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Synopsis

Surface properties of metal sulphides have a great significance in
various areas of engineering and science, such as acid mine
drainage, contaminant sorption, and metal separation. In various
attempts at producing metal sulphide particles from synthetic
solutions, prodigious quantities of nuclei that grow only to colloidal
dimensions have been frequently reported. This copious nucleation
is promoted by the high levels of supersaturation that characterize
most precipitation reactions. Colloidal particle formation in precipi-
tation-based separation processes results in sub-optimal solid-liquid
separation, which is alleviated by the production of more highly
crystalline particles or agglomerates. The current work approaches
this challenge from an electrochemistry perspective, by measuring
surface charge potential of precipitant particles during metal
sulphide precipitation with respect to the concentration of metal
sulphide lattice ions in solution. Electrophoresis was used to
measure the metal sulphide particle zeta potential and the settling
properties were obtained by performing settleability measurements
using an Imhoff settling cone. A suspension of copper sulphide
particles was precipitated from synthetic solutions of copper and
sulphide ions at equimolar concentrations. Inmediately after precip-
itation the copper sulphide particles had a zeta potential of -50 mV
and a settleability of about 7 me.<1. With the addition of copper ions
the settleability increased by a factor of nearly three times and the
zeta potential also increased to a maximum of -40 mV. A decrease in
zeta potential to a minimum of -60 mV was observed after the
addition of sulphide ions and this was associated with a settleability
of 0 me.s1.
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Introduction

Metal sulphide precipitation is a potential
process for the removal of metal ions from
industrial waste and acid mine drainage

metal sulphides, effluent concentrations
achieved can be less than 0.01 mg.¢1 ina

(AMD). Due to the relatively low solubilities of

tenth of the volume formed by the alternative
conventional lime process (Huisman, et al.,
2006; Peters, et al., 1984). Another potential
application of the process is selective precipi-
tation, which is possible due to the difference
in solubility of the various metal sulphides.
However, due to these low solubilities and the
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great affinity between the reactant species,
precipitation is inherently driven by high
supersaturation. In conditions of high
supersaturation, crystal growth rate is
suppressed and nucleation rate favoured.
Consequently, this leads to precipitant particles
that grow only to colloidal dimensions, leading
to poor sedimentation or filtration properties
and a significantly lower practical removal
efficiency than the predicted theoretical
efficiency. Demopolous (2009) stated that the
relationship between the processing conditions
and product characteristics is a function of
solid-liquid equilibria, reactor selection and
design, precipitation kinetics, and colloid
surface kinetics. In this study, the focus will be
on investigating the effects of colloid-surface
chemistry on the agglomeration properties of
copper sulphide with the aim of enhancing
sold-liquid separation, post-precipitation.

After precipitation, metal sulphide particles
may develop charge as a result of one or more
of the following mechanisms: ionization of
surface groups, crystal defects leading to
surface atoms that carry excess or deficient
charge, and differential dissolution of surface
lattice ions (Everett, 1988). When such a
charged particle is immersed in an electrolyte
solution, it is surrounded by ions of the
opposite sign to balance the surface charge
and this leads to the formation of what is
commonly referred to as the electrical double
layer (EDL) (Helmholtz, 1879). The EDL can
be further divided into two regions: an inner
layer of ions, which are closely associated with
the charged surface, and an outer layer of ions
that are loosely associated with the charged
surface (Hiemenz, 1986). All the ions within
the inner layer of the EDL are termed
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potential-determining ions (PDI). It is the diversity and
nature of these ions that is important in predicting and
understanding surface-mediated processes (Hunter, 1986).
The interface between the inner and outer layer of the EDL is
termed the shear plane and the potential at this plane is
considered as the zeta potential of the particle (Shaw, 1970).
The zeta potential of a particle can be quantified by micro-
electrophoresis and is largely dependent on solution
chemistry. Colloidal stability of a homogenous suspension is
governed by the coulombic interactions between charged
aqueous species and, therefore, is a function of zeta potential.

Deryagin and Landau (1941) and Verwey and Overbeek
(1948) independently developed a quantitative theory,
termed DLVO after the authors, in which the electrical
stability of colloidal dispersions was treated in terms of the
energy changes that take place when particles with an
electrical double layer approach one another. The theory is
based on the net interaction energy due to an overlap of
electric double layers (repulsion) and van der Waals forces
(attraction) in terms of interparticle distance. Particles that
have a large zeta potential magnitude will experience large
interparticle repulsions, and as such particles with a low zeta
potential will experience relatively smaller interparticle
repulsions. Therefore, it should follow that aggregation
should be dominant in suspension systems in which the
particles possess a low zeta potential magnitude, generally
within the range -15 mV to +15 mV (Ottewill, 1982). This is
also consistent with work conducted by Mokone and co-
workers (2010), in which the authors explained the failure of
precipitated copper sulphide particles to settle by the
relatively high absolute value of their zeta potential, which
was found between -30 mV and -45 mV.

The surface of sulphide minerals is highly reactive and
begins to oxidize as soon as the mineral is in contact with
water, if no particular precaution is taken. Fullston and co-
workers (2006) reported that the zeta potential of sulphides
is very sensitive to surface oxidation, with a change in
magnitude of up to 80 mV between a non-oxidized and fully
oxidized surface. Consequently, it is necessary to ensure
minimal oxidation of the copper sulphide particles during the
precipitation step. The isoelectric point of a homogenous
suspension is the pH at which the respective particles possess
a zeta potential of 0 mV. According to Healy and Moignard
(1976), a "pristine’ and non-oxidized metal sulphide has an
isoelectric point that lies at low pH values, close to that of
elemental sulphur which has an isoelectric point of 1.6. As
the extent of oxidation increases, the position of the
isoelectric point shifts towards alkaline conditions and as
such the relative position of the isoelectric point can be
considered as a measure of oxidation. The investigation will
include, firstly, determining the isoelectric point of the precip-
itated copper sulphide particles, in order to quantify the
extent of oxidation, after which the effect of solution
chemistry with respect to zeta potential and dissolved lattice
ion concentration will be investigated.

Materials and methods

The investigation was divided in to two phases: firstly, the
precipitation of copper sulphide particles, and secondly,
modification of the solution chemistry with respect to copper
and sulphide ion concentration. All the experiments were
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conducted at room temperature (approx. 25°C) and pressure,
and solutions were made up to the desired concentrations
using de-oxygenated and Millipore de-ionized water. Water
was de-oxygenated prior to solution preparation by boiling
the de-ionized water for at least 10 minutes and then
allowing it to cool in a closed container. During solution
preparation, oxygen contamination was avoided by sparging
nitrogen whenever the vessel containing the solution was
open to the atmosphere. Metal ion solutions were made up to
a concentration of 500 mg.¢1 and the sulphide ion solution
concentration was made equimolar to the metal ion concen-
tration. Both stock solutions were stored in 10 ¢ graduated
vessels equipped with two ports, one for solution withdrawal
and the other for nitrogen sparging. The precipitated metal
sulphide particles were then suspended in metal ion and
sulphide ion solutions that represented 3% and 5% of the
respective synthetic stock solution. Ionic strength was
maintained constant by using KCl, which was considered to
be an indifferent electrolyte. Throughout the experiment,
oxygen contamination was avoided by continuous sparging
of nitrogen.

Micro-electrophoresis was used as an analytical technique
to characterize the electrochemical nature of the copper
sulphide particle surfaces. The zeta potential versus pH curve
was produced using an MPT-2 Autotitrator in conjunction
with the Malvern Zetasizer Nano. The autotitrator was
connected to a sulphide-resistant pH probe, which was
inserted into the sample measurement cell. Sample pH was
adjusted by the addition of either 0.2 molar HCI or 0.2 molar
NaOH. For a single sample, the suspension pH was changed
from high to low pH with continuous zeta potential
measurements at pH intervals of between 0.2 and 0.4, due to
equipment limitations. All other zeta potential measurements
were measured using the Malvern Zetasizer Nano, which
uses the dynamic back-light scattering technique. All
measurements were performed in triplicate, and experiments
were also repeated three times. A settleable solids test was
performed using an Imhoff cone mounted on a cone stand.
The method involved adding a litre of a well-mixed test
suspension into the Imhoff cone and leaving it to stand for 45
minutes. A rod was then gently run on the inside of the cone
to loosen any solids clinging to the sides, and the suspension
allowed to stand for a further 15 minutes. The results were
measured in millimetres of settled solids per litre of
suspension.

Metal sulphide particles were precipitated by pumping
both Cu2+and S2- into a 1 ¢ reactor at a combined residence
time of 10 minutes. The reactor was kept at a constant pH of
6 and steady state was attained after approximately 30
minutes An overhead motor connected to a pitched blade
stirrer was used for agitation and was operated at 650 r/min.
After precipitation, the copper sulphide particles were kept in
a closed vessel under nitrogen to avoid any possible oxygen
contamination before they were suspended in different
concentrations of Cu2+ ions or S2- ions. Zeta potential
measurements of copper sulphide particles in the respective
lattice ion solutions were conducted before a settleability test
was performed on each of the samples.

Results and discussion
In order to characterize the zeta potential-pH behaviour of the
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copper sulphide particles, three independent precipitation
experiments were carried out before the zeta potential of the
respective particles was measured with respect to pH. The
results are presented in Figure 1 as run 1, run 2, and run 3.
All the three runs were between a pH range of 1.6 and 9, and
the measured zeta potential was between a maximum of

-8 mV and a minimum of -51.1 mV.

The maximum measured zeta potential values for all
three experimental runs were consistently at a pH of 1.6. For
runs 1 and 2 this corresponded to a zeta potential of -8.46
mV and -8.23 mV respectively, while a much lower value of
-15.6 mV was observed for run 3. Runs 1 and 3 exhibited
good reproducibility between a pH of 2 and 4, but a deviation
of up to 8 mV was observed at a pH of 4.8, while the
corresponding difference between runs 1 and 2 was much
higher at 16.7 mV. In comparison to runs 1 and 3, run 2
consistently gave higher zeta potential values for
corresponding pH values throughout the investigated pH
range, and slight charge reversal behaviour was observed
between a pH of 5 and 7. The general trend between runs 1
and 3 was similar and resulted in consistently lower zeta
potential values with an increase in pH down to a minimum,
after which a slight increase in zeta potential was observed.

The zeta potential-pH behaviour exhibited by the copper
sulphide particles as shown in Figure 1 is characteristic of the
behaviour of most transition metal sulphides. The observed
decrease in zeta potential with an increase in pH is consistent
with de-protonation of surface thiol groups (>S-H) and the
rate of decrease is dependent on the respective surface acidity
constants. At higher pH values, the reduction in the rate of
zeta potential change with pH could be due to the saturation
of surface hydroxyl groups (>Cu-OH). The consistently
higher zeta potential values observed for experimental run 2
was most likely due to slight oxidation of the particles, which
could have been caused by oxygen contamination during
precipitation or sampling. The large deviation in zeta
potential at a pH of 4.8 between run 1 and 3 was most likely
due to measurement or sampling errors.

Electrokinetic studies on copper sulphide by Mokone and
co-workers (2010) predicted an isoelectric point of less than
2, while Liu and Huang (1992) predicted an isoelectric point
of less than 1. This is consistent with the isoelectric point of
less than 1.6 as predicted in this study. Healy and Moignard
(1976) showed that a low isoelectric point most likely
indicates a slightly oxidized or un-oxidized metal sulphide
surface. This suggests that the precipitated copper sulphide
particles, in this study, can be considered as having
undergone very minimal surface oxidation. Further to this,
Dekkers and Schoonen (1994) stated that with significant
oxidation leading to ion dissolution, charge reversal charac-
teristics may be observed. This implies that the absence of
charge reversal may also be consistent with limited oxidation.

Immediately after precipitation, the copper sulphide
particles had a zeta potential of -50 mV and a settleability of
7 m¢.¢-1. As the solution chemistry was modified by
increasing the concentration of Cu2+ ions, an increase in the
respective copper sulphide particle zeta potential and
settleability was also observed. A suspension with an
intermediate Cu2+ ion concentration of 15 mg.¢-1 resulted in
particles that had a zeta potential of -42.7 mV and a
settleability of about 18 m¢.¢-1. The associated rate of change
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in zeta potential with relation to the Cu2+ ion concentration
was about 0.46 mV for every milligram of copper ions added
per litre. A maximum zeta potential of about -40 mV was
attained when the copper sulphide particles were suspended
in a solution with a concentration of 25 mg.&-1 of Cu2+ ions,
and these had a settleability of about 21 me.¢-1. The
associated rate of change in zeta potential with relation to the
Cuz2+ jon concentration was 0.24 mV for every milligram per
litre of copper ions added, about half the respective rate
observed for the intermediate Cu2+ ion concentration. The
maximum settleability observed, at a concentration of 25
mg.¢1 of Cu2+ ions, was nearly three times more than that of
the copper sulphide particles produced immediately after
precipitation.

Figure 3 shows the effects of S2- ion concentration on
both zeta potential and settleability of copper sulphide
particles. The data points corresponding to 0 mg.¢-1 of S2-
ions in Figure 3 are the same data points corresponding to
0 mg.¢-1 of Cu2+ ions in Figure 2.

As the concentration of sulphide ions was increased, the
respective zeta potential of the copper sulphide particles and
the observed particle settleability decreased. The particles
suspended in a solution with a S2- ion concentration of
7 mg.&-1 possessed a zeta potential of -57.2 mV. This
translated to a decrease in zeta potential of about 7 mV and
an associated particle settleability of 0 me.¢-1. A subsequent
increase in the concentration of S2- ions led to a further
decrease in the zeta potential of the copper sulphide particles
and no change in settling characteristics. All the results
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Figure 1—Zeta potential-pH curve for CuS
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Figure 3—Measured zeta potential and settleability as a function of S2-
ion concentration for CuS

presented were reproducible, as shown by the error bars in
Figure 2 and 3, which indicate standard error calculated from
three experimental re-runs.

If a concentration increase is confined to the precipitating
ions, specific adsorption of such ions on to the surface
Bronsted sites can occur (Nicolau and Mernard, 1991). The
net change in zeta potential would then depend on the ratio
between the increase in metal ions and that of the sulphide
ions. Dekkers and Schoonen (1994) summarized the effect of
metal sulphide lattice ions on zeta potential as follows: an
increase in metal ions results in an increase in the zeta
potential of the particles and an increase in sulphide ions
results in a decrease in the zeta potential of the metal
sulphide particles. This is consistent with the results
presented in Figure 2 and Figure 3, where an increase in zeta
potential is observed upon suspending the particles in a
solution of metal ions while a decrease in zeta potential is
observed for particles suspended in a sulphide ion solution.
The increase in zeta potential of copper sulphide particles in a
metal ion solution may be due to a combination of factors.
Metal ions are readily hydrolyzed in solution and form
various aqueous species, whose concentration is pH-
dependent. Up to a pH of about 6 the dominant copper
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species in solution is the Cu2+ ion (Faur-Brasquet et al.,
2002) and hence the dominant surface-PDI reactions up to
this pH would be as described by Nicolau and Menard
(1991), and defined by Equation [1]:

>S—-H+Cu> <>S-Cu* +H* [1]

In a solution with a reduced Cu2+ ion concentration, the
thiol group on the surface of the metal sulphide becomes
deprotonated with an increase in pH. As shown in Figure 1,
the zeta potential of un-oxidized copper sulphide particles is
highly negative around a pH of 6. This is due mainly to the
negative charge of the exposed sulphide ion on the thiol
group (>S-). As the concentration of Cu2+ ions increases the
negative charge on the metal sulphide surface is reduced
because of the mechanism defined by the forward reaction of
Equation [1]. According to Faur-Brasquet et al. (2002),
copper hydroxyl species are stable at pH values of 6 and
higher. Consequently such species may become adsorbed on
to the surface of the metal sulphide, which may further
increase the zeta potential of the copper sulphide particles.

When the concentration of S2- ions in solution is
increased at a pH of 6, the dominant sulphide ion in solution
is the HS™ ion (Lewis, 2010). The HS" reacts with the metal
hydroxyl group (>Cu-OH) on the surface of the metal
sulphide as described by Nicolau and Menard (1991) and
defined by Equation [2]:

>Cu-OH + HS™ <>>Cu-S™ + H,0 [2]

The OH" species when integrated on the particle surface
reduces the magnitude of the overall negative charge on a
copper sulphide particle. This is mainly because the OH~
species, which is less likely to lose a proton, occupies surface
sites that may also be occupied by the HS™ species, which
readily loses protons in mildly acidic to alkaline conditions to
expose a negative charge (>Cu-S-). The increase of sulphide
ions in solution results in the substitution of surface OH"
species with the HS™ species, resulting in an increase in the
density of potentially negative surface sites. This notion is
consistent with the observed results presented in Figure 3.

Within the experimentally investigated conditions, the
copper sulphide particles seem to obey the DLVO theory.
When the zeta potential was increased to less negative
values, an increase in settleability was observed. The
increase in zeta potential reduced the magnitude of electro-
static forces, which are largely repulsive, resulting in the
promotion of aggregation and hence improved settleability.
When the zeta potential was decreased to less negative
values, this translated to an increase in electrostatic forces,
which led to a decrease in particle aggregation and hence a
significant reduction in the observed settleability.

Conclusions

From the results presented it can be concluded that copper
sulphide particles obey the DLVO theory and hence it is
possible to induce or inhibit aggregation by altering the zeta
potential of sulphide particles. This translates to an increase
or a decrease in the electrostatic potential of the copper
sulphide particles. By changing the concentration of copper
sulphide lattice ions, either Cu2+ or S2- ions, it is possible to
effectively change the surface properties of copper sulphide
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particles and the associated zeta potential. A solution with a
Cu2+ jon concentration of 15 mg.¢-1 was able to improve the
settleability of precipitated copper sulphide particles by a
factor of almost 2.5. This makes manipulating the zeta
potential a viable option in improving the solid-liquid
separation properties of metal sulphide precipitation
processes.
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