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ARTICLE INFO ABSTRACT

Keywords: In this study, we investigated the effects of water salinity on the flotation performance of pure lead and zinc

Fl"tfm‘m ) sulfide mineral samples as well as a Pb/Zn complex sulfide ore by means of micro-flotation and batch flotation

;“Isge minerals experiments. Our results showed higher PbS and ZnS recoveries in more concentrated NaCl salt solutions. The
Ul e

results for the experiments using seawater demonstrated that in the presence of additional ions, such as Ca®* and
Mg?*, the recovery of PbS and ZnS was significantly reduced.

As part of this investigation, we developed and implemented a surface complexation model for ZnS based on
the presence of two differently charged surface sites. Zeta potential measurements of ZnS particles were used to
optimise the parameters of our model. It was found that the surface potentials calculated using this model were in
good agreement with the experimental zeta potentials, validating the model for predicting the zeta potential
behaviour of ZnS particles over a broad range of pH and NaCl concentrations.

Additionally, total interaction free energies were determined as a function of separation distance, representing
particle-particle and particle-bubble interactions of our study in different NaCl concentrations. The theoretical
analyses showed that asymmetric Pb/Zn particle-particle interactions were repulsive at lower NaCl concentra-
tions, before becoming purely attractive at higher NaCl concentrations. For the case of the symmetric parti-
cle-particle interactions, attraction controlled all interactions, regardless of NaCl concentration. The calculated
PbS-bubble interactions were repulsive in lower NaCl concentrations but became increasingly attractive in higher
NaCl concentrations. Strong repulsions controlled all ZnS-bubble interactions, and these interactions remained
repulsive with increasing NaCl concentration. The theoretical projections presented in this study were in good
agreement with the measured saline water flotation phenomena.

Zeta potential
Chemisoprtion

1. Introduction

Flotation is a widely applied technique for separating and concen-
trating ores based on their wettability properties. It is a complex three-
stage process, which involves particle-bubble collisions, particle-bubble
attachments, and the formation of stable particle-bubble aggregates (Dai
et al., 2000). Since all particle-bubble interactions during flotation take
place inside an aqueous medium, water chemistry plays a crucial role in
controlling the nature of these interactions.

Due to the limited availability of freshwater in some parts of the
world, seawater and/or recycled water with a higher salinity have
become increasingly important for use in flotation. Several studies have
documented the positive effects of inorganic electrolytes on flotation
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efficiency, which were attributed to the destabilizing effects of electro-
lytes on the hydration layers around the particles (Klassen and Mok-
rousov, 1963), and a reduced bubble coalescence (Craig et al., 1993a;
1993b) leading to an improved flotation rate (Marrucci and Nicodemo,
1967; Nowosielska et al., 2022). Increased flotation efficiency has also
been linked with shorter induction times observed in more concentrated
electrolyte solutions (Blake and Kitchener, 1973), as well as with a
reduction of particle and bubble zeta potentials, resulting from a
compression of the ionic diffuse layers in higher salt concentrations
(Hancer et al., 2001; Castro et al., 2013; Nowosielska et al., 2022).
Lead sulfide (PbS) is the world’s primary source for lead, which is
used in energy storage systems associated with power generation. The
mineral contains an equal amount of Pb>" and $2~ ions, in a cubic
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structure. Zinc sulfide (ZnS) is a main source of zinc metal. It occurs as
two polymorphs: a cubic sphalerite or a hexagonal wurtzite. The mineral
is mainly used in protective coatings for iron and steel.

Flotation separation and mineral recovery of lead and zinc from an
ore where these two minerals co-exist is a complex process. In most
operations, lead (Pb) concentrate will need to be treated and recovered
from the ore before the zinc (Zn) concentrate can be successfully
recovered via flotation (Huang et al., 2019). This multi-stage process is
made possible due to the hydrophobic nature of PbS and the fact that
ZnS is generally poorly collected by flotation reagents (Morey et al.,
2001; Trahar et al., 1997).

Given that most sulfide ores contain lead (Pb) and zinc (Zn) mixed in
together, to gain a better understanding of the fundamental particle-
bubble interactions and to maximise their individual metal recoveries,
it is important to initially study each mineral separately. Therefore, the
aim of this current work was to investigate the effects of NaCl on the
flotation of PbS and ZnS independently, and when they are contained
within the same ore body.

The micro-flotation experiments were carried out on pure PbS and
ZnS mineral samples, using solutions containing 1, 10 and 100 mM
NaCl, at pH 9 (£0.1). The batch flotation experiments on a complex Pb/
Zn sulfide ore were performed using solutions with NaCl concentrations
of 1, 10, 100 and 500 mM, as well as seawater, at pH 9 (£0.1). A total
interaction free energy for the interactions at different NaCl concen-
trations was calculated. The experimental results were then compared
with the theoretical predictions representing particle-bubble and parti-
cle-particle interactions at two different NaCl concentrations, namely
10 and 500 mM, with the latter simulating the average NaCl concen-
tration in seawater. The outcome of this work not only adds to the
fundamental understanding of the effects of inorganic salts on the
flotation of lead and zinc sulfide, but also provides more insight into a
Pb/Zn complex sulfide ore flotation using saline water.

2. Experimental and theoretical
2.1. Materials

Pure PbS and ZnS mineral samples were used in micro-flotation ex-
periments. X-ray diffraction (XRD) and a multi-elemental analysis by
Inductively Coupled Plasma — Mass Spectrometry (ICP-MS) were used to
verify the purity of these mineral samples. The XRD pattern in Fig. 1,
(left), indicated a high purity PbS sample, with a chemical composition
(wt %) of 85.61% Pb and 13.52% S. The XRD analysis in Fig. 1 (right),
confirmed that the ZnS sample was wurtzite ((Zn,Fe)S), a less frequently
encountered hexagonal polymorph of sphalerite, with a chemical
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composition (wt %) of 58.7% Zn, 6.2% Fe and 35.1% S. The Pb/Zn
complex sulfide ore had a chemical composition of (wt %) 8.38% Pb and
8.68% Zn.

Deionised (DI) water was used in all experiments. Analytical grade
sodium chloride (NaCl) was used to adjust the ionic strength of solution
and sodium hydroxide (NaOH) and hydrochloric acid (HCI) of analytical
grade used to regulate solution pH. The aqua regia solution, which was
used for the digestion of the solid fractions before ICP-MS analyses,
consisted of a mixture of nitric acid (HNOs) and hydrochloric acid (HCI),
both of analytical grade, in a molar ratio of 1:3. The major ion compo-
sition of the seawater used in the batch flotation experiments is detailed
in Table 1. The concentration of NaCl in the seawater was ~ 510 mM.

The particle size distributions for lead sulfide, zinc sulfide and the
Pb/Zn complex sulfide ore were determined by laser diffraction
(Microtrac S3500) and are illustrated in Fig. 2. Table 2 shows the
percentile points calculated using the Micro FLEX Software (Microtrac,
Inc), in microns, which show the percentage of the volume that is
smaller than the indicated size (see Table 3).

2.2. Micro-flotation experiments

The micro-flotation experiments were performed using a Hallimond
tube with air as a bubble source. When not being tested, lead and zinc
sulfide samples were stored in a freezer. Shortly prior to the experiments
a small amount of the dry feed material was ground using a ceramic
mortar and pestle. Each micro-flotation experiment was carried out on
around 3 g of pure mineral particles (lead or zinc sulfide), suspended in
250 mL of the test solution. The test solution was prepared using DI
water which also contained either 1, 10 or 100 mM NacCl. The pH in each
test was adjusted to 9 (£0.1), with NaOH. The pulp was transferred to a
Hallimond tube where it was conditioned for 3 min. The pulp was then
aerated for 10 min with air at a flow rate of 70 cc/min (~4.2 L/Hr). The
froth concentrates and the tailings were recovered, filtered, and dried.
For each experiment, the mineral recovery was calculated from the solid

Table 1
Major ion composition of the seawater used in this study.
Ton Concentration (mg/L)
Chloride (CI7) 19,000
Sodium (Na™) 11,000
Calcium (Ca®") 450
Magnesium (Mg**) 1300

Potassium (K ") 440
Sulfate (SO3") 2570
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Fig. 1. X-ray diffraction pattern of PbS (left) and ZnS (right) samples used in this study.
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Fig. 2. Particle size distribution of the lead sulfide, zinc sulfide and the Pb/Zn sulfide ore samples used in the study.

Table 2
Calculated percentiles (percentage of volume) of the lead sulfide, zinc sulfide
and Pb/Zn sulfide ore particles which are smaller than the indicated size.

Percentile (%) Particle Diameter (um)

Lead Sulfide Zinc Sulfide Pb/Zn Sulfide Ore

10 6.78 6.84 7.16

50 39.56 41.72 35.64

80 81.08 93.71 68.41

95 138.50 146.10 127.70

MV 43.17 54.99 46.04
Table 3

Parameters used to fit the chemisorption model for PbS cali-
brated using the measured zeta potentials (PbS zeta potentials
in 10 mM NacCl).

PARAMETER VALUE

Ns negative (sites m~2) 1.519 x 10'®
Ngneutral (sites m~2) 2.765 x 10'°
PKu1 5.265

pKuz 2.393

PKna —2.376

K 7.911

Table 4

Parameters used to fit the chemisorption model for ZnS, cali-
brated using the measured zeta potentials (ZnS zeta potentials
in 10 mM NacCl).

PARAMETER VALUE

Ns negative(sites m~2) 3.523 x 10'®
N neutral(sites m™~2) 4.791 x 10'®
PKin 4.977

PKipo 6.227

Ky, 4.835

pKgr 3.016

mass of the froth concentrate and tailings and is presented as a recovery
percentage (%). During filtration each fraction (concentrates and tail-
ings) was additionally rinsed with DI water to minimise any salt pre-
cipitation once samples were dry. Fig. 3 illustrates the Hallimond tube
setup used in the micro-flotation experiments.

Flotation
chamber

| Floated
product
collection

| Airinlet

Fig. 3. Micro-flotation experimental set-up using a Hallimond tube.

Using the results from the micro-flotation experiments we applied
the Klimpel model Eq. (1) (Fuerstenau et al., 2007) to calculate the first-
order rate constants k(s ') as well as the maximum recovery Ry, (%) for
each test condition, according to the following:

R =R,(1-e™) €y

where, R, is the recovery (%) at a time t (minutes), R,, is the
maximum recovery (%), and k is the first-order rate constant sH.

2.3. Batch flotation experiments

Around 500 g of the Pb/Zn complex sulfide ore was added to saline
water of a certain concentration (1, 10, 100 and 500 mM NacCl) or
seawater (ion composition in Table 1) and was ground at 50% solid/
liquid ratio (% w/v) for 10 min using a rod mill. After milling, the pulp
was transferred to a 3L laboratory flotation cell and agitated with the air
valve turned off. The pH of the pulp was adjusted to 9 (+0.1) using
NaOH. The pulp was then conditioned for 5 min before the air valve was
turned on, to an air flow rate of 4 L/min, and a froth concentrate was
collected for approximately 5 min. From each experiment, the collected
froth concentrates and tailings were recovered, filtered, and dried.
During filtering, the solid samples were rinsed with DI water to
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eliminate any salt residue. Once dry, a small amount was removed from
each concentrate and tailing for Pb and Zn assays. Each sub-sample was
suspended in an aqua regia solution and digested using a hot plate for 1
h. Once digestion was completed, all samples were appropriately diluted
and analysed for Pb and Zn using ICP-MS.

2.4. Zeta potential measurements

Dilute mixtures containing either 1 mM or 10 mM NacCl and ultra-
fine (~5 um) lead or zinc sulfide particles were prepared prior to zeta
potential measurements. The pH of each test solution was adjusted using
HCI or NaOH, so that each solution sample had a different pH, in a range
from pH 2 to pH 10. About 1 mL of each suspension was then transferred
to a Malvern Dip Cell (Malvern Instruments Ltd., Malvern, UK). The dip
cell was placed in a Malvern Nano-ZS90 zeta potential analyser (Mal-
vern Instruments Ltd., Malvern, UK) and the zeta potential measure-
ments were performed at room temperature. The measurements were
repeated at least three times for each solution condition. The experi-
mental zeta potentials for ZnS particles, conditioned in 10 mM NaCl
solution, at pH values of 2-10, were used to calibrate the charge regu-
lation parameters in the ZnS surface complexation model, described by
Eq. (2-5).

2.5. Competitive adsorption of ions at the zinc sulfide surface sites

In our previous work, (Nowosielska et al., 2022), we presented a two-
site/nonamphoteric surface complexation model for lead sufide
(galena), which was successful at predicting the zeta potential behaviour
of PbS particles. In this current work we aim at extending our investi-
gation of the competitive ion adsorption on a metal sulfide surface by
applying this same model to a system of negatively charged sulfur (S)
sites and neutral/positively charged zinc (Zn) sites on a ZnS surface.

In general, our chemisorption model describes ion competition tak-
ing place at the neutral/positive and the negative surface sites within the
metal sulfide lattice. The interactions at the negative surface sites are
determined by the H' ions competing with cations (Na™), as illustrated
by Eq. (2-3):

XH o PKnx- 1 g+ ®)

XNa < PKNax~ 4 Na* ©)

while at the neutral sites, Eq. (4-5), H' ions are competing with
anions (Cl7), with the dissociation reactions expressed as:

XH* oPKix | g+ Q)

XClI- o Kax 4 o1 5)

Here the terms pKy; and pKy, are the equilibrium constants associ-
ated with the surface adsorption of protons. The equilibrium constants
for the adsorption and desorption reactions of all ions were determined
by least-square fitting to the measured zeta potential values for the
different ionic concentrations.

The total surface charge (o,) for a given site can be calculated ac-
cording to:

o, = q,N, + Zqil"; ©)

where, q, is the charge of a dissociated site, N; is the site density
(number of sites per unit area) and q; is the ionic charge (Parsons and
Salis, 2019).

The total amount of bound charge (I';) from ion i can be calculated
from:

Minerals Engineering 202 (2023) 108236

N
=
A @

a; 1 1
K Jzaiaj (E " KjKji)

where, K; and K; represent a single adsorption of ions i and j,
respectively. The terms K;; and Kj; represent a double-binding of ion j to
a site where ion i is already bound, and a double-binding of ion i to a site
with ion j already bound. However, in the case of PbS and ZnS, the
model describes nonamphoteric ion competition, meaning, it does not
require double-binding constant terms K;; and K;; in the calculation. The
parameters for an air bubble (Table 5) include the double-binding
constant terms K; and Kj, therefore, we present the full calculation
sequence as Eq.(7).

Ay is a measure of the total association, and is the inverse of y, (y,
being the fraction of fully dissociated surface sites), and can be written
as:

1 ay a
AS:?S:H;K—m (HZ:Kmn) ®

The term a; does not describe the surface activity of an ion, rather it
corresponds to the “partial ion activity” at a particular concentration,
and according to Parsons and Salis (2019), is quantified by:

a = cbulke—q,\uo/kT (9)

i
where, ¢ is the concentration of ion i in the bulk, y, is the elec-
trostatic potential at the surface, k is the Boltzmann constant (1.3806 x

10722 J/K) and T is the temperature (298 K).
2.6. Total interaction free energy and the DLVO theory

The DLVO theory established by Derjagiun and Landau (1941) and
Verwey and Overbeek (1948) describes colloidal stability between two
objects based on an assumption that the attractive and repulsive in-
teractions are independent and therefore can be added together at each
interacting distance. The total interaction free energy (F,,) which rep-
resents the sum of all the attractive and repulsive forces for any given
system can be broken down into four individual components:

Flol = Fcl + Fcn + deW + Fchcm (10)

The term F,, represents the direct electrostatic energy due to surface
and electrolyte charges and is calculated from the electrostatic potential
y(z) generated by physisorbed ions and by the surface charge (Eq. (6))
(Parsons and Ninham, 2012):

L 2
€€ dy
Fg=— — ] d 11

! 2 Jo (dz) z a1

Here z represents the ion’s distance from the surface and L represents
the separation distance between the two interacting surfaces.

The term F, in Eq. (10) is the contribution due to the ideal entropy
(osmotic energy) of ions physisorbed near the surface. It is calculated
from the concentration profiles c;(z) of the adsorbed ions, according to
the following:

Table 5

Parameters used to fit the chemisorption model for an
air bubble calibrated using the measured bubble zeta
potentials in 10 mM NaCl, taken from Yang et al.

(2001).
PARAMETER VALUE
Ns(sites m~2) 4.676 x 10'©
PKy 5.812
pKun 2.984

PKha 1.962
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Fo =73 / " dz{ci(z)ln@ —ci(z)+co } 12)
T Jo Cio

where ¢ is the bulk activity of ion i (Parsons and Ninham, 2012).

The term F.,.em represents the chemisorption free energy resulting
from ion binding, also known as charge regulation. A detailed descrip-
tion of this energy component can be found in the studies of Parsons and
Salis (2015) and (2019). In this study, the chemisorption free energy of
an air bubble was calculated by applying a one-site/two pK surface
complexation model for an air bubble, which was first introduced by
Leroy et al. (2012).

The non-electrostatic van der Waals contributions (Fyqw) in Eq. (10)
are characterised by a Hamaker constant (A;33) for the system with:

_A]32

= 13
12nL? as)

deW

where L represents the separation distance between the two inter-
acting surfaces.

A Hamaker constant classifies the interaction between sphere (1) and
sphere (2) immersed in aqueous medium (3). Using Lifshitz theory, the
Hamaker constant can be calculated from the frequency dependent
dielectric properties (optical spectra) of the continuous phases (Lee and
Sigmund, 2002; Bergstrom, 1997). The non-retarded Hamaker constant
(A132) can be approximated as:

_ T o (A3Ay)°
2 m=0 s=1 53

(14)

The prime of the first summation indicates that the first term, when
m = 0, is given half weight (ie. is multiplied by 0.5) (Takagishi et al.,
2019).

The difference in the dielectric response function of materials k and I,
Eq. (15), is represented by a reflection coefficient Ay (i, ), where i is the
imaginery unit and &, is the Matsubara frequency, according to the
following:

e (i&,) + &€,

From the Lifshitz theory, the Matsubara frequency (&) represents
the imaginary frequency, which can be calculated by:

Ayigie,) = (15)

Am’kT
h

Here h is the Planck constant (6.626 x 10734/ K), k is the Boltzmann
constant, m is an integer number (0,1,2,3,4...) and T is the temperature.
At room temperature, £, are sampled at integral multiples of 2.4 x 10'*
rad/s.

We apply a model for the dielectric function of lead and zinc sulfide
provided by Bergstrom (1997), using:

(16)

gm:m

CUV CIR

zt+ 2
(=) (2) a7
WOyy OR

Optical parameters Cyy and Cyr are the adsorption strengths in the
UV and IR range, and for a cubic PbS these are 15.04 and 153. For a
hexagonal ZnS, the adsorption strengths in the UV and IR range are
4.153 and 3.55, respectively, while for a cubic ZnS, these values are
4.081 and 3.27, respectively. Similarly, the terms oyy and o, which
represent the adsorption frequencies in the UV and IR range, are 0.167
(10" rad/s) and 0.14 (10" rad/s) for a cubic PbS, 1.04 (10'° rad/s) and
0.52 (10'* rad/s) for a hexagonal ZnS, and 0.939 (10'® rad/s) and 0.54
(10 rad/s) for a cubic ZnS, respectively (Bergstrom, 1997). The
Hamaker constants for the interactions presented in this study are listed
in Table 6. These were calculated using dielectric data for water, taken
from Fiedler et al. (2020).

The Debye length characterizes the screening distance of the elec-

e(ig,) =1+

Minerals Engineering 202 (2023) 108236

Table 6
The Hamaker constants (A;32) for the interactions in this study.
Interaction (A132) J

5.5693 x 10~%°
2.7741 x 1072
2.3254 x 1072
5.0113 x 102
—3.3306 x 1072
—4.0206 x 10720

PbS (cubic) - water - PbS (cubic)
PbS (cubic) - water - Bubble
PbS (cubic) - water - ZnS (cubic)
ZnS (cubic) - water - ZnS (cubic)
ZnS (cubic) - water - Bubble
ZnS (hexagonal) - water - Bubble

trostatic force, denoted as (x '), and is defined as:

18)

where, g is the permittivity of free space, €, is the dielectric constant
of the medium, k is the Boltzmann constant, T is the temperature, ¢ is the
electronic charge, p, is the number density of ion i and z is the ion
valency. The calculated Debye lengths (x7!) for 1, 10 and 100 mM NaCl
solutions were 9.62, 3.04 and 0.96 nm, respectively.

2.6.1. The Poisson-Boltzmann model

The total interaction free energy described by Eq. (10) results from
ion adsorption at the surface, in response to the electrostatic potential
y(z), where each ion forms a concentration profile c¢;(z). Assuming that
each ion is in equilibrium with the bulk solution, the concentration
profile c;(z) follows a Boltzmann distribution, determined by the elec-
trostatic energy of the ion, according to:

¢i(2) = Cieo exp( _ney(2) > (19)

kT

where k is the Boltzmann constant, T is the temperature and c;, is the
bulk number concentration of all the ions.

The electrostatic potential y(z) can be calculated using the Poisson
equation:

d? e ziey(z)
EW(Z) = 7azlziciwexp< T (20)

where, e is the elementary charge and z; is the valency of the cor-
responding ion. ¢ and ¢, are the dielectric constant of the medium and
the permittivity of free space. Solving for ¢;(z) and y(z) simultaneously,
Eq. (19) and Eq. (20) together, forms the nonlinear Poisson-Boltzmann
(PB) model.

Prior to solving the Poisson equation Eq. (20), a set of boundary
conditions need to be defined. These boundary conditions relate the
gradient of the electrostatic potential at the surface of the interacting
objects to their respective surface charges, as follows:

d —
(_‘I’> _=° 1)
dZ surface €€o

The charge regulation model, Eq. (6), is then applied to determine
the surface charge of the two surfaces. We solved the nonlinear Poisson-
Boltzmann (PB) model by finite element methods using the FEniCS
software (Alnzs et al., 2015). Once c;(z) and y(z) have been calculated,
they are used to determine the total interaction free energy (Eq. (10))
between the two interacting objects, both represented as flat planes. The
Derjaguin approximation (Derjaguin, 1934) is then applied to convert
the flat-plane interaction energy (F,,) from Eq. (10) into an interaction
energy Eg(L) between the two spherical surfaces:

_ DD, © o ,
ES(L)_n<D1+D2> /L dL’Foi (L) (22)

where, D; and D, are the diameters of sphere (1) and sphere (2),
respectively and L is the separation distance (Chan et al., 1980).
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Fig. 4 illustrates the sequence of steps required to perform the
calculations.

1. Zeta potentials are measured as a function of pH and the ionic
concentration.

2. The measured zeta potentials from Step 1 are used to calibrate the
charge regulation parameters of our model, determining the charge-
regulated surface charge (o,) in Eq. (6). The charge regulation pa-
rameters are fitted by least-square difference to minimize the dif-
ference between the measured zeta potentials and the surface
potentials calculated by the PB model for zinc sulfide and air bubble
surfaces, separately.

3. Using the charge regulation parameters from Step 2 and the PB
model described by Eq. (19) and Eq. (20), the potential and the ion
concentration profiles for zinc sulfide and an air bubble interacting at
various separation distances (L) are calculated.

4. Using the electrostatic potentials and the ion concentration profiles
calculated in Step 3, the total interaction free energy between the
two surfaces, separated by a distance (L), is calculated using Eq. (10).
The total free energy between two flat surfaces is then converted to a
force between spherical particles using the Derjaguin approximation
(Eq. (22)).

3. Results and discussion
3.1. Micro-flotation experiments

Fig. 5 shows the effects of NaCl concentration in solution on the
recovery of lead sulfide during flotation.

The micro-flotation recovery (%) of lead sulfide (galena) as a func-
tion of NaCl concentration in solution has been reported in our previous
study (Nowosielska et al., 2022), with the micro-flotation experiments
carried out for a total of 7 min. For consistency between the PbS and ZnS
micro-flotation experiments detailed in this study, the duration of our
experiments has been extended to 10 min. From the results in Fig. 5, it
can be seen that PbS recovery increased with increasing NaCl

1. Measuring the zeta
potentials

N\

2. Calibrating all charge
regulation parameters

N\
3. Applying the PB equation
to generate potentials and
concentration profiles for
different lengths

N\’

4. Calculating the total
interaction free energy

Fig. 4. The calculation/optimization sequence implemented in the study.
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concentration in solution. At 10 min, the PbS recoveries (%) were
51.5%, 57.1% and 62.0% in the 1, 10 and 100 mM NaCl solutions, at pH
9 (£0.1), respectively. Here the increase in PbS recoveries can mainly be
attributed to a shorter induction time as the solution ionic strength in-
creases (Nguyen and Schulze, 2004). In addition, the compression of the
ionic diffuse layers, resulting from an increase in NaCl concentration in
solution, will have a positive effect on the particle-bubble interactions
during flotation (Wang and Peng, 2014), resulting in higher mineral
recovery.

The effects of NaCl on the recovery of pure ZnS during flotation, as a
function of the NaCl concentration in solution are shown in Fig. 6.

Fig. 6 shows that, similarly to PbS, ZnS recovery also increased with
increasing NaCl concentrations. The highest recovery of around 67%
after 10 min was reported for the test in 100 mM NaCl solution. Past
studies attributed higher mineral recoveries to the changes in stability of
the hydration layers in higher ionic strength in solution (Wang and Peng,
2014; October et al., 2020). It is well known that dissolved ions will alter
the structure of water and, therefore, have an impact on mineral flota-
tion. Monovalent ions (Na*, Cl7) have been shown to modify the
structure of water, cause the compression of the double layers as well as
control the surface activity of collectors. Past studies indicated that
dissolved ions can either act as “structure makers” (small inorganic ions:
Na™, CI-, Li", F) or “structure breakers” (large inorganic ions: K*, Cs*,
I7) for water (Wang and Peng, 2014). Na™ and Cl~ serve as structure
makers for water, in their presence the water molecules will be strongly
hydrogen bonded, therefore, the adsorption of a cationic or anionic
collector at the hydrated surface will be difficult (Hancer et al., 2001).
On the other hand, structure breaker ions will show a tendency to
destroy the structure of water, which will create more favourable con-
ditions for the adsorption of the collector (Ozdemir et al., 2011). Dis-
solved ions have been shown to alter solution viscosity, affecting the
solid and gas dispersions as well as the bubble rise velocity (Desnoyers
and Perron, 1972), important in mineral flotation. It has been shown
that small ions with structure making tendencies (eg. Na*, C17), increase
the solution viscosity. Increasing solution viscosity can lead to a lower
particle-bubble collisions during minerals flotation. The presence of Na™
and Cl™ ions will also influence the hydrogen ion conductance (Leber-
man and Soper, 1995), manifested by a reduction in solution pH.

Other studies documented that during mineral flotation, increasing
salt concentration in solutions not only impacts the behaviour of mineral
particles but also affects the air bubbles by inhibiting their coalescence
(Craig et al., 1993a; 1993b; Wu et al., 2016; Zhang, 2020), and by
helping to create smaller sized bubbles which consequently enhance
foam stability. Additionally, Craig et al. (1993a and 1993b) found that
bubble coalescence is not determined by a single effect of a cation or an
anion, but rather by the combining effect of the pair of ions present.
According to a study by Henry and Craig (2010), the correlation of Na™
and Cl” will inhibit bubble coalescence, through an increase in the
Gibbs-Marangoni pressure which depends on the specific interfacial
adsorption profile of both cation and anion (Duignan, 2021). Castro
et al. (2013) reported that for higher salt concentrations in solution, this
reduction in bubble size significantly improves particle-bubble attach-
ment efficiency and contributes to a higher mineral recovery. Moreover,
a reduction in bubble size leads to an overall increase in the number of
bubbles (ie. a higher bubble surface area flux) (Liu et al., 2013; Di Feo
etal., 2021), which can help to increase the number of potential particle-
bubble attachments.

Using the results shown in Figs. 5 and 6, we characterised the
flotation response by the maximum recovery at infinite flotation time
(Rm) and a rate constant (k), calculated for lead sulfide and zinc sulfide,
for each NaCl concentration in this study. These are presented in
Table 7.

It can be seen from the results in Table 7 that both the maximum
recoveries (Ry,) and the rate constants (k) increased with an increase in
NaCl concentration, for both mineral samples. As the NaCl concentra-
tion was increased from 1 mM to 100 mM, the flotation rate constant for
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Fig. 5. Recovery of lead sulfide as a function of flotation time at different NaCl concentrations, at pH 9 (+0.1). Error bars indicate a standard error of the
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Fig. 6. Recovery of zinc sulfide, at pH 9 (40.1), as a function of flotation time in different NaCl concentrations. Error bars indicate a standard error of the

mean value.

Table 7

Fitting parameters (flotation rate constant k and maximum recovery Ry,) used
for calculating the kinetics (Klimpel’s model) of the micro-flotation experiments
in this study.

NaCl Concentration Lead Sulfide Zinc Sulfide

Rpn (%) k(™ Rpn (%) k(™
1 mM 53.5 5.48 x 1072 51.0 5.57 x 107°
10 mM 59.1 5.65 x 107> 58.0 5.61 x 1072
100 mM 64.0 5.77 x 1073 69.3 7.05 x 1073

PbS increased from 5.48 x 1072 t0 5.77 x 1072 571, and the maximum
recovery increased from 53.5% to 64.0%. Similarly, when comparing
the micro-flotation of ZnS in 1 and 100 mM NaCl concentrations in

Fig. 6, the flotation rate constant increased from 5.57 x 10~ to 7.05 x
1073571, and the maximum recovery increased from 51.0% to 69.3%. It
was interesting to note that for the highest NaCl concentration (100
mM), both the maximum recovery (Rpyax) and the rate constant (k) were
larger for ZnS than PbS. Laskowski et al. (1991), documented that the
flotation rate is influenced by the hydrophobicity of the particle. Based
on the results in Table 7, we can assume that the hydrophobicity of our
zinc sulfide sample was possibly slightly higher than our lead sulfide
sample.

In a study by Fuerstenau et al. (1983), the authors reported that
flotation rate (k) will be faster for higher salt concentrations since salt
addition leads to a faster rupturing of the liquid film between particle
and bubble. In a different study, Yoon and Sabey (1989) also indicated
that flotation in highly concentrated electrolyte solutions introduced
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faster flotation kinetics. Additionally, the faster flotation kinetics in the
presence of higher NaCl concentrations have been attributed to the
compression of the ionic diffuse layers, which facilitates particle-bubble
adhesion (Wang and Peng, 2014). In one of their studies Marrucci and
Nicodemo (1967) confirmed that the addition of salt to process water
reduces bubble coalescence and in turn improves flotation kinetics.
According to Pugh et al. (1997) the rate constant (k) can be controlled by
controlling the aeration rate and/or the bubble size, where the latter has
been found to be more effective. Our calculated rate constant values
shown in Table 7 agree with previously reported findings, demon-
strating that the addition of NaCl promotes faster mineral recoveries.

3.2. Batch flotation experiments

The lead sulfide and zinc sulfide recovery during the batch flotation
experiments in solutions of different ionic strength (1, 10, 100 and 500
mM NaCl) and seawater (~510 mM NacCl) are illustrated in Fig. 7.

It is evident from the results in Fig. 7 that an increase in ionic
strength of the process water results in higher mineral recoveries. The
PbS recovery increased from around 9.7% in 1 mM NaCl to around
35.6% in 500 mM NaCl. Similarly, the recovery of ZnS in 1 mM NacCl
solution was around 5.8% compared to around 21.7% in 500 mM NaCl
solution. Past studies attributed these higher mineral recoveries at
higher salt concentrations to a faster rupturing of the water film between
a particle and bubble, leading to faster particle-bubble agglomerate
formations, and higher flotation recoveries (Laskowski and Iskra, 1970;
Laskowski and Castro, 2015; Jeldres et al., 2016). Additionally, higher
mineral recoveries have been accredited to an increase in bubble sta-
bility (Bicak et al., 2012), a lower bubble coalescence (Craig et al.,
1993a; 1993b), as well as to a reduction of bubble size (Calgaroto et al.,
2014).

In Fig. 7, we noticed that the Pb and Zn recoveries in seawater (~510
mM NacCl), at pH 9 (£0.1), were lower than their recoveries in 500 mM
NaCl concentration. The Pb recovery was around 28.3% and the Zn
recovery was around 18.2%. According to Du et al. (2014), the drop in
recovery may be attributed to the fact that various ions in seawater have
different capabilities for changing the particle’s physicochemical prop-
erties, surface charge or wettability, all of which will impact on mineral
recovery. For example, the existence of Ca" ions in process water have
been shown to significantly lower PbS recovery (Ikumapayi et al., 2012).
Furthermore, SO~ ions in seawater intensify passivation of a PbS sur-
face, and in consequence decrease flotation recovery (Elizondo-Alvarez
etal., 2017). A study by Parolis et al. (2008) showed that the depression
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of naturally floatable gangue was greater when divalent cations (Ca2*,
Mg?") were present compared to when monovalent cations (K™, Na™)
were present.

According to Jeldres et al. (2016), some ionic species making up the
composition in seawater may form colloidal precipitates at higher pH
(pH 9 and above). Under basic pH conditions, chemical reactions in
seawater may include the speciation of CO,, Mg and Ca, as well as salt
precipitation following these reactions:

CaCO; < Ca** + CO;~ (23)
MgCO; & Mg** 4+ CO3™ (29
Mg(OH), & Mg*" + 20H" (25)

Additionally, several studies have shown that the adsorption of hy-
droxy metal complexes on the mineral surface reduces particle hydro-
phobicity and depresses flotation (Laskowski and Castro, 2012).

The Pb and Zn assay grades (%) in concentrate, as a function of NaCl
concentration in solution, at pH 9, are shown in Fig. 8.

The results from Fig. 8 indicate that the Pb and Zn assay grades are
not significantly affected by the changes in NaCl concentration in so-
lution. The concentrate recovered in 1 mM NaCl contained around 15%
Pb and around 9.4% Zn, compared to around 15.2% Pb and around 9.7%
Zn, in the 500 mM NacCl solution. Similarly, the Pb and Zn grades of the
concentrate recovered in seawater contained around 15.2% Pb and
around 10.1% Zn.

Fig. 9 shows the solid and water recoveries in the concentrate, for the
batch flotation experiments using waters with different NaCl concen-
trations as well as seawater.

Fig. 9 shows the fraction of water recovered in the concentrate
increased with an increasing NaCl concentration in solution. In 1 mM
NaCl, water recovery was at around 90.2%, compared to around 95.2%
in the 500 mM NacCl solution. Flotation experiments using seawater
resulted in the highest water recovery of around 95.6%. Previous studies
have shown that experiments using waters of higher ionic strength will
generate higher water recoveries in the flotation concentrate (Corin
etal., 2011; Corin and Wiese, 2014), which is what we see in Fig. 9. In a
study by Cho and Laskowski (2002) the authors proposed that a
decreased bubble coalescence at higher ionic strengths causes a reduc-
tion in the gas hold-up in the froth phase, which in turn allows for more
water in the concentrate. Furthermore, these higher water recoveries
could be assigned to an increase in bubble interfacial area and an in-
crease in water-gas binding forces Cho and Laskowski, 2002. Manono

70
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1mM 10 mM 100 mM 500 mM Seawater
Zn 5.831 7.708 17.743 21.722 18.229 Zn
# Pb 9.681 13.424 25.661 35.561 28.332 % Pb

Fig. 7. Recovery of PbS and ZnS, as a function of NaCl concentration in solution (0, 1, 10, 100 and 500 mM NaCl) and seawater (~510 mM NaCl), at pH 9 (+0.1).

Error bars indicate a standard error of the mean values.
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Fig. 8. The Pb and Zn assay grades (%) recovered in the flotation concentrates, as a function of NaCl concentration in solution (0, 1, 10, 100, 500 mM NaCl) and
seawater (~510 mM NacCl), at pH 9. Error bars indicate a standard error of the mean values.
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Fig. 9. The solids and water recoveries in the concentrate, as a function of NaCl concentration in solution (0, 1, 10, 100, 500 mM NacCl) and seawater (~510 mM

NaCl), at pH 9. Error bars indicate a standard error of the mean values.

and Corin (2022) argued that the presence of divalent cations (Ca2+,
Mg2+) and divalent anion (SO%’) in the process water further increases
water recoveries in the concentrate, which is what we notice in the case
of seawater from Fig. 9.

3.3. Zeta potential measurements and a chemisorption model for zinc
sulfide

The calculated zeta potential versus pH curves for zinc sulfide par-
ticles are shown in Fig. 10, with the values of the best-fit parameters
presented in Table 4. For comparison, we also present the experimental
zeta potential values for zinc sulfide particles, measured in 1, 5 and 10
mM Nacl solutions.

It is evident from Fig. 10 that the surface of zinc sulfide particles is
positively charged in the acidic pH range and becomes increasingly
negatively charged in the alkaline range, above the isoelectric point
(IEP). The isoelectric point lies between pH 5.5-7, which is consistent
with the previously reported IEP values for zinc sulfide particles (Muster
et al., 1996). Past studies reported that the value of the IEP can reflect
the level of sulfide mineral oxidation, where a low IEP indicates a non-

oxidised surface (Fullston et al., 1999; Fairthorne et al., 1998). In a study
by Williams and Labib (1985), the authors found that between pH 2-12,
the ZnS zeta potential profile can be divided into two distinctive and
relatively independent regions. The positive zeta potential region at low
pH can be attributed to the adsorption of H™ and Na™ ions in saline water
to the sulfur-rich sites on the surface of ZnS, according to Eq.(2-3). An
excess number of cations on its surface will consequently give rise to a
positively charged ZnS particle at low pH. An increase in the negative
charge at higher pH can be explained by a stronger chemisorption of CI™
ions on the positively charged metal-rich sites on the surface of ZnS,
described by Eq.(5). Additionally, at higher pH values, the dissolution of
H™ ions from the surface into the solution, will result in the ZnS surface
acquiring a negative charge.

The results from Fig. 10 suggest that an increase in NaCl concen-
tration from 1 to 10 mM reduces the magnitude of the zeta potential
while the chemisorption of salt ions results in displacement of the iso-
electric point. This reduction in the magnitude of the zeta potential
accompanies a decrease in the electrolytic repulsion between the two
interacting surfaces (October et al., 2020 and 2021), due to a
compression of the ionic diffuse layers at higher ionic concentrations
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6 8 10 12

Fig. 10. Zeta potential versus pH curves for zinc sulfide particles conditioned in 1, 5 and 10 mM NacCl solutions. The error bars represent the standard error of the
mean. Lines represent the chemisorption model from Eq. (2-5) predictions using the optimized parameters from Table 4.

(Moignard et al., 1977). When the potential on the particle surface ap-
proaches 0 mV, a weaker electrostatic repulsion will facilitate the for-
mation of closely arranged particle networks at the liquid-air interfaces,
in turn increasing the number of particles being carried by a single
bubble (Huo et al., 2019). Several experimental studies have found that
the maximum mineral recoveries were achieved at lower particle zeta
potentials (Fuerstenau et al., 1983; Yoon and Sabey, 1989).

Shown in Fig. 10, ZnS zeta potentials calculated using our chemi-
sorption model, Eq. (2-5), are in good agreement with the measured zeta
potential values for the different NaCl concentrations and a broad range
of pH. This provides confidence that the model is effective in predicting
the zeta potential behaviour due to changes in pH and solution ionic
strength.
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Fig. 11 illustrates the zeta potential values for lead sulfide, zinc
sulfide and air bubbles, measured in 10 mM NaCl background electro-
lyte solution, against pH values between 2 and 10.

The experimental zeta potential of lead sulfide, measured in 10 mM
NaCl solution, show a negatively charged surface over the entire pH
range, decreasing from around —14 mV at pH 2 to around —31 mV at pH
10. Studies have shown that a non-oxidised lead sufide surface will carry
a negative charge, with the zeta potential values close to that of
elemental sulfur (IEP < pH 1) (Fornasiero et al., 1993; Nowosielska
et al.,, 2022). However, the zeta potentials of zinc sulfide indicated a
positively charged surface from around + 24 mV to + 5 mV for pH
values of less than 5, becoming more negative in the pH region > 6. At
pH 9 (the pH chosen to carry out the experimental work), the difference

® Lead Sulfide
B Zinc Sulfide
A Air Bubble

6 8 10 12
pH

Fig. 11. Zeta potential of lead sulfide, zinc sulfide and an air bubble conditioned in 10 mM NacCl solution, as a function of solution pH. Error bars indicate a standard
error of the mean values. The measured zeta potentials of an air bubble were taken from Yang et al. (2001).
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between lead sulfide and zinc sulfide zeta potentials is reasonably small,
which might imply a lower electrostatic attraction between the two
mineral samples at this pH.

In 10 mM NacCl solution, at pH 9, an air bubble carries a negative
charge with a zeta potential of around —31 mV. Our experiments were
conducted at pH 9, where both mineral particles (lead sulfide and zinc
sulfide) zeta potentials are less negative (-29.5 mV and —26.6 mV,
respectively) than a bubble’s zeta potential. According to Pugh et al.
(1997), at these conditions, some hydrophobic coagulation could be
taking place. Most likely, this hydrophobic coagulation is initiated by
particle bridging by gas nuclei taking place during the entrapment of air
bubbles by hydrophobic particles (Pugh et al., 1997).

3.4. Total interaction free energy

The total interaction free energy calculated using Eq. (10), repre-
senting the interactions of a cubic PbS and a hexagonal ZnS particle with
an air bubble, as a function of NaCl concentration in solution, at pH 9, is
shown in Fig. 12.

As can be seen in Fig. 12, in 1 and 10 mM NaCl concentrations, the
total interaction energy between a sulfide (lead or zinc) particle and an
air bubble was positive (repulsive) over the whole separation distance.
On the principles of the DLVO theory, in 1 mM NaCl we expect to see
particle-bubble interactions which are dominated by long-range re-
pulsions, originating from stronger ion adsorptions at the surface.
Consequently, particle-bubble attachment efficiency decreases in lower
NaCl concentration. The results from our micro-flotation experiments
support these predictions, showing lower PbS and ZnS recoveries in 1
mM Nacl solution.

Energy curves representing the particle-bubble interactions in 10
mM NacCl solution indicate lower repulsion with a decrease in height of
the energy barriers. The calculated energy barriers are 0.16 x 1071° J
and 1.78 x 10~ 1° J, for the PbS-bubble and the ZnS-bubble interactions,
respectively. In 100 mM NaCl concentration, the energy barrier for the
PbS-bubble interaction disappears completely, as the interaction be-
comes solely controlled by the attractive van der Waals forces. Gener-
ally, an increase in NaCl concentration in solution shortens the screening
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distance, meaning less kinetic energy will be required for the PbS par-
ticle and bubble to form an attachment. This in turn should give rise to a
higher mineral recovery, as seen in Fig. 5.

By contrast, the ZnS-bubble interaction in 100 mM NaCl is still
largely controlled by forces of repulsion, with an energy barrier of
around 1.45 x 107! J. The repulsive nature of the ZnS-bubble in-
teractions has to do with the fact that the calculated Hamaker constants
for the ZnS (cubic and hexagonal)-water-bubble interactions had nega-
tive values of —3.3306 x 1072° J and —4.0206 x 10720 J, respectively.
In an asymmetric system where the aqueous medium (3) possesses
dielectric properties intermediate between the dielectric properties for
the different materials represented as sphere (1) and sphere (2), a
negative Hamaker constant indicates a repulsive electrodynamic inter-
action between the materials, which gives rise to a less common repul-
sive behaviour of the van der Waals forces for this system (Bergstrom,
1997). In Fig. 6, however, the micro-flotation experiments clearly show
that the ZnS particles did form aggregates with the air bubbles despite
van der Waals forces contributing additional repulsion to the total
interaction energy. This suggests the existence of some additional
attractive interaction energy which counterbalances this repulsion. It
might be possible that an additional attraction arises from the long-
range nature of the hydrophobic effect when naturally hydrophobic
particles are involved. Since this hydrophobic attraction will be much
stronger than the van der Waals interaction, it is likely that as the Debye
length approaches the decay length of the hydrophobic interaction, the
energy barrier can be exceeded, and at that point, coagulation will begin
(Pugh et al., 1997).

The next figures (Figs. 13-15) illustrate the theoretically predicted
energies, describing the particle-particle and particle-bubble in-
teractions during Pb/Zn complex sulfide ore flotation in NaCl solutions.
Here we have chosen to compare the 10 mM and 500 mM NacCl con-
centrations, the latter simulating the NaCl concentration in seawater. To
determine the level of heterocoagulation in the system, we first calcu-
lated the total interaction free energy versus separation distance (L)
between a cubic PbS and a cubic ZnS particle, as a function of NaCl
concentration in solution. The results are shown in Fig. 13.

The energy curve representing the PbS-ZnS interaction in 10 mM

2.5
X Cubic PbS - Air Bubble
: —1mM

2

: —10mM
t
¢ 100 mM

15 - Hexagonal ZnS - Air Bubble

Total Interaction Free Energy x 10715 (J)

10 20

Separation, L (nm)

Fig. 12. The total interaction free energy versus separation distance (L) between a PbS (cubic)particle and an air bubble (solid lines), and between a ZnS (hexagonal)
particle and an air bubble (broken lines), as function of NaCl concentration in solution, at pH 9. The diameters representing the size of the PbS and ZnS particles used
in the calculations were 80 and 95.8 um, respectively. The mean diameter of an air bubble was assumed to have a size of 2000 um.
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Fig. 13. The total interaction free energy vs separation distance (L), between a cubic PbS and a cubic ZnS particle, as a function of NaCl concentration in solution (10
and 500 mM), at pH 9. The mean particle diameter used in the calculations was 50.48 um.
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Fig. 14. The total interaction free energy vs separation distance (L) between two cubic PbS particles (left), and two cubic ZnS particles (right), as a function of NaCl
concentration (10 and 500 mM), at pH 9. 50.48 ym was used as the mean diameter of the particles.

NaCl shows an energy barrier of around 2.2 x 10~%7 J at around 1.5 nm
separation distance. From the zeta potential measurements in Fig. 11, at
pH 9, both PbS and ZnS particles carry a negative charge of around —30
mV. As these two particles begin to approach one another, their over-
lapping ionic diffuse layers will cause an imbalance in the charge dis-
tribution within the layers, resulting in the rise of an electrostatic
repulsive energy between the two interacting particles, and hence the
rise of an energy barrier. However, given enough time and kinetic en-
ergy, even electrostatically stabilized colloids with a relatively high
energy barrier, will eventually agglomerate at the energy minimum
found at small separation distances, which is what we see in the 10 mM
NaCl energy curve in Fig. 13.

As expected, the calculated PbS-ZnS energy curve in 500 mM NaCl
shows no repulsive electrostatic (ionic) contributions to the total inter-
action energy, with van der Waals forces responsible for the entire PbS-
ZnS attraction. In terms of our flotation recoveries in 500 mM NacCl, due
to this stronger attraction we can anticipate a higher particle
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coagulation in the pulp. Consequently, we end up with a mixed Pb and
Zn recovery in the froth. With the design of our batch flotation experi-
ments in this study, the fact that both, Pb and Zn, can be recovered
simultaneously into a single concentrate is positive, considering that the
presence of Pb?" ions in the pulp has been shown to directly promote
ZnS flotation (Morey et al., 2001). As seen in Fig. 13, at higher NaCl
concentration of 500 mM the interaction between PbS and ZnS particles
becomes attractive. Therefore, it may be possible that the recovery of
ZnS particles is facilitated by the presence of PbS particles and mainly
controlled by the attraction between the two minerals at higher NaCl
concentrations. This way, the ZnS particles can be carried up and
recovered in the froth, despite indicating a strong repulsion towards air
bubbles (Fig. 15, right). On the other hand, the PbS particles can easily
aggregate with the air bubbles due to a stronger PbS-air bubble attrac-
tion at higher NaCl concentrations, as shown in Fig. 15 (left).

Fig. 14 illustrates the total interaction free energy for the symmet-
rical systems of our study — for the two PbS particles (left), and for the
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Fig. 15. The total interaction free energy vs separation distance (L) between a cubic PbS particle and an air bubble (left), and a cubic ZnS particle and an air bubble
(right), as a function of NaCl concentration in solution (10 and 500 mM), at pH 9. 50.48 um and 2000 pm were used as the mean particle and air bubble diameters,

respectively.

two ZnS particles (right), versus separation distance (L), as a function of
NaCl concentration in solution, at pH 9.

The energy curves representing PbS-PbS interactions (Fig. 14, left),
show a dominating attraction over the whole separation distance (L),
regardless of the NaCl concentration. The energy curve for the ZnS-ZnS
interaction (Fig. 14, right) also indicates attraction at both NaCl con-
centrations considered. According to the DLVO theory, we know that in
500 mM NaCl, the screening of the electrostatic (ionic) repulsive energy
results in interactions solely controlled by the van der Waals attractions.
The calculated Hamaker constant values for the PbS(cubic)-water-PbS
(cubic) and the ZnS(cubic)-water-ZnS(cubic) interactions, namely
5.5693 x 1072° J and 5.0113 x 10720 J, are similar to one another,
meaning in 500 mM NacCl, they will generate nearly identical energy
curves for both symmetrical interactions, as seen in Fig. 14.

In Fig. 14 (left and right), the attraction in the lower salt concen-
tration (10 mM NaCl) is most likely attributed to a suppression of the
electrostatic (ionic) contributions. The adsorption of cations (Na™) via
electrostatic attraction on the negatively charged ZnS surface site has
the ability to neutralise/lower the ZnS particle surface charge. There-
fore, a stronger attraction could be the result of interactions between
particles which start to behave as if they do not have an electrical
charge.

Fig. 15 illustrates the total interaction free energy for the mineral
particle interactions with an air bubble, namely a cubic PbS particle
(left), and a cubic ZnS particle (right), versus the separation distance (L),
in 10 and 500 mM NacCl solutions, at pH 9.

Fig. 15 (left and right) shows that the PbS-bubble and ZnS-bubble
interactions in 10 mM NaCl concentrations are dominated by re-
pulsions. The PbS-bubble interaction has an energy barrier of around 15
x 10717 J. In contrast, the PbS-bubble energy curve in 500 mM NaCl is
solely controlled by the attractive van der Waals forces. Based on the
results in Fig. 15 (left), PbS-bubble attachment will be easier in a higher
NaCl concentration. The results from our experimental work (Figs. 5 and
7) support this prediction.

On the other hand, the ZnS-bubble interactions are all repulsive,
irrespective of the increasing ionic strength in solution. The overall
repulsion, however, is slightly lower in 500 mM compared to 10 mM
NaCl. The fact that a significantly high repulsion controls the ZnS-bubble
interactions even at a higher (500 mM) NaCl concentration can mainly
be attributed to a repulsive nature of the van der Waals interactions,
characterised here by a negative Hamaker constant value.

The analysis of the energy curves in Fig. 15 leads to a conclusion that

13

the air bubbles will more likely and easily form aggregates with PbS
particles than with ZnS particles. Possibly this could be one of the rea-
sons why we see higher PbS recoveries compared to the ZnS recoveries
during our batch flotation experiments (Fig. 7). Nevertheless, our results
did show that zinc sulfide particles and bubbles were able to overcome
the energy barriers and form stable aggregates even in the lowest (1
mM) NaCl concentration, despite a repulsive nature of the van der Waals
forces. Due to the intense turbulence inside a flotation cell, it may be
possible that the particles and bubbles can achieve the required veloc-
ities for many particle-bubble collisions, and if they can withstand these
turbulent conditions, stable particle-bubble aggregates will be recovered
in the froth.

4. Conclusion

In this study we have investigated the effects of water salinity on lead
and zinc sulfide flotation. We performed separate micro-flotation ex-
periments using pure PbS and ZnS mineral samples in 1, 10 and 100 mM
NacCl solutions, to gain a better understanding of the effects of NaCl on
the individual Pb and Zn recoveries. The results indicated that
increasing NaCl concentration in solution improves the recovery of both
mineral samples. Using the results from our micro-flotation experi-
ments, we were able to calculate the first-order flotation rate constants
as well as the maximum recoveries for each test condition. A faster
flotation rate was reported for solutions of higher ionic strength, which
was attributed to a faster particle-bubble adhesion when the ionic
diffuse layers compress. Additionally, in this study we carried out batch
flotation experiments on a Pb/Zn complex sulfide ore, using 1, 10, 100
and 500 mM NacCl solutions, as well as seawater. The outcome of these
experiments showed: a) increasing Pb and Zn recoveries in increasing
NaCl concentrations which can be attributed to lower zeta potentials due
to the compression of the ionic diffuse layers, creation of smaller-sized
bubbles and inhibition of bubble coalescence; b) in the case of
seawater, the overall Pb and Zn recoveries decreased, which can be
related to negative effects of different ions (e.g. Ca®", Mg?*, SO37)
present in the seawater on mineral recovery; c¢) Pb and Zn assay grades
were not affected by changes in NaCl concentration in solution; and d)
water recovery (%) in the concentrate was higher for higher NaCl
concentrations.

Electrokinetic measurements were conducted on both mineral sam-
ples, with the ZnS zeta potential values being used to optimise the pa-
rameters in our ZnS chemisorption model. The calculated zeta potentials
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proved to be a good match to our experimental zeta potential values,
indicating that this model can be effectively implemented for predicting
the zeta potential behaviour for other pH and NaCl concentrations.

Also included in this study were calculations of particle-particle and
particle-bubble total interaction free energies versus separation dis-
tance, for the different NaCl concentrations. In summary; a) repulsion
dominated asymmetric particle-particle interactions in lower NaCl
concentrations; b) at higher NaCl concentrations, repulsion no longer
controlled asymmetric particle-particle interactions; ¢) the symmetric
particle—particle interactions were independent of any changes in NaCl
concentration, and were always controlled by stronger attractive forces;
d) at higher NaCl concentrations in solution, the interaction between
PbS and an air bubble indicated attraction, while the ZnS-bubble in-
teractions were always repulsive, despite an increase in ionic strength; e)
these ZnS-bubble repulsions were attributed to a repulsive nature of the
van der Waals forces, due to a negative Hamaker constant calculated for
the ZnS-bubble interaction in water.

The focus of this study was to investigate the effects of salinity on the
recovery of lead and zinc sulfide via flotation. Future studies will
incorporate these findings and further examine the effects of salinity on
the flotation of a complex Pb/Zn sulfide ore, in the presence of some
common flotation reagents.
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