colloidal size
(Schoonheydt and Johnston, 2006; Kotlyar et al.,, 1996). It has been well
documented that clay slime coatings occur on galena, coal and bitumen surfaces
through electrostatic attraction, reduce surface hydrophobicity and then depress
the flotation significantly (Gaudin et al., 1960; Arnold and Aplan, 1986; Liu et
al., 2005a,b).

The flotation of copper sulphide minerals is also complicated by the presence of
clay minerals. The industry is well aware of the difficulty in treating weathered
copper ores containing clay minerals. Currently, the only way to treat this type of

ores is to blend them at a small proportion with normal ores.

With the depletion of high grade ores, fine and ultra-fine particle flotation is
central to the mining industry as a result of the need to treat low grade and difficult
ores which require fine grinding to liberate valuable minerals from gangue
minerals. However, the flotation of fine and ultra-fine particle is not efficient and
the slime coating with slime gangue particles attaching to valuable minerals is
one of the most important barriers. A slime coating prevents the adsorption of
collectors on valuable minerals resulting in low flotation recovery or low product

quality.



Saline water is also a key issue in the mining industry. In Western Australia, bore
water with different types of electrolyte and high ionic strength has to be used at
mine sites for production, site rehabilitation, and downstream processing because
fresh water is not available locally. In Queensland, most mine sites have adopted
water re-use as a means for making freshwater savings. However, water re-use
results in increased salinity in site water stores, which is driven largely by
evaporation and ongoing salt inputs from spoil, minerals and groundwater.
Flotation relies on a large amount of water and therefore the impact of saline
water with different electrolytes on flotation performance has gained more and
more attention. Although salt solutions can have a detrimental corrosive effect on
plant hardware, in some cases the occurrence of readily available underground
water sources can outweigh this disadvantage, enabling them to be used in

flotation.

The previous research work on ultra-fine nickel ore flotation shows that saline
water may mitigate serpentine slime coatings on nickel sulphide minerals and
improve their flotation significantly (Peng et al., 2012). Saline water may also
mitigate clay slime coatings on copper minerals. Therefore, it is important to
study the role of electrolytes in saline water in the flotation of copper minerals in
the presence of clay minerals and develop a generic approach to improve fine and

ultra-fine particle flotation by using saline water.

This study addresses both clay slime coatings and saline water at the same time
by linking different types of electrolyte solutions with the mitigation of slime
coatings in fine copper mineral particle flotation. Through this research, the
flotation mechanisms in saline water and the mechanisms responsible for slime

coatings and their mitigation in fine particle flotation may be advanced.
1.2 Research objectives

Based on the above description, the research objectives of this study were to:

2



. Establish a model system by using copper sulphide minerals with the coating

of slime clay particles;

. Determine the interaction between slime clay minerals and valuable minerals

in saline water.

. Investigate the role of saline water in the mitigation of slime coatings and

mineral flotation;

. Identify the effect of different salts on the mitigation of slime coatings and

mineral flotation.



Chapter 2 Literature review

2.1 Introduction

A comprehensive literature review was conducted based on the research
objectives described in Chapter 1. Since the interaction between particles in
solution plays an important role in slime coatings, the DLVO theory being used
to rationalize forces between charged surfaces in liquid medium was reviewed
firstly. Clay properties and slime coatings in mineral flotation were then reviewed
to understand the past studies on slime coating mechanisms. The oxidation and
flotation of copper sulphide minerals formed the third part of this literature review.
In this part, the formation of copper sulphide minerals was firstly introduced. The
oxidation on chalcopyrite and chalcocite as the primary and secondary copper
mineral, respectively, was then reviewed due to its importance in changing copper
mineral surface properties. Then, the previous studies on copper sulphide
minerals flotation were outlined, which can assist the understanding and
explanation of roles of surface oxidation in copper mineral flotation. The last part
of this literature review was the effect of saline water on mineral flotation,

outlining the past studies on the influence of saline water on mineral flotation.

This literature review provides an overall picture of current status of studies in
these areas and pinpoints the gaps and directions of future researches which were
also presented in the end of this chapter. In addition, this study is mainly focused
on the chemical mechanisms of electrolytes effect on slime coating mitigation.

The nonchemical mechanisms have not been taken into consideration.
2.2 DLVO theory

Slime coatings in flotation mean that fine gangue mineral particles attach to

valuable mineral particles driven by attractive forces. The interaction between



particles in solution may play an important role. DLVO theory, developed by
Deryagin and Landau (1941) and Verwey and Overbeek (1948), has been used to

rationalize forces between charged surfaces interacting in liquid medium.

In DLVO theory, van der Waals forces and electrostatic forces between colloidal
particles are considered as the two main sources of interaction. van der Waals
forces are almost always present, and result from interactions of the rotating or
fluctuating dipoles of atoms and molecules. In most situations, van der Waals

forces are attractive.

Deryagin et al. (1982) reported the repulsion between interacting colloids with
the same electrical charge in the suspension due to the double layer overlapping.
When the interacting colloids have oppositely charged double layers, the

attraction occurs.

Double layer model was first put forward by Helmholtz (1853). It refers to two
parallel layers of charge surrounding the particle. The first layer is the surface
charge layer consisting of ions adsorbed onto the object due to chemical
interactions. The second layer is composed of ions attracted to the surface charge
via the Coulomb force. It is made of free ions that move in the fluid under the
influence of electric attraction and thermal motion rather than being firmly
anchored. It is thus called the "diffuse layer”. With the development of double
layer theory, Stern layer was modelled which further contains Inner Helmholtz
Layer (IHL), Outer Helmholtz Layer (OHL). However, traditionally practitioners
in this field still call it as “double layer” which actually consists surface charge,
stern layer (IHL and OHL), diffuse layer. It will be further discussed in section
2.5.3.

Double layer thickness is referred to the notion of Debye length (x?). It indicates
the diffuse layer forming the surface where the surface potential has fallen to 1/e

of original value (Pashley and Karaman, 2004). Grahame (1947) proposed the
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following formula indicating the electrical potential of an ion at distance x from
the surface is equal to its bulk value because of the equilibrium between any ion

next to a charged surface and the corresponding ions in the bulk solution.

. Z;
Ci(x) = Ci(B)exp |- 2222)]

P (x) = Yoexp(—rx)

where C; (B) and C; (x) are the ion concentrations in bulk and at distance x from
the charged surface, respectively. Ziq is the local density of any ion of charge and

v is the potential energy.

The counter-ion in the diffuse layer may enter the Stern layer and result in the
increase of attraction and decrease in repulsion. The increased ionic strength may
also reduce the Debye length making the attractive van der Waals force dominate.
This increase of attraction in electrolyte solution can influence the particle
interaction in flotation and therefore the recovery of both valuable and gangue

minerals.
2.3 Slime coatings on valuable minerals in flotation

A number of studies and industry practices show that slime coatings of clay
mineral particles on the surface of valuable minerals dramatically reduce mineral
flotation. It is one of the most important barriers for fine and ultra-fine particle
flotation in the mining industry. In this section, clay mineral properties and the

effect of clay slime coatings on mineral flotation will be reviewed.

2.3.1 Clay minerals

2.3.1.1 Clay mineral structures



Clay minerals are anisotropic and hydrated phyllosilicates with unit cells
comprising a layer of one octahedral sheet and either one (such as kaolinite) or

two (such as smectite) tetrahedral sheets (Brigatti et al., 2006).

For the octahedral sheet, cations are coordinated with six oxygen atoms or OH
groups. These atoms or groups are located around the cations with their centres
on the six corners of a regular octahedron. Octahedral cations are normally Al®*,
Fe®*, Mg?* and Fe?*. Bergaya (2006) reported that other cations such as Li*, Mn?*,

Co?*, Ni%*, Cu?*, Zn?*, V3, Cr®* and Ti®* could be the octahedral cations.

For the tetrahedral sheet, cations are coordinated with four oxygen atoms which
are located around cations with their centres on the four corners of a regular

tetrahedron. Si**, AI** and Fe3* are the common tetrahedral cations.

Fig 2.1 below shows Bergaya’s clay structure model (Bergaya et al., 2006)
indicating that the free corners (the tetrahedral apical oxygen atoms, Oa) of all
tetrahedral sheets point to the same side of the sheet and connect the tetrahedral
and octahedral sheets to form a common plane with octahedral anionic position
Ooct (Ooct = OH, F, CI, O) while Ooct anions lie near to the centre of each
tetrahedral 6-fold ring, but are not shared with tetrahedron. The 1:1 layer structure
consists of the repetition of one tetrahedral and one octahedral sheet, while in the
2:1 layer structure one octahedral sheet is sandwiched between two tetrahedral

sheets. Most clay minerals consist of such layers stacked on top of one another.



1:1 layer

2:1 layer

Fig 2.1 Models of 1:1 and 2:1 clay layer structures. Oa, Ob and Ooct refer to tetrahedral basal, tetrahedral
apical, and octahedral anionic position, respectively. M and T indicate the octahedral and tetrahedral
cation, respectively (reproduced from (Bergaya et al., 2006)).

2.3.1.2 Charges of clay minerals

Electrokinetic studies indicate that clay basal faces carry a constant negative
charge at all pH values due to the compensation by the presence of positive
counter-ions. In the tetrahedral sheet, trivalent cations (AI** or Fe**) may replace
Si**. Divalent cations (Mg?* or Fe?*) may replace AI** in the octahedral sheet
(Luckham and Rossi, 1999). A positive charge deficiency and a negative potential
on clay surfaces are created in both cases. The negative potential is compensated

by the adsorption of cations on the surface (Luckham and Rossi, 1999).

In the presence of water, these compensating cations diffuse away from the layer
surface since their concentrations are often smaller in the bulk solution. On the
other hand, they are attracted electrostatically to the charged layers. The result of
these opposing trends is the creation of an atmospheric distribution of the
compensating cations in a diffuse electrical double layer on the exterior layer
surface of a clay particle (Luckham and Rossi, 1999). The compensating cations
between the layers of the stack are confined to the narrow space between opposite

layer surfaces.



At the edges of the clay layers, the atomic structure is entirely different from that
of the flat-layer surfaces. At the edges of the plates, the tetrahedral silica sheets
and the octahedral alumina sheets have broken primary bonds. The electrical
charge of the edge, arising from hydrolysis reactions from broken Al-O and Si—
O bonds, is pH dependent. The edges of clay particles are positively charged in
the neutral and acid pH ranges depending on the type of clay minerals (Swartzen-
Allen and Egon, 1974).

When the edge surface at tetrahedral sheet is broken, it becomes positively
charged in the presence of small amounts of aluminium ions in solution compared
with the surface of a silica particle, although silica particles as such are negatively
charged. Since the equilibrium solution of clay minerals contain some aluminium
ions owing to the slight solubility, the broken silica sheets may possibly carry a
positive charge. Moreover, these sheets may be preferentially broken at the points
where Si is substituted by Al. Therefore, the edges of clay particles in acid and
even in neutral solution carry a positive double layer, in spite of the observed
over-all electrophoretic negative charge. When the edge surface at octahedral
sheet is broken, which is compared with the surface of alumina particle, alumina
particles carry either a positive or a negative charge, depending on the pH of the
solution. In acid solution because of Al acting as potential-determining ions and
a negative double layer in alkaline solution with hydroxyl ions acting as potential-
determining ions, the zero point of charge occurs at some intermediate pH, the
position of which depends on the crystal structure of the alumina (van Olphen,
1964).

Zeta potential is known as the electrical potential at the shear plane. It is one of
the important electro-osmotic properties of clay minerals. Moayedi et al. (2011)
reported that the pH altered the zeta potential of kaolinite shown in Fig 2.2. It
indicated that the negative value for the kaolinite system when pH higher than

3.1 due to the net negative surface charge on kaolinite surface. This is agreed with
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the measurement in other literatures (Arnold and Aplan, 1986; Vane and Zang,
1997).

30

7 1 R S

10

Kaolinite

-10

Zeta Potential (mV)
=

20 F----———-— - -

-30

0 2 4 6 8 10 12
pH of Electrolyte

Fig 2.2 Zeta potential - pH relationship for suspended kaolinite in distilled water (Moayedi et al., 2011).

2.3.2 Slime coatings in mineral flotation

2.3.2.1 Slime coatings on mineral surfaces

The electrostatic attraction between gangue and valuable minerals has been
reported to attribute to slime coatings. It has been well documented that clay slime
coatings occur on galena, coal and bitumen surfaces through the electrostatic
attraction, reduce surface hydrophobicity and then depress the flotation
significantly (Arnold and Aplan, 1986b; Edwards et al., 1980).

The typical example is the flotation of pentlandite in the presence of serpentine
in fresh water. Fig 2.3 shows that in neutral and weakly alkaline solutions,
pentlandite is negatively charged, but serpentine is positively charged, resulting
in electrostatic interaction between them. The coating of serpentine minerals on
pentlandite surfaces explains the poor flotation behaviour of pentlandite as shown
in Fig 2.4 (Edwards, G.R., 1980; Bremmell, K.E., 2005). Hydrophilic silicate
slime coatings on valuable sulphide minerals reduce surface wettability and thus
decrease both the flotation rate and recovery of sulphide minerals. Such flotation
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depression actions may reduce the valuable sulphide minerals' flotation rate and
recovery (Senior, G.D., 1991; Trahar, W.J., 1981).
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Fig 2.3 Zeta potential of lizardite (a serpentine mineral) and pentlandite (a nickel sulphide mineral) (Bremmell, K.E.,
2005).
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Fig 2.4 Flotation recovery of pentlandite in the presence of different proportion of lizardite (Bremmell,
K.E., 2005).

The altered flotation of sphalerite by fine silica minerals has also been contributed
to slime coating (Duarte, A.C.P., 2007). In Duarte’s work (2007), silica recovery
as a function of sphalerite recovery in mixed mineral experiments is presented in

Fig 2.5. Sphalerite recovery significantly increased with the addition of both
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copper sulphate (1800 g/t) and isopropyl xanthate (1500 g/t). However, silica
recovery also increased. An increase in sphalerite recovery, after copper

activation, was attributed to the formation of Cu(l)-xanthate species, according to
the following reaction:

Cu,S+ X° — CuX+CuS

80

[o2]
o

40 | 1

Pl
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Sphalerite Recovery (%)

Silica Recovery (%)

Fig 2.5 Silica recovery as a function of sphalerite recovery at pH 9 in the absence (m) and in the presence of

1800g/t of copper sulphate (CuSO4) (¢), and 1800g/t copper sulphate (CuSO4) +1500g/t isopropyl xanthate
(SIPX) (A) (Duarte, 2007).

Fig 2.6 shows silica recovery as a function of water recovery in a mixed system
at pH 9. It indicates that, in the presence of reagents, silica recovery was due to a
combination of entrainment and a second mechanism which may be via
aggregation with sphalerite. Duarte (2007) found that reagent additions increased

sphalerite and silica particle interaction due to the reduction of electrostatic
repulsion.
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Fig 2.6 Silica recovery as a function of water recovery in a mixed mineral system in the absence of reagents
(m), and in the presence of 1800g/t of copper sulphate (CuSO4) (+), and 1800g/t of copper sulphate (CuSO4)

+1500g/t of isopropyl xanthate (SIPX) (A). Samples were conditioned in 10-3M NaCl at pH 9 prior to
reagents addition. (Duarte, 2007).

He et al. (2009) investigated the mechanism of particle interactions and
concomitant interfacial chemistry which led to sericite and chalcocite hetero-
aggregation. The presence of Cu (l1) species in the supernatant, due to oxidation
and dissolution of chalcocite, had a striking impact on the interfacial chemistry
of sericite particles and hence, caused sericite—chalcocite particle interactions.
The specific adsorption of hydrolysed Cu (Il) products formed in the pH range
5-11, resulted in the reversal of the sign of sericite surface charge as shown in
Fig 2.7. This also led to a noticeable reduction in the magnitude of zeta potential
on chalcocite particles. A combination of Cu(ll)-mediated mechanisms including:
electrostatic/charge patch attraction, van der Waals attraction, adsorbed ion—
particle bridging, surface nucleation and cementation was attributed to be
responsible for the unexpected attraction. Dispersion conditions which
suppressed chalcocite oxidation (e.g., N2 gas saturation) and dissolution (e.g.,
pH >7) provided significant electrostatic stabilisation barrier to sericite—
chalcocite hetero-aggregation.
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Fig 2.7 Zeta potential of various sericite, chalcocite and Cu(OH)2 (He et al., 2009).

2.3.3 Slime coating mitigation

Since the attractive electrostatic force between fine clay and valuable mineral
particles causes slime coatings on mineral surfaces, slime coatings may be

mitigated by reducing the attractive electrostatic force.

As an example, CMC (a negatively charged polymer) was used as the dispersant
in pentlandite flotation in the presence of lizardite. The attraction between
lizardite and pentlandite is changed to electrostatic repulsion as the result of
lizardite becoming more negatively charged as CMC adsorbs preferentially on its
surface. CMC therefore acts as a dispersant of the hydrophilic lizardite slime
particles from the pentlandite surface, which results in the improved Ni recovery

observed in the flotation of pentlandite.

Currently, it is common for the mining industry to use charged, low molecular
weight polymers as dispersants to prevent the adsorption of silicate or oxide slime
particles onto sulphide minerals during grinding and/or flotation. The adsorption
of a polyelectrolyte onto mineral particles may increase the magnitude of the
particle zeta potential and even result in surface charge reversal (Bandini, 2001;
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Bremmell, 2005; Edwards, 1980; Pietrobon, 1997; Song, 2006; Wang, 1992).
Reversal of either gangue or valuable mineral particle charge can dramatically
alter the particle interactions from initial attraction to repulsion as a result of the
emergence of repulsive electrostatic, steric or electro-steric forces which result
from repulsive forces between overlapping electron clouds. Consequently, slime
coatings can be suppressed or even completely eliminated. Fundamental
understanding of polymeric dispersant structure-dependent adsorption behaviour
Is critical for judicious selection or tailoring of polymer structures for an
enhanced mineral dispersing efficiency (Dasgupta, 1991; lIsraelachvili, 1991;
Nsib, 2006,2007; Soga, 2001; Somasundaran, 2003; Tjipangandjara, 1990).

Another case of slime coating mitigation is to control dispersion conditions and
pulp chemistry (e.g., via pH modification and speciation) prudently. High
intensity conditioning involving vigorous agitation of pulps is one of the
approaches used to remove clay slime particles from valuable sulphide mineral
surfaces. The strong, destructive shear forces and turbulent eddies which
characteristically prevail can, invariably, overcome the attractive interaction

force between the slime and sulphide mineral particles (Chen, 1999b; Peng, 2011).

In summary, electrostatic forces play an important role in slime coatings in
mineral flotation. The reduction of electrostatic interactions between gangue
minerals and valuable minerals contributes to improvement of valuable minerals

recovery and grade.
2.4 Oxidation and flotation of copper sulphide minerals

Copper is mainly used for electrical wire (60%), roofing and plumbing (20%),
and industrial machinery (15%) (Emsley, 2003). Most of copper production is
from copper sulphide minerals. The chemical compositions of different copper-

bearing sulphide minerals vary from one mineral to the other one due to different
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formation conditions, and these different compositions result in different

electrochemical properties.

2.4.1 Formation of copper sulphide minerals

Copper ore bodies are formed when geothermal solutions (superheated under
pressure) bring copper dissolved from deep underground to cool near surface
environments where the copper and associated metals precipitate as minerals in
veins and disseminations within the rock (Sillitoe and Petersen, 1996). Copper is
usually deposited as copper sulphide minerals or in some environments as native
copper metal. The most common copper minerals in the primary hydrothermal

zone are chalcopyrite (CuFeS;) and bornite (CusFeS,).

During millions of years the mineral deposit may be exposed to oxygen by air
penetration, or by oxygen-rich water flowing over it. This oxidation alters the
mineralogy, replacing the copper and iron sulphides with carbonates and oxides
as the sulphur is oxidized to soluble sulphate and carried away in acid solution
(Sillitoe and Petersen, 1996). The most common copper minerals in the oxidized
zone are azurite (Cuz(COz3)2(OH),), cuprite (Cu.0), malachite (Cu,CO3(OH),)
and tenorite (CuO), etc. Beneath the oxidized zone, some dissolved copper is
precipitated as secondary or supergene copper minerals. This enriches the
sulphides, making a secondary enrichment, or transitional zone. The secondary
enrichment replaces iron in the minerals with more copper, further enriching the
ore (Sillitoe and Petersen, 1996). The most common copper minerals in the

secondary enrichment zone are chalcocite (Cu,S) and covellite (CuS).

2.4.2 The oxidation on copper sulphide minerals

The oxidation of copper sulphide minerals is an important aspect in mineral
processing. Generally mild oxidation results in a surface that is rich in
polysulphides with some metal hydroxides present on the surface, due to the

dissolution of metal ions from the surface and near surface layers, as observed in
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ambient air, acidic and alkaline conditions by X-ray Photoelectron Spectroscopy
(XPS) (Buckley and Woods, 1983, 1984). Extensive oxidation results in high

quantities of metal hydroxides on the mineral surface (Senior and Trahar, 1991).
2.4.2.1 Chalcopyrite

Chalcopyrite CuFeS; (Kulikov et al. 1985) is a primarily n-type, less frequently
p-type semiconductor. For natural specimens p =~101-10° Ohm -m, the peak of
the valent zone is genetically coupled to the 3p-levels of sulphur and the 3d-levels
of iron (“genetically” was used to describe the elements of chalcocite such as
copper, sulphur and iron). The concentration of carriers is 10'8-10cm=. The
activation energy Ea~0.01-0.03 eV. The crystal structure of chalcopyrite is
tetragonal. It is a rectangular prism with a square base (a by a) and height (c,
which is different from a). The lattice parameters are: a=5.25A, ¢ =10.32A, the
XRD main lines are 3.03, 1.85, 1.58, and 1.2. The energy of formation AG°= -
178.9 kJ/mol. (Abramov and Avdohin, 1998)

Chalcopyrite (CuFeS,) is an important mineral of copper and an accessory
mineral in many igneous rocks (Todd et al., 2003). It is one of the most common
and abundant copper-bearing mineral of sulphide ore deposits (Crundwell, 1988).
Surface oxidation of chalcopyrite plays an important role in mineral processing.
Understanding of the surface chemistry of chalcocite has been widely applied in
both flotation and leach process of ores. For example, the collectorless flotation
of chalcopyrite can occur under mildly oxidizing conditions (Heyes and Trahar,
1977). Gardner and Woods (1979) reported the electron transfer reactions at a
chalcopyrite electrode by employing linear potential sweep voltammetry. It was
identified that the products of the oxidation reaction on the surface of chalcopyrite
were CuS, Fe(OH); and elemental sulphur. It is believed that the elemental
sulphur on chalcopyrite surface render chalcopyrite floatable in the absence of

collectors in flotation where high chalcopyrite recovery was achieved after
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conditioning at high pulp potential. Multilayer quantities of sulphur extraction
from chalcopyrite after dry grinding were reported by Kelebek and Smith (1989).
Biegler and Horne (1985) also reported a surface layer composed of CuS and S°

was formed on chalcopyrite electrodes in acid electrolyte solutions.

However, Buckley and Woods (1984) proposed a metal-deficient sulphide lattice
rather than elemental sulphur formation by on oxidised chalcopyrite. XPS study
indicated an iron hydroxide formation due to iron atoms migrating to surface
during chalcopyrite surface oxidation. A sulphur-rich copper sulphide with
stoichiometry CuS2 was also formed as well as copper sulphate. The reactions
for the oxidation of chalcopyrite in alkaline and acidic solutions had been

proposed.
The reaction in alkaline solution:
CuFeS; + 3/4x0, + 3/2xH,0 — CuFe1 xS, + xFe(OH)3

with x=1 for the outermost layers and with the ferric hydroxide covering the

sulphur-rich lattice.
The reaction in acidic:
CuFeS, — CuFe;.,S, + xFe?* + 2xe-

Zachwieja et al. (1989) studied the oxidation of chalcopyrite agreed with Buckley
and Woods (1984) and confirmed that the oxidation of chalcopyrite resulted in
the release of iron ions from chalcopyrite. They also found that the floatability of
the conditioned mineral was consistent with the hydrophobic sulphur-rich

sulphide lattice.

The influence of pulp potential on chalcopyrite oxidation rate and species was

also investigated. Vaughan et al. (1997) proposed the sequence of oxidation
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reactions with increasing Eh on chalcopyrite surfaces in a solution at pH 9.2 by

using cyclic voltammogram together with XPS and XAS:
2CuFeS; + 3xOH- — 2CuFe;«S; + XFe;03 + 3xH™ + 6xe
2CuFeS; + 60H" — 2CuS,* + Fe,03 +3H,0 + 6e-
CuFeS; +30H — 2CuS,* + Fe(OH);3 + 3e

CuSy;* + 20H" — CuO +2S + H,0 +2¢

CuS2* + 20H" — Cu(OH); + 2S + 2¢

Buckley and Woods (1984) proposed the similar first three steps, which was
confirmed by Mikhlin et al. (2004). With increasing the potential, these reactions
continued, removing iron from deeper within the chalcopyrite. The CuS2 phase
decomposed above a critical potential by the further reactions as shown in the last
two steps. Similar oxidation pathways were proposed by Yin et al. (2000), who
investigated the surface oxidation of chalcopyrite in alkaline solutions of pH 9.2
and 12.7, showing that the oxidation process consisted essentially of three

potential-dependent stages.

Fig 2.8 summarizes the possible oxidation species. It is generally agreed that the
oxidation starts from the release of iron ions which may form iron oxidation
species at alkaline conditions. However, there is no literature about the
distribution of O vs S regarding to the conversion of the surface from sulphide to
oxide. As a result, a sulphur-rich surface is produced, although there remains an
argument whether it is a metal-deficient sulphide lattice, a metal polysulphide or

elemental sulphur,
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Fig 2.8 Crystal structure of chalcopyrite and schematic representation of some of the possible oxidation
species for chalcopyrite oxidation (Chen, 2014).

Due to the oxidation layer thickness may play an important role in particle-
particle interactions, researchers also tried to work out the thickness of
chalcopyrite surface oxidation layers. For instances, Linge (1976) found that the
limiting thickness of the oxidation layer on a chalcopyrite surface in ferric iron
leaching was about 5nm. Eadington (1977) found an oxidation layer of
1.240.2nm thickness after chalcopyrite was exposed in dry air for 30 min,
whereas after exposure in air-saturated deionised water for 1 min, an oxidation
layer of 1.540.2nm thickness was formed. Yin (1994) reported an oxidation layer

of 4nm thickness after chalcopyrite was exposed to atmosphere for 64 hours.

2.4.2.2 Chalcocite

Chalcocite Cu,S exists in several polymorphous modifications, having variable
composition [CujgesS, CuigesS (jarlite), CuigsS (digenite)]. This mineral
(Samsonov and Drozdova, 1972) is a low-temperature p-type semiconductor and
conductivity p in natural specimens is 510> 44102 Ohmm. The activation
energy Ea~0.06-0.13 eV depends on p(T). The carrier concentrations of Cuj ggsS,
CuiesS (jarlite), CurgsS (digenite) are 10®cm3, 10%cm3, 5410%cm?,
respectively. The mobility=2cm/ (V s). In chalcocite, the significant ionic

conductivity is related to migration of Cu™; Ea = 0.12-0.26 eV. The parameters of
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the crystalline lattice of hexagonal and rhombic chalcocite are a = 3.89A, ¢ = 6.68
A;a=11.90 A b=27.28 A c=13.41 A respectively. The XRD main lines are
3.14, 252, 2.38, 1.96, and 1.64. The energy of formation is -84.6 kJ/mol
(Abramov and Avdohin, 1998). Similar to chalcopyrite, the oxidation on
chalcocite influences the surface hydrophobicity and the flotation reagent

adsorption and hence the mineral floatability.

Walker et al. (1984) used a combination of spectrophotometric and
electrochemical techniques for investigation on reactions in the chalcocite-0.05M
borate system. They reported that at open circuit, Cu,S underwent anodic
dissolution with the resulting buildup of a soluble copper species and an oxidized
sulphur species. The Cu?* has a tendency to form insoluble hydroxides or oxides

at alkaline pH.

The oxidation of Cu,S has been proposed either by:

CupS = 2Cu?* + S%+ 4e-

or by consecutive reactions involving covellite as an intermediate:
Cu,S = Cu?*+ CuS + 2e

CuS = Cu?* + S% + 2¢-

Mielczarski and Suoninen (1988) investigated the oxidation of chalcocite in
aerated water and at various pH values at room temperature by using XPS. In
acidic solution, an almost monolayer coverage of adsorbed oxygen, water and
hydroxide groups was found. While, in neutral and basic solutions, the surface
consisted mainly of copper(l) and copper(ll) hydroxides and of some copper(ll)
carbonate. The amount of these products increased with the pH of the solution.

However, no oxidized sulphur species were observed on the surface layer.
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Abramov and Forssberg (2005) reported that the oxidation products of chalcocite
in the region with “more positive” Eh potential values were cupric
hydroxycarbonate Cu,(OH),CO; (pH<9), hydroxide Cu(OH), (pH>9), or cuprous
oxide Cu,O and at “more” negative Eh potential values-elemental copper,
cuprous, or cupric sulphides. Although the diagram does not have fields of stable
simultaneous existence of chalcocite and elemental sulphur, formation of
elemental sulphur S° on the mineral surface is still possible in acidic and reducing
medium. Furthermore, the rate and degree of chalcocite oxidation must increase
with an increase in pH value (Abramov and Forssberg 2005). These theoretically
calculated results are in a good correlation with experimental measurements of
the phase composition of oxidation products at various Eh and pH values
undertaken by electron microscope methods (Peabody et al. 1997). It is noted that
the primary oxidation product of chalcocite at pH < 5.5 is copper sulphate hydrate
CuSO4 Cu(OH),. At pH 5.5-9.5, it is copper hydroxycarbonate Cu,(OH),CO3
which at pH > 9.5 goes over to the hydroxide of bivalent copper Cu(OH)s.

Overall, the oxidation products of chalcocite in a solution are mainly copper
oxidation products, such as CuSO4 Cu(OH),, Cu(OH), and Cu,(OH),COs3, as

summarized in Fig 2.9.
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Fig 2.9 Crystal structure of chalcocite and schematic representation of some possible chalcocite oxidation
species. (Chen, 2014).

In general, the oxidation behaviours of chalcopyrite and chalcocite are different.
By EDTA extraction which removes metal oxidation species instead of metal
sulphides, Lascelles and Finch (2002) found that chalcocite produced about 50
times more copper ions than chalcopyrite at the same size fraction (150/212 um).
Fullston et al. (1999) measured the zeta potential of the copper sulphide minerals
including chalcocite, covellite, chalcopyrite, bornite, enargite and tennantite as a
function of pH and the oxidation condition. They found that the change in zeta
potential was governed by a copper hydroxide layer covering a metal-deficient
sulphur-rich surface and with the extent of this copper hydroxide coverage
increasing with the oxidation condition. They also demonstrated that among these
copper sulphide minerals examined, chalcopyrite was the most electrochemically
noble while chalcocite was the most electrochemically active (Fullston et al.,
1999). Fig 2.10 and 2.11 show the study of Fullston (1999) on the oxidation of
chalcopyrite and chalcocite by the measurements of zeta potential.
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Fig 2.10 Zeta potential versus pH curves of chalcopyrite conditioned at pH 11.0 for 20 min in nitrogen
(circle), for 60 min in oxygen (triangle) and for 60 min with H202 (square). Filled and empty symbols refer
to a pH change from high to low pH values and from low to high pH values, respectively (the arrows show
the direction of pH change). (Fullston et al., 1998)
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Fig 2.11 Zeta potential versus pH curves of chalcocite conditioned at pH 11.0 for 20 min in nitrogen (circle)
and for 60 min in oxygen (triangle). Filled and empty symbols refer to a pH change from high to low pH

values and from low to high pH values, respectively (the arrows show the direction of pH change). (Fullston
et al., 1998)
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2.4.3 Copper sulphide minerals flotation

The flotation of base metal sulphide minerals is always associated with surface
oxidation. Surface oxidation not only modifies surface hydrophobicity, but also
changes the electrical property on the surface and therefore the interaction with
gangue minerals. The oxidation of base metal sulphide minerals produces
hydrophobic metal deficient sulphur or polysulphides, and also hydrophilic
oxidation products like S;03% ; SOs> ; SO4? and metal hydroxides (Buckley and
Woods 1984; Guy and Trahar, 1984). The surface hydrophobicity is actually

dependent on the balance of all these species.

Fullston et al. (1999) studied the oxidation of some copper sulphide minerals
using zeta potential measurements, and found that the oxidation rate of these
copper minerals follows the order: chalcocite > tennantite > enargite > bornite >

covellite > chalcopyrite.
2.4.3.1 Chalcopyrite flotation

It is well-known that chalcopyrite can be floated in the absence of collectors under
oxidizing conditions, but cannot be floated under reducing environment (Heyes
and Trahar 1977). Guy and Trahar (1985) attributed the strong collectorless
floatability of chalcopyrite after grinding in an oxidizing environment to
chalcopyrite surface oxidation which produced hydrophobic sulphur-rich
surfaces. However, an extensive oxidation may result in a production of high
quantities of hydrophilic metal hydroxides or sulphates on the mineral surface,
decreasing chalcopyrite flotation recovery (Senior and Trahar 1991, Gonalves
et al. 2003, Hirajima et al. 2014). Chander (1991) and Fairthorne et al. (1997)
demonstrated that the hydrophobicity of the chalcopyrite surface and the self-
induced chalcopyrite flotation were controlled by two oxidation processes, i.e.
the metal dissolution that produced a hydrophobic surface and the metal

hydroxide precipitation that produced a hydrophilic surface. Flotation results
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obtained by Guo and Yen (2003) further proved this process. As shown in Fig
2.12, the chalcopyrite presented a collectorless floatability only in mild oxidizing
environments. If the Eh is too high, the floatability will be decreased due to the

destruction of metal-deficient sulphur layer.
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Fig 2.12 Floatability of natural chalcopyrite in pH 10 buffer solution without collector (Guo and Yen 2003).

2.4.3.2 Chalcocite flotation

Walker et al. (1984) correlated the reactions of chalcocite in aqueous solution
with its collectorless flotation response. A low collectorless flotation recovery
was achieved at open circuit due to the hydrophilic hydroxides formed on the
surface. However, the collectorless flotation slightly increased at moderate
reducing potential conditions, which may be because the hydrophilic hydroxides
can be reduced with the simultaneous reformation of Cu,S. Maximum natural
flotation occurs between -0.03 and 0.0 V, as a result of either elemental sulphur
or excess sulphur in the lattice such that the coordination of surface copper with
sulphur is maximised. One aspect of this electrochemical study is that the
experiments were performed in borate solution. Borate solution was used as a pH

9.2 buffer solution. Due to the borate solution was used in electrochemical study
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first, it is appropriate to use it in the flotation test for comparison. As pointed out
by Hayes et al. (1987), borate ions can form complexes with frothers, and
influence the floatability of minerals. Therefore, it is important to take proper
precautions to ensure that it is not a contributor to the apparent hydrophobicity of

the system.

The flotation of chalcocite in the absence of collector was also investigated by
Heyes and Trahar (1979). It was found that chalcocite displayed a small degree
of collectorless flotation over a range of Eh values at pH 11, especially for the
fine particles (-10 um), although the recovery was always much lower than that
of chalcopyrite at the same flotation conditions. However, whether the
collectorless flotation of chalcocite was induced by sulphur on the mineral surface
or by adsorption of frother was not determined in that study. Most of the species
on chalcocite surface are hydrophilic, which is believed to be the main reason
why chalcocite shows a significantly lower floatability than chalcopyrite in the
absence of collectors. Sulphur rich surfaces may be formed at some conditions,
which may increase the hydrophobicity, as reported by Walker et al. (1984),

however, it has not been confirmed by surface analysis techniques.

Barzyk et al. (1981) identified that chalcocite surface oxidation had a strong effect
on both xanthate adsorption and chalcocite floatability, and the most oxidized
chalcocite sample required 100 times more collector consumption to obtain the
same flotation results than the least oxidized sample. There is a strong

relationship between Cu recovery and the electrochemical potential in flotation.

In summary, oxidation alters copper mineral surfaces resulting in different
surface hydrophobicity. Chalcopyrite or chalcocite flotation recovery may be
well controlled by electrochemical potentials (Tolley et al., 1996).
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2.5 The effect of saline water on mineral flotation

Sea water, ground water and recycle water have been commonly used in
Australian mining industry due to scarcity of fresh water and stringent regulations
on the quality of discharged water. However, these types of water normally
contain a high concentration of electrolytes resulting in significant salinity in site
water. Since mineral flotation relies on a large amount of water, the impact of

saline water on flotation performance has gained more and more attention.

2.5.1 Water structure

2.5.1.1 Pure water structure

It has been well known that liquid water possesses distinctive structural features
similar to ice to a certain extent. A proposed resonance scheme for the hydrogen
bond in water is shown in Fig 2.13 considering resonance among the three bond
structures. The + and - signs represent formal charges, and the resonance (with
suitable weighting coefficients) of molecule b between structures | and 1l
represent the ordinary partial polarity of the O-H bond. The mixing-in of a
contribution from structure Ill constitutes the formation of a hydrogen bond
(Frank and Wen, 1957).

H H H H H H H H
| l | I | P
H—:0: H—:0: H—0: H— :0: H—:0: H—:0: —H:0: H—:0
a b a b c a b d

I I ii|

Fig 2.13 Proposed resonance scheme for the hydrogen bond in water (reproduced from (Frank and Wen,
1957)).

However, the liquid state of water structure can be very complex due to the
hydrogen bonds may be formed with surrounding molecules. It results in a

formation of branched three-dimensional structure of water molecules

28



interconnected with hydrogen bonds. Various methods were applied to study the
properties of water structure such as thermodynamic, viscometric, and
conductometric ones as well as X-ray structural analysis, neutron diffraction,
NMR, dielectric spectroscopy, Raman spectroscopy, IR spectroscopy, etc.
(Nikita et al, 2015). Fig 2.14 shows these hydrogen-bonded chains may form the
cluster structure which may be an intrinsic structure of water molecules. The
differences among different chains are only the number of molecules containing
in them (Pang, 2014).

Fig 2.14 The cluster structure of molecules in water based on the hexagonal structure. (Pang, 2014)

2.5.1.2 Saline water structure

Past studies indicate that the electrolytes in solution may influence the water
structure. The acknowledgement of Hofmeister effects has been included in this
section. Franz Hofmeister published a series of seven papers with the running title
‘Lessons on the effects of salts’ between 1887 and 1898. He ingeniously
separated cationic and anionic effects and established the Hofmeister series for
ions by using salts with a common cation or anion (Hofmeister, 1888). Since then,

many salts have been studied. The ion orders for cations and anions from weakly
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hydrated to strongly hydrated are partially listed here: K*>Na*>Li*>Mg?*>Ca?
and SCN>I>CI>F (Duignan, 2014). Hofmeister’s explanation for the ionic
ordering was eventually framed into the 1930s—-1950s theory of structure-making

and structure-breaking ions (Jungwirth and Cremer, 2014).

It then has been widely discussed by Ben-Naim (1974), Franks (1972) and
Wilhelm et al. (1977) that ionic solutes are attributable to water “structure making”
or “structure breaking”, while others used “flickering clusters” or ‘“clathration
shells” to explain the water structure (Frank and Wen, 1957; Nemethy and
Scheraga, 1962; Glew, 1962). These researchers consistently referred the class of
inert, nonpolar solutes to as “structure makers”. Since then, the terms “structure-
maker” and “structure-breaker” have almost universally been adopted to describe
the effect of different ions on the surrounding water network (Hribar, 2002;
Mancinelli, 2007).

More recently, a hydration model of ions in water has been proposed (Kang,
2014). The hydration model (Fig 2.15) illustrated that a cation has the water
molecules oriented toward it with their electron-pair donor atoms, carrying a
fractional negative charge, directed at the cation, possibly resulting in a hydrogen
bond to form the first hydration shell. These water molecules are polarized by the
charge of the cation and are hydrogen-bond donors to other water molecules to

form second hydration shell (Marcus, 2015).
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Fig 2.15 Hlustrations of hydration model of ions (Reproduced from (Kang, 2014))

The concept of ions being ‘“structure-maker” and “structure-breaker” has also
been challenged (Omta, 2003). It was concluded that the addition of ions had no
influence on the rotational dynamics of water molecules outside the first solvation
shell which means the effect of ions on water structure is short range. The 2nd
hydration shell is normally less than 1nm (Hitoshi, 1993; Martinez, 1999;
Spangberg, 2004; Faro, 2010). This result was used to argue that the presence of
ions does not lead to an enhancement or a breakdown of the hydrogen bond

network in liquid water beyond the first hydration shell of the ions.

Collin (2004) investigated the specific ion effect on water structure and reported
that small ions of high charge density are strongly hydrated whereas large
monovalent ions of low charge density are weakly hydrated. Kunz (2010)
reviewed specific ion effect with many updated experimental data as well as
different approaches to explain specific ion effects. They commented that Collins’
concept of matching water affinities seems to be a convincing qualitative
interpretation for the specific ion effect. However, till today, the saline water
structure is still a topic of study.
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2.5.2 The effect of saline water on mineral flotation

The flotation of naturally hydrophobic particles in inorganic electrolyte solutions
was first documented during the 1930's in the USSR. This work was essentially
related to the flotation of coals in saline waters. Following these early studies,
many other cases have been reported in the general area of mineral flotation. For
example, there are several sulphide mineral systems where it has been clearly
demonstrated that different types of inorganic electrolytes can have a profound
influence on the flotation kinetics. This area has been reviewed by Wellham et al.
(1992), Yoon (1982), and Yarar (1988). A summary indicating the types of
electrolytes tested in neutral pH and the characteristics of some of these systems

iIs shown in Table 2.1.

Table 2.1 Examples of salt flotation practice (Paulson and Pugh, 1996)

Electrolyte solution System floated

Seawater Zn concentrate from 3.4% to 47.7%

NaCl, CaCly, NazSO4 Coals; recoveries, 12-83%; grades; 4.5-8.4% ash

NaCl, KClI, CaCly, saline pit water Coals; recoveries, ~96%; flotation response is rank-dependent
Al2(SO4), Na2SOs4, NaCl, CaCl, Coals; recoveries, up to ~90%;Response is Macerel-dependent

NaCI, NaxCO3, NazPOy,

Na2SO4, (NH4)2S04, CuSOs, Coals; recoveries, 50-77%; ash, 11-21%

FeSO4, F82(504)3, A|2(SO4)3

MgCI2, CaCl2, Na2SO4, MgSO4,

- . o0
LacCl3 Graphite; recoveries, up to ~97%

According to these early reviews, several surface chemical mechanisms have
been proposed to explain the flotation process in the presence of electrolytes.
These range from the action of the electrolytes in (a) disruption of hydration
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layers surrounding the particles and enhancing bubble-particle capture, (b)
reducing the electrostatic interactions, and (c) increasing the charge on the surface

of the bubbles to prevent primary bubble coalescence (Wellham et al., 1992,
Yoon, 1982, and Yarar, 1988) . However, none of these appears to satisfactorily

explain the experimental behaviour.

In addition, from these studies, the following general observations were noted: (a)
the greater the frothing capacity of the inorganic electrolyte, the greater the
flotation recovery; (b) the cations play a more important role than the anions in
the process efficiency (Paulson and Pugh, 1996) which agreed with Weissenborn
(1995) that the inhibition of bubble coalescence in electrolyte solutions appears
to be linked to the utilization of water molecules in the hydration of cations and

a consequent reduction in water available for gas solubility.

2.5.3 Mechanisms proposed to explain mineral flotation in saline water

2.5.3.1 Double layer compression

From more detailed batch flotation on coal cleaning studied by Yoon (1982) using
inorganic electrolyte, it was concluded that flotation kinetics and separation
efficiency increased with an increase in salt concentration, and divalent anions
such as S;03% and SO4* proved very effective. These workers attributed the
mechanism to a reduction in the double layer thickness around the hydrophobic

particle enhancing bubble-particle adhesion.
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Fig 2.16 Grahame electrostatic double layer model (Grahame, 1947).

According Grahame model (Grahame, 1947) shown in Fig 2.16, the electrostatic
attraction by the charged surface groups pulls the counterions back towards the
surface, but the osmotic pressure forces the counterions away from the interface
resulting in a diffuse double layer. It includes two parts: Stern layer and Gouy-
Chapman Diffuse layer. The counterions specifically adsorb on the interface in
the inner part of the Stern layer, which is known as inner Helmholtz plane (IHP).
The outer Helmholtz plane (OHP) is located on the plane of the centers of the
next layer of non-specifically adsorbed ions. The diffuse part of the electrostatic
double layer is known as Gouy-Chapman layer. The thickness of the diffuse layer
Is termed Debye length. It indicates the distance from the OHP into the bulk

solution.

The Debye length is reciprocally proportional to the square root of the ion

concentration (Russel, 1989). The extent of the double layer decreases with
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increase in electrolyte concentration due to the shielding of charge at the solid-
solution interface (Ghosh, 2009). When Debye length is comparable or larger
than the distance between two identical particles, the overlapping among the
particles double-layers can play an important role in their interactions
(Plourabouéand Chang, 2010).

The compression of the electrical double layer in saline water enhances the
thinning and rupture of the wetting film between bubbles and particles which are
a critical step in the formation of a stable bubble-particle aggregate, an important
phenomenon in flotation. The compression of the electrical double layer in saline
water also promotes particle aggregation in flotation and therefore affects the

recovery of both valuable and gangue minerals.
2.5.3.2 Inhibition of bubble coalescence

Craig et al. (1993) assessed the inhibition of bubble coalescence in electrolyte
solutions by the application of a combining rule based on the nature of the
cationic/anionic pair. This rule enabled one to predict whether or not the

electrolyte would inhibit coalescence of gas bubbles in the electrolyte solutions.

The coalescence inhibition depends upon the identities of the ions present. It was
demonstrated that by empirically assigning ions a value of either a or B an
electrolyte’s coalescence inhibition behaviour could be described using simple
combining rules (Craig et al., 1993). An electrolyte formed from o cation and o
anion will inhibit bubble coalescence as well as an electrolyte formed from a 8
cation and 3 anion. However, electrolytes formed from o cation and 3 anion or 3
cation and a anion will have no effect. This is more easily understood by referring
to Table 2.2, where aa or BP results in a bubble coalescence inhibition (as
indicated by a tick) and of or Ba results in no inhibition (as indicated by a cross).
Researchers have not found any exceptions to these simple predictive rules.

Currently it is unclear precisely what properties make an ion as a or f ion.
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Table 2.2 Combining rules for effects on bubble coalescence inhibition of selected salts in water

lon ca® Mg H* Li* Na* K NHs*  (CHg)aN*
assignment  « a B a a o o B
SCN- B X X
Clos B X \ X X
I a v v v
Cloy B X
NOs a v X v v v v
Br o X v V X
cr a v v X v v v v X
CH3COO B \ \ X X X
S0 a v X V v V

Christine et al. (2008) proposed that bubble coalescence takes longer in saline
water than in pure solution with the bubble lifetime at an interface typically being
extended from less than a second to ~5 seconds for a bubble rising to a free
interface (Ghosh et al., 2004). Some electrolytes may act to alter the
hydrodynamic boundary condition and thereby extend the time required for the
growth of bridging capillary waves beyond the typical collision time (Henry et
al., 2007).

Weissenborn and Pugh (1995) re-evaluated the coalescence behaviour in terms
of the surface tension concentration gradients and the solubility of gases in the
electrolyte solutions. Alternative interpretations have also been put forward

including Gibbs surface elasticity.

Paulson and Pugh (1996) determined the flotation of model hydrophobic particles
in a series of electrolytes under well-defined conditions. These experiments

enable current theories of flotation, bubble coalescence, and bubble-particle
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attachment to be evaluated. According to their flotation recovery, the electrolytes
could be classified into three distinct groups. Fig 2.16 shows that group A
electrolytes (such as LaCls, MgCl,, MgSQ,, Na,SO,, etc.) were found to give
high flotation while group B electrolytes (NaCl, LiCl, KCI, CsCl, NH,CI) were
found to give an intermediate flotation recovery. Finally group C electrolytes
(NaAc, NaClO4, HCIO4, HCI, H,SO,4, LICIO,) produced only low flotation
recovery. Paulson and Pugh (1996) proposed that the increased flotation
performance of the hydrophobic graphite in electrolytes is linked with the
dissolved gas concentration gradients in the electrolyte solutions. Higher flotation
recoveries were attributed to an increase in the collision probability with higher
concentration of smaller non-coalescing bubbles and a reduction in the
electrostatic interactions between particles and bubbles. Though there is no
correlation between Paulson and Pugh’s electrolyte groups and Craig’s of rules,
it is interesting to find that most of ions in Paulson and Pugh’s study followed
Craig (1993)’s table (Table 2.2). If Fig 2.17 cited from Paulson and Pugh (1996)
was replotted as recovery versus ionic strength rather than molar concentration,

it may actually generate 2 groups which will be more agree with Craig’s of rules.

Recovery (%)

10 +

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Concentration (M)

=mH,0 ©OMgCl, #NaCl ©oCaCl, 4MgSO; 2Na&SO;, eLaCl; oLiCl xKCl
*CsCl +NH ,Cl  -NaAc -LiClO; mNaClO, aHCIO, ®HClI +H,SO; &HsPO,

Fig 2.17 Flotation recovery of different electrolytes group (Paulson et al., 1996).
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In Harris (2011)’s study, standard plant water (Wiese et al., 2005) was used as
the base water quality (1Plant) and the levels of the ions doubled or tripled (2Plant
or 3Plant) for the higher ionic strength flotation tests as shown in Table 2.3. They
reported that the increase in the ionic strength of the system resulted in an increase
in froth stability, leading to increased mass pulls and water recoveries. The effect
appears to be directly related to the 2-phase frothing property of the frother rather
than changes in the hydrophobicity of the particles entering the froth. The
increase in ionic strength had no apparent effect on the recovery of the sulphide
minerals as measured by copper and nickel recoveries, however the grades were
somewhat decreased as the higher mass pull and water recovery at higher ionic

strengths introduced more NFG (non-floatable gangue) to the final concentrate.

Table 2.3 lons solution system built by Harris (2011)

Ca? Mg?* Na* CI S04% NOs COs* lonic
Water type TDS  strength

(pm)  (pm)  (pm)  (opm)  (ppm)  (ppm)  (ppm) ™M

Tap 19 1.5 12 12 19 17 - 68.5 0.002
1Plant 80 70 153 287 240 176 17 1023  0.0241
2Plant 160 140 306 574 480 352 34 2046  0.0482
3Plant 240 210 459 861 720 528 51 3069  0.0723

The latest investigation on inorganic ions effect on flotation was reported by
Ozlem and his colleagues (2012). They found that the dissolved sulfide ions,
mainly in the form of SO,* and S,;03%, influenced both the froth stability and
surface chemistry. The froth stability increased in conjunction with the dissolved
ion concentration and the degree of entrainment, particularly for pyrite and
sphalerite, increased with higher concentrations of dissolved ions in the recycled

water. The presence of the dissolved metal ions, such as Cu?* and Pb?*, increased
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both the rate and recovery of the copper minerals (mainly chalcopyrite) and
sphalerite. This was attributed to the activation of the slow floating, tarnished
particles of chalcopyrite and also the sphalerite particles by the metal ions. The
activation and depression effects of the ions were simultaneously observed on
sphalerite and pyrite flotation performance. Both minerals were activated by the
dissolved Cu and Pb ions. The activation effect of metal ions, however, was

counteracted by the depressive effect of the sulphide ions.
2.5.3.3 The influence on water structure

Hancer (2001) classified certain ions as “structure breaking” ions. These ions are
large inorganic ions, such as Cs* and I". On the other hand, small inorganic ions,
such as Li*, Mg?*, F, and ClI- are referred to as “structure making” ions as shown
in Table 2.4. He proposed that for a collector molecule to adsorb at the salt
interface it has to displace interfacial water or penetrate through the structure of
water. If the structure of water is strongly hydrogen bonded due to the presence
of structure making anions and cations, then collector molecules cannot reach the
surface and be adsorbed. Those ions that have a tendency to destroy the structure
of water can create a condition for the adsorption of collector molecules and

subsequently allow the flotation of soluble salt minerals.

Table 2.4 Structure makers and breakers

F Cl Br I

Li F NF NF NF
STRUCTURE MAKERS

Na NF NF NF NF
K NF F F F
Cs NF F F F
STRUCTURE BREAKERS
Rb NF F F F

Note, NF, no flotation; F, flotation
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It is depicted in Fig 2.18 that on the basis of contact angle measurements, the
interfacial water structure at the Kl surface has the least stability because the
larger anion acts as a structure breaker and tends to destroy the interfacial water
structure. It is evident that the KI surface exhibits the least tendency toward
surface hydration (contact angle of 259 and, thus, in a relative sense, a less stable
interfacial water structure. On the other hand, the KCI and NaCl surfaces exhibit
a greater tendency toward surface hydration (contact angles of 8 <and 09 and,

thus, a more stable interfacial water structure.

A micelle is an aggregate (or supramolecular assembly) of surfactant molecules
dispersed in a liquid colloid. Due to the hydrophobic nature of surfactants, i.e.,
polar head and nonpolar chain, they tend to accumulate at interfaces. However,
Hancer (2001) reported that in salt solutions the tendency of surfactant molecules
to escape the bulk structure of water is also governed by the ability of ions to
organize the structure of water. Structure breaking salts allow for the
accommodation of the hemimicelle aggregates at the salt surface which may
result in promotion of collector adsorption and improvement of flotation.
Structure making salts prevent the nucleation and growth of these surface phases.
Structure making salts prevent the nucleation and growth which may inhibit

collector adsorption and depress flotation, as described in Fig 2.19.

In summary, previous investigations found that saline water could influence
minerals flotation behaviors. However, the mechanism of the effect of inorganic
ions on flotation is still not certain. Due to the importance of saline water to the

mining industry, the effect of electrolytes on flotation needs to be further studied.
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Fig 2.18 Comparison of interfacial water structure at KI, KCI and NaCl surface.
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Fig 2.19 Collector adsorption is inhibited at the NaCl surface (structure maker) due to strong interfacial
water structure and stabilization of micelles in the bulk solution. In contrast collector adsorption is
promoted at the KCI surface (structure breaker) due to weak interfacial water structure and the stability

of the hemimicelle surface state (Hancer et al, 2001).
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2.6 Conclusions

Slime coatings with slime gangue particles attaching to valuable minerals is one
of the important barriers in fine particles flotation. Slime coatings prevent the
adsorption of collectors on valuable minerals resulting in low flotation recovery
or low product quality. According to DLVO theory, electrostatic forces may play
an important role on slime coatings in flotation. In the mining industry, low
molecular weight polymer, controlled dispersion conditions (e.g., high intensity
conditioning) and pulp chemistry (e.g., via pH modification and speciation) are
applied to mitigate electrostatic interactions between gangue minerals and

valuable minerals which may disperse slime coating and improve the flotation.

Copper is one of most important metals. The copper production is mainly yielded
from copper sulphide minerals. The oxidation of copper sulphide minerals is a
critical issue in mineral processing. Surface oxidation not only modifies surface
hydrophobicity, but also changes the electrical property on the surface and
therefore the interaction with gangue minerals. The flotation of copper sulphide

minerals may be controlled through electrochemical potentials.

Saline water is also a key issue in the mining industry. Previous investigations
showed that saline water could influence minerals flotation behaviors. Three
mechanisms, double layer compression, inhibition of bubble coalescence,
destabilization of hydration layers surrounding the particles, have been proposed
to explain how the inorganic ions in saline water improve the mineral flotation.

However, these mechanisms are not agreed.
2.7 Research Gaps and Hypotheses

The literature review and project objectives have led to the formation of three
gaps which will be addressed in the current research.
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1. The slime coating on copper sulphide minerals and its effect on flotation are

not clear.

The negative effect of clay slime coatings on galena, coal, and nickel flotation
response has been well reported. It may also occur in copper flotation. However,
the slime coating effect on primary and secondary copper sulphide ores and
underpinning mechanisms are not clear. The investigation on reduction of the
Interactions between gangue minerals and copper sulphide minerals may

contribute to improvement of copper minerals recovery.
2. The influence of surface oxidation on slime coating is not clear.

The electrostatic attraction between gangue and valuable minerals has been
reported to attribute to slime coatings which may reduce the hydrophobicity of
mineral surface and then significantly depress the flotation (Arnold and Aplan,
1986Db; Edwards et al., 1980). Surface oxidation is an important issue for base
metal sulphide minerals flotation. It may not only modify surface hydrophobicity,
but also change the electrical property on the surface and therefore the interaction
with gangue minerals. However, the role of surface oxidation in slime coating has

not been investigated.

3. The flotation mechanisms in saline water in the presence of clay mineral and

the role of individual ions in solution are not clear.

The use of saline water in Australia is essential. It has been demonstrated that
saline water may improve valuable minerals flotation. Different types of
inorganic electrolytes can have a profound influence on the flotation kinetics.
However, how saline water affects the flotation of valuable minerals with clay
minerals slime coatings has not been studied. The effect of individual ions on
slime coatings during flotation is still not clear. The mechanism responsible for

the process remain unresolved.
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The research gaps identified together with the research objective have led us to

formulate the following hypotheses to be tested in this study:

Hypothesis one: Clay minerals may coat the surface of copper sulphide minerals

and depress their flotation.

Hypothesis two: Oxidation of copper sulphide mineral surfaces may alter the

surface property and then enhance the coating of clay minerals on the surfaces.

Hypothesis three: Saline water may reduce the electrostatic interaction between
clay minerals and copper sulphide minerals and mitigate the coating of clay

minerals,

Hypothesis four: Individual inorganic ions may have different mitigation effects

on slime coatings.
2.8 Thesis outline

This thesis is divided into eight chapters to systemically investigate the mitigation
of slime coatings from mineral surfaces in froth flotation by saline water,

including research outcomes that form the manuscripts of some journal articles.

Chapter 2 is a critical literature review of the existing knowledge relevant to this
thesis research. In line with the research objectives, this review is divided into
four areas: (1) DLVO theory; (2) slime coatings on valuable minerals in flotation;
(3) oxidation and flotation of copper sulphide minerals; (4) effects of saline water
on mineral flotation. The literature review provides an overall picture of the
current status of studies in this area and pinpoints the gaps in knowledge and

hypotheses for future research which are presented at the end of this chapter.

Chapter 3 presents the experimental details of this thesis study, including
description of the minerals and reagents used, the grinding and flotation test
procedures and the surface analysis techniques used in this study.
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Chapter 4 describes an investigation into the flotation behaviours of copper
minerals in the presence of clay minerals. In this research, the flotation responses
of underground and open pit copper ores were examined firstly followed by the
flotation study on single minerals of chalcopyrite and chalcocite in the presence
and absence of bentonite. The research described in this chapter was extracted
from the work published in Mineral Engineering in 2011(Peng and Zhao, 2011)
and Powder Technology in 2012 (Zhao and Peng, 2012).

Chapter 5 details a study which investigated the mechanism of clay slime coatings
on copper sulphide minerals in flotation. XPS analyses, zeta potential
measurements and CryoSEM-EDS method are applied in this study to reveal how
the clay slimes coating occurred on chalcopyrite and chalcocite mineral surface
differently. The research described in this chapter was extracted from the work
published in Mineral Engineering in 2011 (Peng and Zhao, 2011) and Powder
Technology in 2012 (Zhao and Peng, 2012).

Chapter 6 was designed for the presentation of the performed flotation testwork
results on chalcocite with the presence of clay in electrolyte solutions. The effect
of electrolytes on the flotation of copper minerals in the presence of clay minerals
has been investigated. It addresses an important question which is whether the
electrolytes can mitigate clay slime coatings and then improve chalcocite
flotation. The research described in this chapter was published in the Mineral
Engineering in 2014 (Zhao and Peng, 2014).

Chapter 7 details the electrochemical impedance spectroscopy (EIS) study on the
mechanism of clay slime coatings mitigation on chalcocite by electrolytes. In this
study, for the first time, the electrochemical impedance spectroscopy was applied
to investigate the slime coating effect and its mitigation from mineral surfaces by

different ions. This chapter explained and interpreted the flotation testwork
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results of chapter 6. The research described in this chapter was published in the
Mineral Engineering in 2016 (Zhao et al, 2016).

Chapter 8 summarises the major findings from this thesis research based on the

proposed hypotheses and provides recommendations for future studies.
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Chapter 3 Materials and Methods

3.1 Introduction

The experiments in this thesis were designed and conducted to fundamentally
Investigate the coating of clay minerals on copper sulphide minerals surfaces and
how saline water mitigates this coating. The test work was composed of flotation
tests and surface analysis. Test results are reproducible. Grinding and flotation
tests were conducted firstly to identify the effect of clay minerals on mineral
flotation. Where different flotation behaviours were observed, surface analysis
methods were used to examine the surface properties to understand the

underpinning mechanisms.

Single minerals were used in most of test work because they were more reliable
to study the mineral surface properties and the mineral liberation did not need to
be considered. By using single mineral samples, there were no impurities to affect

the flotation tests and surface analysis, which may occur if plant samples are used.

Following are the experimental details including the mineral samples and

reagents, the grinding and flotation procedures, and surface analyses.
3.2 Materials

3.2.1 Ores and minerals

An underground copper ore and an open pit copper ore were supplied from a
copper plant and crushed to a size of -2.36 mm in laboratory before grinding and
flotation. The mineral composition of the two ores analyzed by X-ray Diffraction
(XRD) is shown in Table 3.1.
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Table 3.1 Mineral compositions of the copper ores (wt.%b)

Dolomit

Chalcopyrite  Chalcocite ~ Pyrite  Geothite  Quarts e Bentonite
Underground ore 1.1 0.2 35 2.1 73.8 19.3
Open pit ore 0.4 0.8 2.8 1.9 66.1 22.8 5.2

The two ores contain both chalcopyrite and chalcocite. The main copper mineral
in the underground ore is chalcopyrite accounting for 85% of the copper minerals.
The main copper mineral in the open pit ore is chalcocite accounting 67% of the
copper minerals. Another distinct difference in the two ores is the clay mineral
(bentonite) in the open pit ore. About 0.5 ppm gold is also associated with the
ores, but gold flotation is not considered in this thesis. The head samples of the
two copper ores and their flotation products were assayed for total copper and
cyanide soluble copper by inductively coupled plasma — optical emission

spectroscopy (ICP-OES) using standard methods.

Another copper ore was obtained from an Australian copper plant and crushed to
a size of -1.70 mm in laboratory. The copper grade of the ore is about 2.9%.
Quantitative XRD analysis indicates that the copper ore contains 0.1%
chalcopyrite, 0.4% cuprite, 4.7% chalcocite, 40.6% hematite, 16.4% muscovite

and 33.8% quartz. About 91% Cu originates from chalcocite.

Chalcopyrite, chalcocite and bentonite single minerals were obtained from
Ward’s Natural Science Establishment (US). All of them have more than 98%
purity analyzed by XRD. A kaolinite sample was purchased from Sibelco
Australia Limited Company and it contains 70.3% kaolinite, 18.8% muscovite
and 6.8% quartz based on quantitative XRD analysis.
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3.2.2 Reagents and solution preparation

Peroxide and dithionite (AR grade) were used to adjust the oxidation state of
chalcopyrite and chalcocite during grinding. High quality of nitrogen and oxygen

gases was used to adjust the Eh in the flotation of chalcopyrite and chalcocite.

In copper flotation, potassium amyl xanthate (PAX) was used as collector. It is
a commonly used collector in copper flotation in fresh water and saline water for
mineral processing industry. Due to this research mainly focused on the slime
coating effect on copper flotation and its mitigation by electrolytes, the affinity
of different collectors under different electrolyte concentrations to copper
minerals is out of topic. The different collector effects have not been compared.
Methyl iso-butyl carbinol (MIBC) and IF56 were used as frother. All were

industrial grade.

To investigate the effect of electrolytes on the flotation of chalcocite in the
presence of kaolinite, sodium chloride (NaCl), lithium chloride (LiCl), sodium
fluorite (NaF), potassium chloride (KCI) and sodium lodide (Nal) of analytical
grade were used to make different strengths of solutions. These electrolytes vary
in both anion and cation sizes. All solutions were made with AR grade chemicals

and deionized (DI) water.

The effects of Mg?* and Ca?* have been widely studied. For instances, Zhang
(2013) reported the effects of clay and calcium ions on coal flotation. Castro
(2014) showed that molybdenite flotation can be severely depressed by
magnesium hydrolysis products, and that in the case of Ca?* the depressing action
could be related to the action of Ca(OH)*. Uribe (2017) also investigated the role
of calcium and magnesium cations in the interactions between kaolinite and

chalcopyrite. Therefore, these cations have not been considered in this study.
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Tap water was used throughout in the flotation study. Table 3.2 shows the
chemical compositions of the water analysed by ICP. The pH of the water was
7.0.

Table 3.2 Chemical compositions of tap water used in this study (mg/L)

TDS EC Cr SOs* COs* Ca Mg K Na

52 110 11 7 24 7.9 0.6 2.8 7.4

3.3 Grinding and flotation

600 gm crushed copper ore sample was ground in a laboratory stainless steel rod
mill with stainless steel rods at 40% solids to obtain 80 wt.% particles passing 75
pm. The mill discharge was transferred to a 2.5 L Agitair flotation cell using an
agitation speed of 750 rpm and conditioned with 100-300 g/t collector and 20 g/t
frother. In the plant, 50 g/t collector was used to float the copper with recycled
water in rougher and scavenger flotation. In the laboratory, 100 g/t collector was
usually used without recycled water to match the flotation performance in the
plant. Lime was used to control pH 9.0 at the end of grinding and during flotation.
In flotation, four concentrates were collected after cumulative times of 0.5, 2.0,
4.0 and 8.0 min. Eh and pH were measured in the end of grinding and during

flotation. Eh values were converted to the SHE standard.

The chalcopyrite or chalcocite single mineral (100 g) with and without 5 g
bentonite was combined with 0.15 dm?® of de-ionized water and ground in a
stainless steel rod mill with stainless steel rods to obtain 80 wt.% particles passing
38 um. Stainless steel rods were used to represent the inert media in both primary
and secondary grinding mills in the mining industry. A small amount of lime was
used to control pH 9.0 at the end of grinding. This pH value was normally used

in the industry. In the end of grinding, samples were taken for the surface analysis
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(Cryo-SEM and X-ray photoelectron spectroscopy analysis) and electrokinetic
studies. Flotation of the single minerals was conducted ina 1.5 L Agitair flotation

cell using an agitation speed of 500 rpm with 100 g/t collector and 150 g/t frother.

The chalcopyrite or chalcocite single mineral was also ground with the controlled
oxidation conditions. Peroxide was added during chalcopyrite grinding with
bentonite to maintain 500mV (SHE) while chalcocite was ground at -300 mV
(SHE) with addition of dithionite.

The frother concentration required in the flotation of single minerals in this study
was much higher than that in the flotation of ore samples probably due to the
greater amount of hydrophobic particles to be laden by froth. This is consistent
with previous studies where the flotation of galena, chalcopyrite and pyrite single
minerals was conducted (Peng et al., 2003a,b; Peng and Grano, 2010). Other

conditions were the same in single mineral flotation and copper ore flotation.
3.4 Aqua Regia Method

The total copper digestion method used aqua regia while the cyanide soluble
copper digestion used cyanide. Since chalcocite is soluble in cyanide solutions as
a secondary copper sulphide mineral but chalcopyrite is insoluble in cyanide
solutions as a primary copper sulphide mineral (Scheffel 2002), in this study, the
cyanide soluble copper assay relates to the copper mineral associated with
chalcocite and the difference between the two assays equates to the copper
associated with chalcopyrite. Table 3.3 shows the total copper, cyanide soluble
copper and cyanide insoluble copper. The total copper in the underground ore and
open pit ore is 0.6% and 0.7%, respectively. In the underground ore, 66% Cu
originates from chalcopyrite, while in the open pit ore 86% Cu originates from

chalcocite.
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Table 3.3 Head copper assays for the copper ores (wt.%0)

Total Cu Cyanide soluble Cu Cyanide insoluble Cu
Underground ore 0.6 0.2 0.4
Open pit ore 0.7 0.6 0.1

3.5 EDTA extraction

Ethylene diamine-tetra acetic acid (EDTA) has the ability to solubilise metal
oxidation products (e.g. metal oxides, hydroxides, carbonates and sulphate) rather
than the metal sulphide, and therefore can be used to determine the amount of
oxidation species from minerals and grinding media (Rumball and Richmond
1996). A 3 wt.% solution of AR grade ethylenediamine-tetra acetic acid disodium
salt (EDTA) was made up and a sodium hydroxide solution was used to adjust
the pH to 7.5. 95 cm® of the EDTA solution was placed in a vigorously-stirred
reaction vessel and purged with nitrogen for 5 min. 5 cm? of slurry sample from
the mill discharge was frozen in liquid nitrogen and then added to the EDTA
solution, followed by 5 min of conditioning. Nitrogen was continuously purged
throughout. The slurry was then filtered through a 0.45 mm Millipore filter. The
filtrate was analyzed for metal ions by inductively coupled plasma (ICP) atomic
emission spectrophotometry. The solids were retained for chemical analysis for
metal ions. The percentage of EDTA extractable copper or iron, a parameter of
the degree of surface oxidation, is expressed as the EDTA soluble copper or iron
of their insoluble forms in the solids (wt./wt.% Cu or wt./wt.% Fe).

3.6 Zeta potential measurements

Zeta potential measurements were performed by a Rank Brothers Micro-
electrophoresis Mark 11 apparatus. 20 cm? of the chalcopyrite or chalcocite slurry

from the mill discharge was taken, screened to obtain -38 pm and then
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conditioned in a 1.25 dm?3 reaction vessel containing 10 M KCI solution at pH
9.0 with the nitrogen gas being purged throughout the process to remove
dissolved oxygen. The pH value was then changed by using HCI or NaOH
solutions and the mineral was conditioned for 5 min. Some suspension was
sampled for the zeta potential measurements open to the air. Ten mobility
measurements at each of the two stationary planes were performed at each pH.
The average mobility was converted to zeta potentials using the Smoluchowski
equation. To measure the zeta potential of bentonite, a similar procedure was
followed except that the sample was prepared by grinding 2.5 g of bentonite in a

ceramic mortar.
3.7 XPS analysis

The chalcopyrite or chalcocite sample for the measurement by X-ray
photoelectron spectroscopy was taken after grinding without bentonite. The
sample was frozen in liquid nitrogen and stored in a freezer until immediately
prior to the analysis. This procedure has been shown to inhibit significant surface
speciation alteration (Smart R.St.C, 1991). XPS measurements were carried out
with a PHI 5600 spectrometer with an Mg Ka X-ray source operating at 300 W
and with a pass energy of 18 eV. The pressure in the analyzer chamber was 10—8
Torr during the analysis. The energy scale was calibrated using the Fermi edge
and 3ds;, line (BE= 367.9 eV) for silver, while the retardation voltage was
calibrated using the position of the Cu 2ps, peak (BE=932.67 eV) and the Cu
3ps peak (BE=75.13 eV). The measurements were performed at a take-off angle
of 45< The depth of analysis was approximately between 2 and 5 nm. The slurry
samples were introduced into the fore-vacuum of the spectrometer. The samples
were first examined in survey mode to identify all the elements present then the
various elemental regions were scanned in order to extract information on

chemical bonding and oxidation stages. Atomic concentrations were determined
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from the XPS peak areas, subsequent to Shirley background subtraction, using

the elemental sensitivity factors (Wagner C.D., 1979).
3.8 Cryo-SEM-EDS

To detect slime coating on the mineral surface, the cryo-transfer method of
sample preparation was used to avoid a structural change caused by surface
tension during oven or freeze drying. In the cryo-vitrification SEM analysis, the
sample was taken by a large-aperture (>2 mm) pipette directly from the
chalcopyrite or chalcocite sample after grinding with bentonite and washed by
de-ionized water at pH 9.0. The sample was then mounted onto the top of a 3 mm
long copper rivet with outer-diameter 2.4 mm and inner-diameter 1.7 mm. This
copper rivet was fixed on a sample holder and plunged into the liquid nitrogen of

the cryo-vitrification unit, which reduces the temperature at >800 < min?!

freezing the water without allowing crystallization to ice structures, i.e. vitrifying
(Battersby B.J., 1994). The small volume of the sample (about 0.01 cm3) and
high heat conductivity of copper minimize shrinkage and distortion of the sample
during freezing. The very fast vitrification process avoids crystallization of water
to ice and associated volume changes that can alter structures. The sample was
then transferred under vacuum to the sample preparation chamber equipped with
an Oxford Instrument (CT1500) where the frozen sample was fractured to expose
a fresh surface. Then the sample temperature was raised to 173 K to sublimate
vitrified water for 7 min. This sublimation process removes fine vitrified water
slivers generated during fracture and allows mineral structures to stand out above
the glassy background. The sample was eventually coated with platinum plasma
for 3 min to avoid charging during the imaging process by a PHILIPS XL30 field
emission gun scanning electron microscope (FESEM) normally operated at 20

KV voltages.
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The sample was then examined in the SEM. Images were taken in backscattered
electron mode (BSE), while elemental analysis was performed by energy
dispersive spectrometry (EDS). The combination of BSE and EDS allows the

identification of clay coating on the copper mineral surface.
3.9 Electrochemical measurements

A hand-picked natural massive chalcocite specimen of a high purity was used to
make a working electrode. XRD analysis also showed little impurities of the
chalcocite specimen. The electrode was connected with a copper wire using silver
loaded conducting epoxy, and then mounted into a nhon-conducting epoxy resin,
exposing only one side with a geometric surface of approximately 0.1 cm? and

this value was used to calculate the current density.

Fig 3.1 Chalcocite electrode.

A fresh electrode surface was prepared between the experimental runs by
abrading with silicon carbide abrasive paper (1200 grits), rinsed with deionized
water prior to each experiment (Velasquez et al., 2001; Smith et al., 2009).
Chalcocite electrode was immersed in clay and/or electrolyte-containing

solutions for 2 min under stirring, and then rinsed with DI water. The electrode
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was then immediately transferred into the electrochemical cell as a stationary

working electrode.

A conventional three-electrode system was employed for the electrochemical
measurements. A platinum plate with a surface area of 1 cm? was utilised as an
auxiliary electrode (counter electrode). Potentials were measured against an
Ag/AgCl reference electrode filled with 3M KCI which has a potential of +0.204
V against standard hydrogen electrode (SHE). A Radiometer PGZ100
potentiostat was used in combination with a Frequency Response Analyser (FRA).
The background electrolyte performed in all electrochemistry experiments was
pH 7 buffer solution (prepared by 0.1 M potassium dihydrogen phosphate). The
buffer ions may affect the measurement. However, due to the same buffer
background for each test, the buffer ions would not influence the results for
comparison. The effect of buffer ions on EIS has not been taken into consideration.
EIS was performed in the above buffer solution with a volume of 200 mL at room
temperature in the absence and presence of electrolytes and kaolinite individually
and in combination. Deionized water (18 MQ cm) was used in all electrochemical
experiments. Open circuit potential was taken as the direct current (DC) voltage
(starting potential) of EIS measurements. The alternating current (AC) voltage

(amplitude) was 10 mV.

Typically, the working electrode surface was allowed to react with the chemical
added for 5 min to enhance the stabilisation at the open circuit potential after
which the EIS was obtained. The potential scan rate was 20 mVs™ for all cyclic
voltammetry measurements. The variation in the current was recorded as a
function of scan potential and reported as current density. Good reproducibility
of the electrode pre-treatment and electrolyte preparation was confirmed by
carrying out measurements in separate solutions and with freshly abraded

electrode.
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Chapter 4 The flotation behaviours of
copper minerals in the presence of clay
minerals

This chapter presents testwork performed to explore flotation behaviour of
copper ores in the presence of clay minerals. Batch flotation experiments of
copper ores (open pit and underground) and single copper sulphide minerals
(chalcopyrite and chalcocite) were designed for investigation.
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4.1 Introduction

As outlined in Chapter 2, the flotation of galena, coal and nickel may be depressed
in the presence of clay minerals. It is not clear, however, how copper minerals

flotation is affected by clay minerals.

In this chapter, the flotation testwork on underground and open pit copper ores
containing bentonite was performed under similar conditions to examine flotation
responses. Cyanide soluble and insoluble copper recovery analyses were
conducted to indicate the flotation recovery of chalcopyrite and chalcocite from
the ore. The single mineral flotation of chalcopyrite and chalcocite was then
examined with and without the addition of bentonite to identify its effect on the

flotation of both chalcopyrite and chalcocite single minerals.

The tests designed in this chapter are expected to answer the following questios:

do clay minerals depress copper flotation?
4.2 Flotation of copper ores

4.2.1 Different flotation response between underground and open pit copper ore

Fig 4.1 shows the flotation of underground and open pit copper ores with 100 g/t
PAX (Potassium amyl xanthate) as collector. As can be seen, Cu recovery from
the flotation of the underground ore was normal, about 87% at the completion of
8 min flotation. The mass pull of the concentrate and water recovery in the end
of flotation (not shown in Fig 4.1) were 3.5% and 9.8%, respectively. However,
Cu recovery from the flotation of the open pit ore was low, only 56% in the end
of flotation although the mass pull of the concentrate and water recovery were
increased significantly, being 6.2% and 15.8%, respectively. Obviously, the
flotation of copper minerals in the open pit ore was depressed. This is consistent
with the practice in the flotation plant where processing the open pit ore on its

own is not profitable. It has to be blended at a small proportion with the
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underground ore.
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Fig 4.1 Cu recovery as a function of flotation time in the flotation of the underground ore and open pit
ore with 100g/t collector.

4.2.2 Cyanide soluble and insoluble copper recovery

When cyanide soluble Cu and insoluble Cu are considered, the flotation behavior
of chalcopyrite and chalcocite from the two copper ores may be examined. As
shown in Fig 4.2, the recovery of cyanide insoluble Cu was higher than the
recovery of cyanide soluble Cu from both ores, indicating that chalcopyrite
displayed better floatability than chalcocite. However, the difference between
chalcopyrite and chalcocite flotation was much smaller for the underground ore.
From the underground ore, chalcopyrite and chalcocite flotation recovery became
closer and closer with flotation time. It is also found that the chalcopyrite recovery
was slightly higher from the underground ore than from the open pit ore, but the
difference in the chalcocite recovery was distinct. The low overall Cu recovery

from the open pit ore in Fig 4.1 may be attributed to the low chalcocite recovery.
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Fig 4.2 The recovery of cyanide insoluble and soluble Cu as a function of flotation time in the flotation of
the underground ore and open pit ore with 100g/t collector.

Mielczarski et al. (1998) indicated that if a mineral surface was strongly oxidized,
an increased collector addition may be necessary to induce floatability. Tolley et
al. (1996) and Ye et al. (2010) increased the flotation of oxidized chalcocite
through increasing the collector addition. In this study, 3 times the addition of
collector was applied in the flotation of the two copper ores to increase Cu
recovery. The results are shown in Fig 4.3. A comparison between Figs 4.2 and
4.3 indicate that when the collector addition was increased from 100 g/t to 300
g/t, only the recovery of cyanide soluble Cu was increased pronouncedly from
the underground ore. For example, the recovery was increased from 30% to 46%
at the completion of 0.5 min flotation and from 81% to 87% in the end of flotation.
The mass pull of the concentrate and water recovery in the end of the flotation of
the underground ore were decreased slightly, being 2.8% and 7.5%, respectively,
when the collector addition was increased. However, in the flotation of the open

pit, the mass pull of the concentrate and water recovery did not change with the
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collector addition. As a result, an increased collector addition induced chalcocite

floatability in the underground ore but not in the open pit ore.

The results thus far suggest that chalcopyrite displayed a similar behavior in the
flotation of the underground ore and open pit ore. Its recovery was high
irrespective of the ore type. However, chalcocite flotation was strongly affected
by the ore type. In the flotation of the open pit ore, chalcocite recovery was low
and a further addition of collector could not restore chalcocite flotation. A
potential explanation of this is that bentonite which is only contained in the open

pit ore selectively coated on chalcocite surface and depressed its flotation

irreversibly.
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Fig 4.3 The recovery of cyanide insoluble and soluble Cu as a function of flotation time in the flotation
of the underground ore and open pit ore with 300g/t collector.

4.3 Flotation of single minerals

The chalcopyrite or chalcocite single mineral was ground and floated by
following the same procedure when copper ores were treated. Fig 4.4 shows
chalcopyrite and chalcocite flotation in the presence and absence of 5% bentonite.
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In the absence of bentonite, chalcopyrite displayed good floatability reaching 91%
recovery at the completion of 8 min flotation. The flotation of chalcocite was
lower with the recovery of 75% at the same flotation time. The behavior of
chalcopyrite and chalcocite in the flotation of single minerals in the absence of
bentonite is actually similar to that in the flotation of the underground ore. In the
presence of bentonite, chalcopyrite flotation was depressed slightly, but
chalcocite flotation was depressed substantially, a phenomenon which is similar

in the flotation of the open pit ore containing bentonite.
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Fig 4.4 Chalcopyrite or chalcocite recovery as a function of flotation time in the flotation of the single
mineral.

4.4 Conclusions

The overall copper flotation recovery of open pit ore was lower than that of
underground ore indicating the flotation of copper minerals in the open pit ore
was depressed. Chalcopyrite displayed better floatability than chalcocite in open

pit ore. However, chalcopyrite and chalcocite flotation in underground ore were
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similar. Due to only the open pit ore contained bentonite, the low overall Cu
recovery from the open pit ore may be attributed to the depression of chalcocite

flotation by bentonite.

Further single minerals flotation test results confirmed that chalcocite flotation
was much more depressed than chalcopyrite in the presence of bentonite after
grinding. However, both chalcopyrite and chalcocite single minerals display good

floatability in the absence of bentonite.
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Chapter 5 Mechanisms responsible for the
effects of clay minerals on copper flotation

This chapter presents testwork performed to evaluate the mechanism responsible
for the different effects of clay minerals on the flotation of chalcopyrite and
chalcocite.
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5.1 Introduction

It is interesting to find in Chapter 4 that bentonite significantly hinders the
flotation of chalcocite, but had little effect on the flotation of chalcopyrite after
grinding. In mineral processing, grinding not only reduces the particle size and
liberates minerals, but also provides differential surface properties on valuable
and gangue minerals allowing effective separation of them in the subsequent
separation process such as flotation which exploits the difference in surface
wettability on valuable and gangue minerals. During grinding of base metal
minerals, a number of chemical mechanisms including oxidation of minerals and
media, oxygen reduction and galvanic coupling occur and govern the surface

properties of minerals (Grano, S., 2009).

The flotation of base metal sulphide minerals is always associated with surface
oxidation. Surface oxidation not only modifies surface hydrophobicity, but also
changes the electrical property on the surface and therefore the interaction with
gangue minerals. The oxidation of base metal sulphide minerals produces
hydrophobic metaldeficient sulfur or polysulphides, and also hydrophilic
oxidation products like S;03%", SOs%, SO, and metal hydroxides (Buckley and
Woods 1984; Guy and Trahar, 1984). The surface hydrophobicity is actually
dependent on the balance of all these species. In the absence of gangue minerals,
the floatability of base metal sulphide minerals may be predicted by the surface
oxidation products (Priest et al., 2008). However, in the presence of gangue
minerals, the interaction between base metal sulphide minerals and gangue

minerals has to be considered.

In the literature outlined in Chapter 2, clay minerals may carry anisotropic
charges on edges and basal faces allowing the coating of clay particles on the
surface of a range of minerals. However, the interaction of clay minerals with

base metal sulphide minerals during grinding has not been studied.
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In this chapter, the oxidation of chalcopyrite representing the primary copper
sulphide mineral, and chalcocite representing the secondary copper sulphide
mineral during grinding was investigated to explore the interaction of oxidized

chalcopyrite and chalcocite with bentonite representing the clay mineral.
5.2 The oxidation of chalcopyrite and chalcocite during grinding

5.2.1 XPS surface elements on the chalcopyrite and chalcocite after grinding

The electrochemical potential after grinding of chalcopyrite and chalcocite was
about 310 mV (SHE) and 260 mV (SHE), respectively, indicating a strongly
oxidizing condition with stainless steel media. The oxidation products on the
surfaces of chalcopyrite and chalcocite after grinding were determined by XPS.
Table 5.1 shows the type of surface elements and their concentrations. The
elemental analyses were normalized to O, Cu, Fe and S only. The major
component removed from the elemental accounting by this normalization process
was C in the form of adventitious hydrocarbons and Ca added in the form of lime
to control grinding pH 9.0. The elemental composition on the chalcopyrite surface
was Cuo4sFe0s1S0094. Compared with the ideal stoichiometry of chalcopyrite
(CugsFeosS), the ground chalcopyrite sample deviated from the ideal by Cu 8 at.%
and Fe 22 at.% with S being a reference. Obviously, the grinding altered the
chalcopyrite surface to some extent. The elemental composition on the chalcocite
surface was Cus29S0304. Compared with the ideal stoichiometry of chalcocite
(CuyS), a dramatic alteration of the surface by grinding was observed as Cu was
enriched by 115 at.%. O was detected on both chalcopyrite and chalcocite
surfaces with the O concentration being 51.5 at.% on the chalcocite surface and
31.3 at.% on the chalcopyrite surface, respectively. 65 at.% more oxygen
concentration was detected on the chalcocite surface. Table 5.1 suggests that
grinding modified the elemental composition on both the chalcopyrite and

chalcocite surfaces and the chalcocite surface was actually severely changed. The
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alteration of the mineral surface is intimately associated with surface oxidation

which was indicated by XPS elemental spectra.

Table 5.1 XPS surface elements and their atomic concentrations (at.%o0) on the chalcopyrite and
chalcocite after grinding

Concentration/at. %

Elements
Chalcopyrite Chalcocite
o 313 51.5
S 333 12.0
Cu 15.2 36.5
Fe 20.2

5.2.2 Normalized XPS spectra of the ground chalcopyrite and chalcocite

Fig 5.1 shows the XPS O 1s spectra of the ground chalcopyrite and chalcocite.
Both chalcopyrite and chalcocite exhibited two major O components at about
530.5eV and 533 eV. The component at 530.5 eV is attributed to hydroxyl (OH")
species, while the component at 533 eV s attributed to attached water (H,O)
(Nesbitt,H.W., 1994; Legrand,D.L., 1997). On the chalcopyrite surface, the
attached water accounted for 65 at.% of the O component, while on the chalcocite
surface, both the attached water and hydroxyl species were significant with the O
emanating from Cu hydroxyl species being about 55 at.%. Fig 5.2 shows the XPS
S 2p spectra of the ground chalcopyrite and chalcocite. The XPS S 2p spectra of
chalcopyrite are usually composed of three components (Buckley,A.N., 1984).
The first component near 161 eV is attributed to sulphide of unoxidized
chalcopyrite (S*). The second component may have a peak located at 162 eV due
to metal deficient sulphide (S,*") and/or 164 eV due to polysulphide (S,*"). The
third component is for sulfate or thiosulfate (SO4*~ or S,04%) at a higher binding
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energy around 168 eV. Fig. 5-2 indicated that the ground chalcopyrite surface
exposed sulphide, metal deficient sulphide and polysulphide with S at.% being
about 60, 30 and 10%, respectively. No sulfate or thiosulfate was detected on the
chalcopyrite surface. The ground chalcocite showed similar S components near
161, 162, 164 and 168 eV, which is consistent with reports in literature
(Vela'squez,P., 2001; Mielczarski,J., 1998). However, the proportion of S
components was different. The striking difference was the distinct signal of
sulfate or thiosulfate, the highest oxidation state of S, detected on the chalcocite
surface. S at.% of the unoxidized sulphide was decreased to about 30% on the

chalcocite surface from 60% on the chalcopyrite surface.
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Fig 5.1 Normalized XPS O 1s spectra of the ground chalcopyrite and chalcocite
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Fig 5.2 Normalized XPS S 2p spectra of the ground chalcopyrite and chalcocite

The XPS Cu 2p spectra (Fig 5.3) show that both Cu* and Cu?* components
occurred on the ground chalcopyrite and chalcocite surfaces. The Cu™ component
was identified in the binding energy range of 932.5 to 932.8 eV attributed to Cu*-
S minerals and compounds (Mclntyre, N.S., 1975; Deroubaix,G., 1992; Chawla,
S.K,, 1992). A second component in the binding energy range of 934.3 to 934.6
eV is attributable to Cu?*-hydroxyl species (Fairthorne,G., 1997). The well-
known Cu?* related shake-up satellite energy loss structure in the binding energy
range of 942.5 to 943.9 eV (Vela'squez,P., 2001) was also clearly observed to be
present thus further confirming the presence of Cu?*. The ground chalcopyrite
surface consisted of 15.2 at.% Cu (Table 5-1, normalized to Cu, Fe and S) mostly
as unoxidized Cu*-sulphide. However, on the ground chalcocite surface, copper
from oxidized Cu?*-hydroxyl species was the dominant component.
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Fig 5.3 Normalized XPS Cu 2p spectra of the ground chalcopyrite and chalcocite

The XPS Fe 2p spectrum of the ground chalcopyrite is shown in Fig 5.4. No
obvious Fe signal was detected on the ground chalcocite surface. An iron
oxyhydroxide layer was present on the chalcopyrite surface. This is shown by a
broad band in the Fe 2p spectrum near 711-712 eV and near 726 eV, while the
iron associated with sulfur as in chalcopyrite occurs at about 708 eV (Fairthorne,
G., 1998). The Fe component of the chalcopyrite surface was dominated by the

unoxidized Fe-S.
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Fig 5.4 Normalized XPS Fe 2p spectrum of the ground chalcopyrite

The XPS analysis indicated that both chalcopyrite and chalcocite surfaces were
oxidized after grinding. While the majority of the chalcocite surface was oxidized,
only a small proportion of the chalcopyrite surface was oxidized. This is
consistent with Lascelles and Finch (Lascelles,D., 2002) who showed that
chalcocite produced more EDTA extractable copper ions than chalcopyrite, and
Fullston et al. (Fullston,F., 1999) who reported that chalcocite was more
electrochemically active than chalcopyrite. The different extent of surface
oxidation may be associated with the different interactions of chalcocite and

chalcopyrite surfaces with bentonite particles, which is further studied below.
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5.3 Zeta potential of chalcocite, chalcopyrite and bentonite after grinding

5.3.1 Normal grinding

Fig 5.5 shows the zeta potential of chalcopyrite and chalcocite after grinding, as
well as the zeta potential of bentonite. It was measured in a 10°M KCI solution
at pH 9.0 with the nitrogen gas purging as introduced in Chapter 3. It was found
that after grinding, chalcopyrite and chalcocite exhibited a pH isoelectric point at
around 4.2 and 9.5, respectively. They were negatively charged at pH values
greater than their pH iso-electric points. Fairthorne et al. (1998) found that
unoxidized chalcopyrite had a pH iso-electric point at around 1.5. Fullston et al.
(1999) measured the zeta potential of chalcocite with nitrogen purging and the
iso-electric point was at around 2.0 by extrapolation. They also demonstrated that
the oxidation of chalcopyrite, chalcocite and any other base metal sulphide
mineral increased their iso-electric points towards the iso-electric points of the
corresponding metal hydroxides (Fairthorne et al., 1998; Fullston et al., 1999).
For instance, the electrical property of the oxidized chalcopyrite is governed by
both iron hydroxides with a pH iso-electric point 6.5 (Fornasiero et al., 1992) and
copper hydroxides with a pH iso-electric point 9.5 (Fullston et al., 1999). In this
study, it seems that chalcopyrite was slightly oxidized while chalcocite was
extensively oxidized after grinding in the stainless steel rod mill with stainless

steel rods.
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Fig 5.5 Zeta potentials of chalcopyrite and chalcocite after grinding, and zeta potentials of bentonite

The zeta potential measurement of bentonite shows that bentonite was strongly
negatively charged across the examined pH range from 3.0 to 11.0. With
increasing pH, the zeta potential was decreased slightly. This is in line with the
measurement in literature (Arnold and Aplan, 1986; Vane and Zang, 1997). As
discussed previously, the basal faces of clay minerals carry a constant negative
charge (Luckham and Rossi, 1999; Zhao et al., 2008). The pH-dependent charges
of bentonite are therefore a consequence of the existence of hydroxy groups at
the edge. Due to the low fraction of the edges in bentonite (less than 1%) (Sondi
etal., 1997), the zeta potential in the measurement is predominantly governed by
the basal faces. There is a consensus that the point of zero charge of edges of
montmorillonites (the determinative components in bentonite), is about 5.0 (Rand
et al., 1980; Lagaly, 1993; Permien and Lagaly, 1994). Apparently, at pH 9.0
where the grinding and flotation was operated in this study, both the faces and

edges of bentonite are negatively charged.
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Theodoor and Overbeek (1990) reported that the entropic repulsion may be the
dominant force between the particles with the same surface charge. Fig 5.5
reveals that at pH 9.0, slightly oxidized chalcopyrite is entropically repulsed from
bentonite, while oxidized chalcocite is strongly attracted to bentonite. This may
explain why bentonite substantially depressed chalcocite flotation through the
slime coating but not chalcopyrite flotation. Then it is logical to hypothesize that
bentonite may depress the flotation of strongly oxidized chalcopyrite but not the
flotation of unoxidized or slightly oxidized chalcocite. This hypothesis was
verified by controlling the stage of oxidation on chalcopyrite and chalcocite

surfaces during grinding followed by flotation, which is discussed below.

5.3.2 Controlled grinding

Fig 5.6 shows the zeta potential of chalcopyrite and chalcocite ground under the
controlled oxidation condition as well as the zeta potential of bentonite. The zeta
potential value of chalcocite increased from -25 mV to -15 mV with pH
increasing from 5.0 until around pH 9.0 and then decreased thereafter. It was
negatively charged across the examined pH range. Obviously, chalcocite was
slightly oxidized but without the reversal of the zeta potential and therefore
repulsive from bentonite at pH 9.0. Fig 5.6 also shows that chalcopyrite after
grinding with peroxide exhibited a pH iso-electric point at around 8.5, indicating
strong oxidation. Since chalcopyrite oxidation produces a much higher amount
of iron oxidation species than copper oxidation species, the pH iso-electric point
of the oxidized chalcopyrite should be predominated by the iron oxidation species.
It is also well known that iron oxidation species play a dominant role in
depressing mineral flotation (Forssberg et al., 1988; Natarajan, 1996; Peng et al.,
2003a). The depressed chalcopyrite flotation in Fig 4.5 may be mainly attributed

to the iron oxidation species originated from chalcopyrite oxidation. The oxidized
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chalcopyrite was negatively charged at pH 9.0 as well. It is unlikely that bentonite
coats on the surface of oxidized chalcopyrite through an electrostatic attraction.

Bentonite did not further depress the flotation of heavily oxidized chalcopyrite.
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Fig 5.6 Zeta potentials of chalcopyrite and chalcocite after grinding with the controlled oxidation
condition and zeta potentials of bentonite: chalcopyrite was ground at 500mV (SHE) while chalcocite was
ground at -300mV (SHE).

The results of single mineral flotation experiments suggest two strategies for
mitigating the bentonite coating on the chalcocite surface in the flotation of the
open pit ore: (1) the control of chalcocite oxidation during grinding to ensure a
negative charge on the chalcocite surface at pH 9.0, and (2) increasing the pulp
pH to values higher than pH 10.0 where the surface charge of chalcocite is
negative. Strategy (1) was tested by adding dithionite during the grinding of the
open pit ore to reduce the pulp potential to -300 mV (SHE). In the subsequent
flotation the recovery of cyanide soluble Cu was increased to 76% from 48% with
the control of oxidation during grinding. Obviously, the adverse effect of

bentonite on chalcocite flotation was reduced through the control of the surface
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oxidation. Strategy (2) was tested by increasing the pH to 10.0 in the mill and
flotation cell. However, the pulp became highly viscous resulting in the worse
flotation. The effect of pulp viscosity on the flotation of copper sulphide minerals

was reported elsewhere (Peng et al., 2010).

5.4 The interaction of oxidized chalcopyrite and chalcocite with bentonite during

grinding

Due to the difference of surface charge across the examined pH range from 3.0
to 11.0 discussed previously, bentonite particles may coat the ground chalcocite
surface but not on the ground chalcopyrite surface. The coating of bentonite
particles on the ground chalcopyrite and chalcocite surfaces was directly

examined by the Cryo-SEM analysis, which is discussed below.
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Fig 5.7 The BSE image (top) and EDX analysis on the randomly chosen particle (bottom) of the
chalcopyrite sample ground in the presence of bentonite particles.

Fig 5.8 shows the BSE image (top) and EDX analysis on the chosen particle
(bottom) of the chalcocite sample ground in the presence of bentonite particles.
Again, chalcocite was present as larger particles while bentonite as the smaller
dots in the BSE image. EDS analysis confirmed the presence of chalcocite as
distinct signals from Cu and S elements were detected on the randomly chosen
particle. EDX analysis on the chosen particle also detected distinct signals from
Si at about 1.8 keV and Al at about 1.6 keV which were attributed to bentonite.
The signal from O was stronger in Fig 5.8 compared to Fig 5.7, but again it might

emanate from bentonite, water or mineral oxidation species.
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Fig 5.8 The BSE image (top) and EDX analysis on the randomly chosen particle (bottom) of the
chalcocite sample ground in the presence of bentonite particles.

5.5 Discussion

It is demonstrated by other researchers that chalcocite is more electrochemically
active than chalcopyrite based on the zeta potential measurement (Lascelles,D.,
2002). It is also more oxidized producing more EDTA extractable copper ions for
the same size fraction (Fullston, F., 1999). This indicates that during grinding to
provide a similar size, more chalcocite oxidation should be expected. XPS

analysis confirms that during grinding under the same condition, chalcopyrite was
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slightly oxidized but chalcocite was strongly oxidized. After grinding, the
majority of the chalcocite surface was occupied by oxidation species, while only
a small proportion of the chalcopyrite surfacewas oxidized, revealed by XPS

atomic compositions and elemental spectra.

Oxidation alters the surface properties of minerals. The iso-electric point of non-
oxidized sulphide minerals is similar to that of elemental sulfur at pH between 1
and 2 (Fullston,F., 1999; Fairthorne,G. 1998). Upon oxidation, the sulphide
mineral surface becomes increasingly covered with metal oxidation products and
the zeta potential versus pH curves of these sulphide minerals become less
negative and even positive (Fullston,F., 1999; Fairthorne,G. 1998). The iso-
electric point of the oxidized sulphide minerals is therefore increased and lies
between that of elemental sulfur and that of the corresponding metal hydroxide
species. In this study oxidation during grinding altered the electrical property of
both chalcopyrite and chalcocite. Due to mild oxidation, the iso-electric point of
chalcopyrite was increased slightly and the chalcopyrite surface was still
negatively charged at grinding pH 9.0. However, the strongly oxidized chalcocite
showed the electrical property of copper hydroxides and became positively
charged at pH 9.0.

The zeta potential of non-oxidized sulphide minerals is comparable to that of
elemental sulfur or to a sulphide mineral with a sulfur-rich surface (Fairthorne et
al., 1998; Fullston et al., 1999). The pH value where the zeta potential changes
sign or the iso-electric point characterizes the electrical property of a mineral. The
zeta potential is positive for pH values smaller than the isoelectric point, but
negative for pH values greater than the iso-electric point. The iso-electric point
of non-oxidized sulphide minerals is similar to that of elemental sulfur at pH
between 1 and 2 (Fornasiero et al., 1992). Upon oxidation, the sulphide mineral
surface becomes increasingly covered with metal oxidation products and the zeta

potential versus pH curves of these sulphide minerals become less negative and
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even positive (Fornasiero et al., 1992; Fairthorne et al., 1998; Fullston et al.,
1999). The iso-electric point of the oxidized sulphide minerals is therefore
increased and lie between that of elemental sulfur and that of the corresponding
metal hydroxide species. The zeta potential of clay minerals is negative in
alkaline solutions (Arnold,B.J., 1986; Vane,L.M., 1997). At pH 9.0, both the
faces and edges of bentonite are negatively charged (Sondi,l., 1997; Rand,B.,
1980; Lagaly,G., 1993). It is anticipated that the bentonite coating may occur on
the surface of oxidized sulphide minerals due to the electrostatic attraction but
not on unoxidized or slightly oxidized sulphide minerals at alkaline pH values.
The hydrophilic metal and sulfate oxidation species may also attract bentonite
particles by hydrogen bonding. However, the oxidation significantly alters the
electrical property of chalcocite being strongly positively charged at pH 9.0. This
Is probably due to the high amount of copper hydroxides on the surface and their
high pH iso-electric point at 9.5 (Fullston et al., 1999). It is likely that bentonite
slime coating occurs on the oxidized chalcocite as results of the negative charge
of bentonite at pH 9.0 and its natural colloidal size (Schoonheydt and Johnston,
2006; Kotlyar et al., 1996). Consequently, the flotation of oxidized chalcocite is
depressed by bentonite. Unlike chalcocite, chalcopyrite flotation is less affected
by bentonite. The slightly oxidized chalcopyrite under normal grinding is still
negatively charged and entropically repulsive from bentonite. Even with
extensive oxidation chalcopyrite may still be negatively charged at pH 9.0 and an
electrostatic attraction with bentonite is unlikely. This is confirmed by Cryo-SEM
analysis in this study showing that bentonite particles coated the chalcocite
surface but not the chalcopyrite surface and also explains why the extraction of
chalcocite by flotation was more negatively affected by bentonite than the

extraction of chalcopyrite in the previous study in chapter 4.

In this study, the oxidation of chalcopyrite and chalcocite and their interaction

with bentonite were investigated under an oxidizing grinding condition by using
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stainless steel media. However, in mineral processing, mild steel media is also
used and produces a reducing grinding condition and a great amount of iron
oxidation species (Peng,Y., 2002; 2010). These iron oxidation species are
negatively charged at pH 9.0 (Peng,Y., 2010). It is anticipated that the oxidation
of chalcopyrite would be decreased during the grinding with mild steel media
resulting in a negatively charged surface which is repulsive from both iron
oxidation species and bentonite particles at pH 9.0. Chalcocite is the most
electrochemically active among the copper sulphide minerals examined by
Fullston et al. (1999) and its oxidation may still be pronounced even under a
reducing ground condition produced by mild steel media. It is likely that both iron
oxidation species and bentonite particles may be adsorbed on the oxidized
chalcocite surface through an electrostatic attraction at pH 9.0. However, how
iron oxidation species and bentonite particles compete on the chalcocite surface

IS not predictable.
5.6 Conclusions

Grinding alters the surface properties of chalcopyrite and chalcocite through
surface oxidation. Chalcocite is strongly oxidized while chalcopyrite is slightly
oxidized after normal grinding with stainless steel media. The different extent of
surface oxidation results in the different electrical property of chalcopyrite and
chalcocite surfaces. The slightly oxidized chalcopyrite surface remains
negatively charged after grinding at pH 9.0 and entropically repulsive from
bentonite slime particles. In contrast, the strongly oxidized chalcocite surface
becomes positively charged after grinding at the same pH and electrostatically

attractive to bentonite particles.
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Chapter 6 The effect of electrolytes on the
flotation of copper minerals in the presence
of clay minerals

This chapter presents testwork performed to explore the effect of electrolytes on
mitigating clay slime coatings in the flotation of chalcocite mineral. Batch
flotation experiments of single chalcocite mineral with or without clay minerals

in different electrolytes solutions were designed for investigation.
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6.1 Introduction

In Chapter 4, the effect of bentonite on the flotation of chalcopyrite and chalcocite
in terms of slime coating was investigated. It was found that chalcocite flotation
was much more depressed than chalcopyrite in the presence of bentonite after
grinding. As outline in chapter 5, the mechanism was found that as a result of the
different extent of mineral surface oxidation, chalcopyrite remained negatively
charged but chalcocite became positively charged after grinding leading to the
different interactions of copper minerals with bentonite particles. The surface of
chalcocite was electrostatically attracted to bentonite resulting in bentonite slime

coating and the depressed flotation of chalcocite.

As outlined in Chapter 2, Peng and Bradshaw (2012) also reported that serpentine
minerals depress pentalandite flotation due to slime coating. They found that bore
water with a high ionic strength increased pentlandite flotation recovery.
Therefore, the clay slime coating on copper mineral surfaces may also be

mitigated by electrolytes.

As reviewed in Chapter 2, the effect of electrolytes on mineral flotation has been
studied by other researchers from a different perspective. For instance, Hancer
(2001) classified certain ions as “structure breaking” ions or “structure making”
ions and proposed that they have different effect on water structure. However, it
has not been studied that how the different inorganic ions influence the slime
coating in copper minerals flotation. In this chapter, three different cations (Li*,
Na" and K*) and anions (F, ClI" and I) were chosen from Hancer’s ion

classification table (Table 2.4) for testing as these ions are common in bore water.

Kaolinite is a clay mineral which is more often associated with copper ore
deposits. It has similar charge properties to bentonite which can also cause slime

coatings on chalcocite surfaces. Therefore, in this chapter, kaolinite was used as
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a representative of clay mineral in chalcocite flotation tests. This may also extend

to cover the generic clay minerals.
6.2 Chalcocite flotation in tap water

Fig 6.1 shows chalcocite flotation response in the absence and presence of
kaolinite in tap water. In the absence of kaolinite, chalcocite displayed a good
flotation behaviour with 50% Cu grade and 96% Cu recovery at the end of
flotation. The presence of kaolinite decreased chalcocite flotation. Both Cu grade
and Cu recovery were decreased when 20% or 30% kaolinite was added and
copper flotation kinetics was also decreased. At 30% kaolinite Cu grade and

recovery were reduced to 33% and 63%, respectively at the end of flotation.
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Fig 6.1 Chalcocite flotation in the absence and presence of kaolinite in tap water

In a separate study where the effect of kaolinite on chalcopyrite flotation was

investigated, kaolinite had little effect on chalcopyrite flotation. Nor did 30%
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weight of kaolinite change the pulp rheology in flotation. In Chapter 4, it was also
found that bentonite did not affect chalcopyrite flotation but did influence
chalcocite flotation. In that study, both chalcopyrite and chalcocite were ground
to -38 pm. Further mechanism study in Chapter 5 attributed the depression of
chalcocite flotation by bentonite to the oxidation of the chalcocite surface which
was attracted to bentonite resulting in bentonite slime coating. This may explain
the depression of chalcocite flotation by kaolinite in the current study using tap

water.
6.3 Effect of NaCl addition on chalcocite flotation in the presence of kaolinite

Fig 6.2 shows chalcocite flotation response in the presence of 30% kaolinite in
NaCl solutions. With the addition of NaCl, chalcocite flotation was improved.
The higher the NaCl concentration, the better the chalcocite flotation response.
As shown in Fig. 3, the addition of 0.08 mol/L NaCl increased Cu grade and
recovery to 38% and 80%, respectively, at the end of flotation. The addition of
0.34 mol/L NaCl increased Cu grade and recovery to 42% and 90%, respectively,
which are close to 50% Cu grade and 96% Cu recovery achieved from the
flotation of the chalcocite ore in the absence of kaolinite. Obviously, the addition

of NaCl mitigated the negative effect of kaolinite on chalcocite flotation.
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Fig 6.2 Chalcocite flotation in the presence of 30% kaolinite in NaCl solutions

6.4 Effect of cations on chalcocite flotation in the presence of kaolinite

Fig 6.3 shows the effect of different cations on chalcocite flotation in the presence
of 30% kaolinite. For a comparison, Cu grade and recovery from chalcocite
flotation in tap water and NaCl solutions were also included in the figure. As can
be seen, like NaCl, LiCl and KCI mitigated the negative effect of kaolinite on
chalcocite flotation. However, the three cations (Na*, Li* and K*) affected the
flotation differently. 0.47 mol/L LiCl and 0.34 mol/L NaCl produced almost
identical Cu grade-Cu recovery curves suggesting that Li* may be inferior to Na*
in mitigating the negative effect of kaolinite on chalcocite flotation, reaching
similar flotation results but at higher concentration. Meanwhile, 0.27 mol/L KCI
produced the best chalcocite flotation with the best Cu grade-Cu recovery results
despite the moderate concentration. As a result, K* is superior to Na* and Li* in

mitigating the negative effect of kaolinite on chalcocite flotation. Interestingly, it
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was found that mitigation effect of these cations on kaolinite slime coating
follows Hofmeister effect by the order of K* > Na* > Li*, based on the influence

of the ion on the water in its vicinity (Franks, 2002).
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Fig 6.3 Effect of cations on chalcocite flotation in the presence of 30% kaolinite

6.5 Effect of anions on chalcocite flotation in the presence of kaolinite

Similarly, the effect of different anions on chalcocite flotation in the presence of
30% kaolinite was investigated. The results are shown in Fig6.5. Cu grade and
recovery from chalcocite flotation in tap water and NaCl solutions were also
included in Fig 6.4 for a comparison. Again, the three anions, F, ClI- and I
mitigated the negative effect of kaolinite on chalcocite flotation. As can be seen
from Fig 6.4, F improved chalcocite flotation response the least despite the
highest concentration, 0.48 mol/L tested. 0.48 mol/L NaF increased Cu recovery

from 63% in tap water to 78% without changing the Cu concentrate grade at the
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end of flotation. CI- produced better flotation than F- even at a lower concentration.
For example, 0.17 mol/L NaCl produced chalcocite flotation concentrate with 39%
Cu grade and 89% Cu recovery. |- improved chalcocite flotation the most. 0.13

mol/L Nal produced a flotation concentrate with 42% Cu grade and 91% Cu

recovery.
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Fig 6.4 Effect of anions on chalcocite flotation in the presence of 30% kaolinite

6.6 Conclusions

The study in this chapter confirmed the effect of kaolinite on chalcocite flotation
Is similar to bentonite in tap water which depresses the copper flotation by slime
coating. Test results indicate that with the addition of electrolytes to the flotation
system, the flotation of chalcocite was improved. In addition, it is interesting to
find that larger size ions may improve chalcocite flotation in the presence of

kaolinite more than smaller size ions.
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Chapter 7 Impedance spectroscopy study
on the mitigation of clay slime coatings on
chalcocite by electrolytes

Testwork presented in this Chapter was designed to explore how the inorganic
ions improve chalcocite flotation in the presence of clay mineral by using the
electrochemical impedance spectroscopy (EIS). The EIS data are analysed and

modelled to identify how the different ions affect the clay slime coating.
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7.1 Introduction

Despite the widespread problem of slime coating in mineral flotation, a direct
detection of slime coating is not available. Traditionally, zeta potentials on two
single minerals are measured to infer the electrostatic attraction which may cause
one mineral to coat the other mineral. Cryo-SEM has been used to detect slime
coating in chapter 5. The advantage of Cryo-SEM is that samples taken from
slurries are snap-frozen to preserve mineral surfaces in the vitrified water without
crystallisation as ice (Battersby et al., 1994). Coupled with energy-dispersive X-
ray spectroscopy (EDS) to identify the elemental composition of chosen mineral
areas, Cryo-SEM can confidently detect slime coating. However, strictly
speaking, Cryo-SEM is not an in-situ technique involving a sampling process. It

is also sophisticated with limited accessibility.

The electrochemical impedance spectroscopy (EIS) is a sensitive analytical
technique with a high accuracy, allowing an in-situ detection of the formation of
surface layers on the electrode which is well correlated with the electrode
capacitance. The measured impedance data can also reflect the kinetics of surface
electrochemical reactions in-situ with a minimum of surface modification (De
Wet et al., 1997; Niu et al., 2014). Ekmekg et al. (2010) used EIS to study the
adsorption of CuSO4 and SIBX on pyrrhotite surface and correlated pyrrhotite
Impedance with its flotation behaviour. Guo et al. (2015) demonstrated that a
change in the impedance of pyrite electrode was consistent with the adsorbed
xanthate. Mu et al. (2015) reported that the presence of lignosulfonate based
biopolymers on pyrite surface was reflected by a change in impedance of pyrite
electrode. In this study, for the first time, the EIS was applied to investigate the
slime coating and its mitigation on mineral surface. The test method is as outlined
in chapter 3. It is expected that the impedance of a mineral electrode in the

absence and presence of slime coating is different.
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7.2 Cyclic voltammetry studies

The voltammogram of chalcocite electrode in background solution is shown in
Fig. 1. Chalcocite voltammograms with surface reactions in aqueous solutions
have been frequently reported (Sato, 1960; Velasquez et al., 2001). The peak at
0.15V with the breadth from approximately 0.05 to 0.25 V on the positive-going
sweep was attributed to the oxidation of chalcocite resulting in the formation of

cupric oxide and a sulfur-rich sub-layer (covellite) as shown in Reaction (1).
Cu,S + 2XOH™ = Cup«S + XCuO + xH,0 + xe= (1)

Extensive oxidation of chalcocite to cupric hydroxide and sulphate commences
at elevated potential and is much more rapid and electrochemically irreversible.
This reaction did not occur in the potential range investigated in this study as
shown in Fig 7.1.
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Fig 7.1 Voltammograms of chalcocite electrode in background solution
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7.3 Electrochemical Impedance Spectroscopy studies

Impedance measurements were conducted to provide an in-situ detection of
possible modification of chalcocite surface exposed to electrolyte solutions in the
presence of kaolinite. The impedance spectra are commonly presented as a Bode
plot (with log frequency on the X-axis and the impedance absolute value Z on the
Y-axis). At a high frequency region (100-10,000 Hz), Z values are low and
relatively constant. This is a typical response of a resistor to an AC with high
frequency, corresponding to solution resistance. In a low frequency region (0.1-
100 Hz), the relationship between Z and frequency becomes linear with a slope
of -1. This part corresponds to a capacitive behaviour caused by the electrical
double layer at the mineral/solution interface and/or the possible surface layer. In
this study, the impedance values indicated in the Bode plots for chalcocite in the
presence of kaolinite in different electrolyte solutions were investigated and

compared.

7.3.1 EIS Response of chalcocite in DI water in the presence of kaolinite

The formation of surface layer on sulphide mineral surface can be detected by
Impedance spectroscopy based on the physical properties of the layer. The
capacitance of mineral surface in electrolyte solution may include the double

layer capacitance (Cp.) and the space charge capacitance (Csc) .

According to the Stern model (Bockris and Reddy, 1970; Bard and Faulkner,
1980; Adamson, 1990), the double layer on the solution side consists of several
layers: Inner Helmholtz Layer (IHL), Outer Helmholtz Layer (OHL), and Gouy-
Chapman (G-C) Diffusion Layer (Fig 7.2). The total capacitance of the electrical
double layer, Cpy, is given by series combination of Helmholtz capacitance, C,

and diffusion capcitance, C¢ as follows (Bockris and Reddy, 1970):
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1 1 1
= +
Cor Cy Cg (1)

For semiconductor, another term is introduced in the double layer capacitance
owing to diffuse charge region (the Garrett-Brattain Space Charge) inside an
intrinsic semiconductor (Fig 7.2).
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Fig 7.2 Excess charge distribution in the Garrett-Brattain space charge region and the double
layer for a semiconductor in an electrolyte (Bockris and Reddy, 1970).

Therefore, the observed capacitance is resultant of two capacitors in series: the
space charge capacitor, Csc, and the double layer capacitance in the solution
phase (Bockris and Reddy, 1970):

1 1 1 1 1 1

= + = +—+— (2)
Cobs CSC CDL CSC CH CG

In a strong electrolyte solution Cg »Cy »Csc, therefore the measured capacitance
is given by Cops = Csc (Neeraj K. M., 2000). In this research, the electrolytes
selected from Hancer’s ion classification table (2001) were strong. The change of
double layer capacitance will have little effect on the Cq,s, compared with slimes
coating on the mineral surface. Therefore, the double layer capacitance has not

been taken into consideration.

Due to the observed capacitance can be determined by the space charge
capacitance which can be considered as the capacitance of a parallel plate

capacitor (Bockris and Reddy, 1970), it can be determined by the dielectric
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constant with the material that forms on mineral surface. A capacitor forms when
two conducting plates are separated by a non-conducting medium, called the

dielectric. The value of the capacitance C can be described as Eq. (3):

C = goeAld (3)

where g is the dielectric constant of free space which is a physical constant, &y

Is the dielectric constant varying with material, d is the distance between two

plates, and A is the surface area of the plate.

Table 1 shows the dielectric constants of chalcocite, copper oxide/hydroxide and
kaolinite (Josann et al., 1936). It indicates that the formation of kaolinite coating
on chalcocite surface will decrease the dielectric constant and the capacitance.

The impedance Z of a capacitor is given in Eq. (4):
/= _%)C (4)

Where j=+v—1, ® js the angular frequency of the AC voltage. Therefore, the
decrease of capacitance of surface layer can be reflected by the increase of

Impedance values.

Table 7.1 Dielectric constants of various materials

Mineral Dielectric Constant
Chalcocite >81
Copper oxide (Cuprite) 16.2
Kaolinite 11.18
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Fig 7.3 shows the EIS (Bode plots) of chalcocite surface in background solution
with the electrode pre-oxidized at 0 mV, 200 mV, and 400 mV. It can be seen
that the impedance of chalcocite was much larger at 200 mV than at 0 mV at the
low frequency region due to the formation of Cu(OH)/CuO layer. Further
increasing the oxidation potential to 400 mV slightly increased the impedance
value. This is consistent with the potential range for the oxidation of chalcocite
through CV studies in Fig 7.1 where the moderate oxidation of chalcocite

occurred over a potential range from 0.05 V t0 0.25 V.

The formation of a continuous surface layer may cause a change to the
capacitance. Since the impedance of a capacitor is inversely proportional to the
capacitance, the decrease in electrode capacitance can be conveniently observed

in Bode plots with an increase in impedance in the low frequency range.

The EIS of the pre-oxidized chalcocite electrode at 400 mV with the addition of
10% kaolinite in the solution is shown in Fig 7.4. The impedance of chalcocite in
the presence of kaolinite was higher than that in the absence of kaolinite in the
low frequency range. Obviously, kaolinite with the lower dielectric constant

coated the oxidized chalcocite surface.
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7.3.2 The effect of cations and anions on EIS of chalcocite in the absence of
kaolinite

The EIS of the pre-oxidized chalcocite electrode at 400 mV in 0.34 M LiCl, NaCl
and KCI solutions in the absence of kaolinite was investigated. Fig 7.5 shows that
the impedance of chalcocite in these electrolyte solutions was very similar in the
low frequency range. Compared to the impedance of chalcocite in DI water (Fig.
4) in the low frequency range (e.g., at Log Frequency = 0), the impedance of
chalcocite in these three electrolyte solutions was lower. Since the oxidized
chalcocite surface is positively charged at pH 7, anions in the solution are
attracted to the chalcocite surface by electrostatic attraction, which may reduce
the impedance of chalcocite. It is consistent with the study of Wei et al. (1992)
showing that the dielectric constant of RbCl, CsCl or LiCl solution was higher

than that of pure water.

The similar effect of LiCl, NaCl and KCI on the impedance of oxidized chalcocite

surface is expected because of the same anion Cl- associated with different cations.
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Fig 7.5 EIS (Bode plots) of chalcocite in 0.34 M LiCl, NaCl and KCI solutions with the electrode pre-
oxidized at 400 mV in the absence of kaolinite

Fig 7.6 shows the EIS of chalcocite in NaF, NaCl and Nal solutions. Similarly,
compared to the impedance of chalcocite in the low frequency range in DI water
as shown in Fig 7.5, the impedance of chalcocite in these three electrolyte
solutions was lower, indicating that the impedance of chalcocite decreased with
the addition of electrolytes. It is interesting that the impedance of chalcocite was
higher in NaF solution than in NaCl and Nal solutions, in general. For example,
at Log Frequency =0, the log value of chalcocite impedance in NaF solution was
2.55 ohm cm? which is higher than that in NaCl and Nal solutions (2.35 and 2.31

ohm cm?, respectively).

Since the anion in the solution is attracted to the positive chalcocite surface by
electrostatic forces, the impedance measurements suggest that F~ could be less
adsorbed on chalcocite surface than Cl- and I. Tadros and Lyklema (1968) and

Sonnefeld (1995) reported that the adsorption sequence of monovalent cations on
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silica surface follows the Hofmeister series with larger ions adsorbing in greater
quantities than smaller ions. As known, SCN- is also a large anion in Hofmeister
series. However, it is not part of saline water and may complex with copper ion.

Due to the difference to other anions, SCN- has not been investigated.
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Fig 7.6 EIS (Bode plots) of chalcocite in 0.34 M NaF, NaCl and Nal solutions with the electrode pre-
oxidized at 400 mV in the absence of kaolinite

7.3.3 The effect of cations and anions on EIS of chalcocite in the presence of
kaolinite

The previous study reported that larger ions improved chalcocite flotation in the
presence of kaolinite more than smaller ions. In this study, the effects of different
cations (K*, Na* and Li") and anions (I, ClI- and F") on the EIS of chalcocite were

examined.

Fig 7.7 shows the EIS of chalcocite in 0.34 M LiCl, NaCl and KCI solutions in
the presence of 10% kaolinite. As can be seen, NaCl, LiCl and KCI all reduced
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the impedance of chalcocite in the presence of kaolinite, indicating the mitigation
of kaolinite slime coating from chalcocite surface. However, the three cations
(Na*, Li* and K") affected the impedance of chalcocite differently. Compared to
the impedance of chalcocite in DI water in the presence of kaolinite, at the same
concentration of 0.34 M, KCI generated the lowest impedance while LiCl only
slightly reduced the impedance. To understand the different extent of cations in
mitigating the kaolinite coating from chalcocite surface, the impedance of
chalcocite in each electrolyte solution in the absence and presence of kaolinite as
shown in Figs. 5 and 7, respectively, was compared. In general, the impedance of
chalcocite was higher in the presence of kaolinite in each electrolyte solution. At
the Log Frequency = 0, the differences in log value of impedance in the absence
and presence of kaolinite were 0.57, 0.85 and 0.99 ohm c¢cm? in KCI, NaCl and
LiCl solution, respectively. It is clear that K* was superior to Na* and Li* in
mitigating kaolinite slime coating on chalcocite surface, and produced a surface
more close to the one without the slime coating. These EIS measurements are also
in an agreement with the previous flotation results showing that chalcocite
flotation in the presence of kaolinite was improved in a decreasing order of K¥,
Na*"and Li".
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Fig 7.7 EIS (Bode plots) of chalcocite pre-oxidized at 400 mV in the presence of 10% kaolinite in 0.34
M LiCl, NaCl, and KCI solutions (the Bode plot of chalcocite with 10% kaolinite in DI water is also
given for a comparison)

As previously mentioned in Chapter 6, negative effect of kaolinite coating and
reduced the impedance by the order of K* > Na" > Li* was known as the
Hofmeister series. As reported by Tadros and Lyklema (1968) and Sonnefeld
(1995), the adsorption sequence of monovalent cations on silica surface follows
the Hofmeister series with larger ions adsorbing in greater quantities than smaller
ions. Sonnefeld (1995) proposed the stern layer thickness increased with the
increase of the ion radius resulting in more ions adsorption. Franks (2002)
measured the zeta potential of silica surface in the presence of K¥, Na* and Li*
and found that the zeta potential increased with the cations following the
Hofmeister series as well. At alkaline pH, silica had less negative zeta potential
with K* than with Na* and Li" in line with the adsorbed amount. In this study,
more K™ may be adsorbed on the negatively charged kaolinite than Na* and Li*

resulting in less electrostatic attraction between kaolinite and oxidized chalcocite.
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Similarly, the effect of different anions on the EIS of chalcocite in the presence
of 10% kaolinite was investigated. The results are shown in Fig 7.8. Compared
to the impedance of chalcocite in DI water, at the same concentration of 0.34 M,
Nal generated the lowest impedance while NaF only slightly reduced the
Impedance. Again, to understand the different extent of anions in mitigating
kaolinite coating from chalcocite surface, the EIS of chalcocite in the absence and
presence of kaolinite in each electrolyte solution as shown in Figs7. 6 and 7.8,
respectively, was compared. In general, the impedance of chalcocite in the
presence of kaolinite was higher in each electrolyte solution. At the Log
Frequency = 0, the differences in the log value of impedance in the absence and
presence of kaolinite were 0.40, 0.85 and 0.91 ohm cm? in Nal, NaCl and NaF
solution, respectively. Obviously, I mitigated slime coating on chalcocite surface
more than ClI- and F and produced a surface closer to the one in the absence of
kaolinite. This should be due to greater quantities of larger anions adsorbed on
positively charged chalcocite surface, as discussed previously. It is consistent
with the flotation tests in Chapter 6 showing that chalcocite flotation in the

presence of kaolinite was improved more with I than Cl-and F.
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Fig 7.8 EIS (Bode plots) of chalcocite (pre-oxidized at 400mV) in the presence of 10% kaolinite in 0.34
M NaF, NaCl and Nal solutions (the Bode plot of chalcocite with 10% kaolinite coating in the absence
of electrolyte is also given for a comparison)

7.4 Modelling of electrochemical impedance spectrum data

The impedance spectrum can be modelled by an electrical circuit with physical
elements (Lin and Say, 1999; Pang et al., 1990; Venter and Vermaak, 2008). In
this study, based on the criteria of simplicity and electrochemical interpretation,
the electrical circuit shown in Fig 7.8 was used to model a simple charge transfer
process at the mineral/solution interface. In this circuit, Rs represents the solution
resistance and R represents charge transfer resistance. The capacitance due to
double layer charging and/or possible surface layers is represented by Cg in place
of an ideal capacitor. Cq can provide a useful modelling element containing
various disturbances due to the physical nature of electrode surface and reactions
(surface roughness, “leaky” capacitor, non-uniform current distribution, etc.)
(Ekmekq et al., 2010; Venter and Vermaak, 2008). The surface heterogeneity
and roughness of the electrode surface is indicated by a parameter n, usually

varying between 0.5 and 1 (Bevilaqua et al., 2004; Guo et al., 2015).
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Fig 7.9 The electrical circuit that models the impedance spectrum

To further investigate the kaolinite adsorption on oxidized chalcocite surface in
DI water and electrolyte solutions, the EIS data of oxidized chalcocite in the
absence and presence of kaolinite were fitted to the proposed electrical circuit
using computer program Zview. The extracted model parameters from the
equivalent circuit in the absence and presence of kaolinite are given in Tables 7.2
and 7.3, respectively. In both tables, the resistance R representing the solution

resistance was not greatly affected due to the use of buffer solution in all cases.
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Table 7.2 The extracted model parameters by fitting the EIS data in DI water and 0.34 M electrolyte

solutions in the absence of kaolinite to the equivalent circuit.

lon Rs (Q cm?) Ret (kQ cm?) Car (UF cm™) n
DI Water 90.2 2.3 51 0.65
Li* 110.5 15 28.6 0.51
Na* 118.9 1.3 255 0.52
K* 109.0 1.3 28.2 0.52
F 99.6 17 18.7 0.62
CI 118.9 1.3 255 0.53
I 94.0 0.5 28.3 0.56

The experimental error is 1.3-2.8% for Rs, 5.9-10.1% for Rt and 6.4-9.9% for Cy.

In table 7.2, R was higher in DI water than all electrolyte solutions, indicating
the higher impedance in DI water. In the presence of Li*, Na" and K*, R was
similar (varying from 1.5 to 1.3 kQ cm2), indicating the similar charge transfer
between the oxidized chalcocite electrode and the electrolyte interface. R¢ was
1.7, 1.3 and 0.5 kQ cm2 in the presence of F-, Cl" and I, respectively. The
decreasing trend of R indicates that the charge transfer was improved by
electrolytes, following the order of F<CI<I. Cyq was lower in DI water than
electrolyte solutions, which reflects the absence of ions in DI water. Cq in the
presence of Li*, Na* and K" was similar due to the same anion CI- absorbed on
the oxidized chalcocite surface. An increasing trend of Cg in the presence of F,
Cl and I on the oxidized chalcocite surface was due to the greater quantity of a

larger anion absorbed on the electrode surface.
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In table 7.3, R was 3.9 kQ c¢cm? in DI water in the presence of kaolinite which
was higher than that in the absence of kaolinite (2.3 kQ cm? in Table 7.2). It
demonstrates that kaolinite was adsorbed on oxidized chalcocite surface and
increased the difficulty in charge transfer. The decreasing trend of R in the
presence of Li*, Na* and K* indicates that the improved charge transfer with
electrolytes follows the order of Li*<Na'<K", due to stronger mitigation of
kaolinite coating by larger cations as a result of greater adsorbed quantities of
larger cations on the negatively charged kaolinite surface. Similarly, the
decreasing trend of R; was found in the presence of F-, Cl-and I, due to stronger
mitigation of kaolinite coating by larger anions as a result of greater adsorbed

quantities of larger anions on the positively charged chalcocite surface.

The dielectric constant for kaolinite is 11.18 which is significantly smaller than
that of oxidized chalcocite (>81) (Josann et al., 1936). Therefore, low Cq in DI
water reflects the existence of the adsorbed kaolinite. Compared to the Cq values
in DI water, the Cq values in electrolyte solutions all increased, indicating less
kaolinite absorbed on chalcocite surface. Cgy increased in the presence of
electrolytes, following the order of Li*<Na*<K™ and F'<CI<I- due to more large

ions absorbed on mineral surface.
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Table 7.3 The extracted model parameters by fitting the EIS data in DI water and 0.34 M electrolyte
solutions in the presence of kaolinite to the equivalent circuit.solutions in the absence of kaolinite to

the equivalent circuit.

lon Rs (Q cm?) Ret (kQ cm?) Cal (UF cm™) n
DI Water 99.0 3.9 4.0 0.55
Li* 98.6 3.0 8.0 0.53
Na* 104.2 1.9 11.0 0.58
K* 103.9 0.8 14.2 0.59
F 106.7 2.9 6.9 0.60
CI 104.2 1.9 11.0 0.58
I 110.4 0.7 40.4 0.60

The experimental error is 0.9-3.0% for Rs, 3.7-5.0% for R¢t and 4.5-9.2% for Cq.

7.5 Conclusions

In this study, for the first time, the electrochemical impedance spectroscopy (EIS)
was applied to investigate the slime coating effect and its mitigation on mineral
surface. The results show that the impedance was lower in saline water than in
tap water, indicating that the electrolyte mitigated slime coating. It is consistent
with the flotation results showing that in tap water, the kaolinite coating on
chalcocite surface occurs as a result of the electrostatic attraction, leading to the
depression of chalcocite flotation. With the addition of electrolytes to the flotation
system, the flotation of chalcocite can be improved due to slime coating being
mitigated as a result of the reduction of electrostatic attraction between particles
by electrolytes. In addition, for the cations (Li*, Na* and K*) and anions (F-, CI

and I") in this study, larger ions can reduce slime coating in the presence of
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kaolinite more than smaller ions presumably due to the adsorbed quantity of
larger ions on mineral surfaces resulting in greater decreases in electrostatic

attraction.
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Chapter 8 Conclusions and future work

8.1 Conclusions

This thesis focuses on understanding the mechanism of clay minerals slime
coating on copper sulphide minerals and the mitigation of slime coating effect in
flotation by electrolytes. The main findings from this study are summarised in

this chapter:
(1) The effect of clay minerals on the flotation of copper sulphide minerals

Results of batch flotation tests on open pit ore and underground ore indicated the
overall copper flotation recovery of open pit ore was lower than that of
underground ore due to the low chalcocite recovery from the open pit ore which
contained bentonite. In the absence of bentonite, both chalcopyrite and chalcocite
single minerals displayed good floatability in the flotation. However, chalcocite
flotation was much more depressed than chalcopyrite in the presence of bentonite

after grinding.
(2) The mechanism of clay slime coatings on copper sulphide minerals

It was found that the surface oxidation of chalcopyrite and chalcocite occured and
changed the surface properties during grinding. Chalcocite was strongly oxidized
while chalcopyrite was slightly oxidized after normal grinding with stainless steel
media. The slightly oxidized chalcopyrite surface remained negatively charged
after grinding at pH 9.0 and entropically repulsive from bentonite slime particles.
In contrast, the strongly oxidized chalcocite surface became positively charged
after grinding at the same pH and electrostatically attractive to bentonite particles.
It well explained the different flotation behaviour between chalcocite and

bentonite in the presence of bentonite.
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(3) The mitigation of clay slime coatings on copper sulphides in the flotation by

electrolytes

This study showed that electrolytes might mitigate kaolinite slime coating on
chalcocite flotation. In tap water, the kaolinite coating on the chalcocite surface
was responsible for the depression of chalcocite flotation. With the addition of
electrolytes to the flotation system, the flotation of chalcocite was improved. In
addition, it was found that larger size ions might improve chalcocite flotation in

the presence of kaolinite more than smaller size ions.

(4) The mechanism of mitigation effect of electrolytes on clay minerals slime

coating

The electrochemical impedance spectroscopy was applied to investigate how the
electrolytes mitigate kaolinite slime coating on chalcocite particle surface. The
results showed that with the addition of electrolytes, kaolinite slime coating might
be mitigated as a result of the reduction of electrostatic attraction between
particles by electrolytes. Larger ions might reduce slime coating in the presence
of kaolinite more than smaller ions due to the decrease of the electrostatic

attraction between chalcocite and kaolinite.
8.2 Recommendations for future works

To further establish the slime coating mitigation on sulphide minerals flotation,

the following work is recommended:
(1) Study the mitigation of chalcocite surface oxidation

This study revealed that chalcocite oxidation might be an important contributing
factor to the poor flotation of open pit copper ore. It is recommended to
investigate the copper ore surface oxidation issue during grinding in the
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Australian copper mining industry and how the reagent scheme could be adjusted

accordingly to optimize the copper recovery.
(2) Investigate the clay slime coating mitigation on other main base metals

This study established the clay slime coating mitigation on chalcocite mineral.
The possibility of clay slime coating mitigation on other main base metals is
promising. Therefore, the isoelectric points of other common sulphides and
oxides of metal minerals (such as lead, zinc, nickel, tin etc.) may be tested and
compared with this study on chalcocite. Investigations on the mitigation of clay

slime coating on these minerals are recommended.

(3) Study the influence of chalcopyrite and chalcocite oxidized layer thickness on

slime coating

The thickness of the oxidised layer on copper mineral surface may quantify the
formation of the oxidised layer. It could be combined with a time-dependent

measurement of impedance to determine the kinetics of oxide layer formation.
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