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Main Findings: 

• The recovery of galena improves as a result of NaCl addition. 

 

• Our galena surface complexation model is a “two-site / not amphoteric” model. 

 
• The theoretical predictions of the models support the experimental results. 

 
•  The decreasing repulsion at higher ionic strengths corresponds to a higher galena 

recovery. 
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ABSTRACT 1 

 2 

In this study we have investigated the effects of increasing the NaCl concentration on the 3 

flotation of galena. Experiments were carried out using a Hallimond tube in NaCl solutions with 4 

concentrations of 1, 10 and 100 mM, at pH 9. It was found that the recovery of galena improved 5 

for higher NaCl concentrations. 6 

Zeta potential measurements made on galena particles conditioned in NaCl solutions were 7 

used to calibrate the parameters for describing a chemisorption model representing charge 8 

regulation at the galena binding sites. Our galena chemisorption model presented here is a 9 

“two-site/not amphoteric” surface complexation model. A chemisorption model representing 10 

the charge regulation process on the surface of an air bubble has also been applied. The zeta 11 

potentials calculated using these models were in agreement with the measured values, 12 

indicating that these models can be applied to predict the potentials on the surface of galena 13 

and an air bubble for a range of NaCl concentrations and pH.  14 

In order to investigate the mechanisms of particle-bubble interactions for each NaCl 15 

concentration, the total interaction free energy as a function of the separation distance 16 

between galena and an air bubble was determined. It was found that at a NaCl concentration 17 

of 1 mM, due to adsorption of ions at the galena surface, repulsion dominated the interaction 18 

and the lowest galena recovery was reported. With an increase in NaCl concentration in 19 

solution to 100 mM, the total interaction between galena and an air bubble was represented 20 

by a purely attractive total interaction free energy curve. The theoretical predictions of the 21 

models supported the experimental results, with a stronger attraction predicted by the models 22 

at higher ionic concentrations, corresponding to a higher galena recovery during flotation.23 
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1. INTRODUCTION 24 

Froth flotation is one of the most successful and efficient techniques used in the mineral 25 

industry for separating minerals from gangue. The process involves adding mineral particles to 26 

a solution to form an aqueous pulp and aerating this with air bubbles, which results in the 27 

formation of a particle-bubble aggregate that can rise to the surface of the pulp. The selectivity 28 

of the process has been shown to strongly depend on control of the surface forces involved in 29 

the interactions (Pineres and Barraza,2011). The thinning and rupture of the intervening water 30 

film between a particle and an air bubble, which is necessary for a successful attachment, is 31 

mainly controlled by the surface forces. In order to predict the flotation behaviour, many 32 

investigations have focused on understanding of these surface forces during the interaction. 33 

The DLVO theory, named after Derjaguin and Landau (1941), Verwey and Overbeek (1948), 34 

formulates the classical theory of colloidal dispersions. This theory incorporates two 35 

components - the attractive van der Waals force and the repulsive ionic diffuse layer force. The 36 

magnitude of the van der Waals force is governed by a Hamaker constant calculated for the 37 

interaction and is expressed in terms of the separation distance between the two interacting 38 

objects. The ionic diffuse layer force, on the other hand, is determined by the surface chemistry 39 

and therefore will be significantly affected by any changes to the surface potential or the 40 

electrolyte concentration. This work studies the effects of the ionic concentration in froth 41 

flotation of galena, therefore, understanding the contribution from the ionic diffuse layer force 42 

is an important objective. 43 

This is important as, due to the scarcity of fresh water, more flotation plants around the world 44 

are looking into utilising seawater or recycled water for mineral processing. Using water which 45 

contains high electrolyte concentrations can be beneficial to mineral recovery. However, the 46 

process becomes more complex, mainly due to the differences in chemistry between salt water 47 

and fresh water. The mechanisms involved in the process are still not well understood, 48 

underlining the need for further research. 49 

A number of studies have reported that high electrolyte concentration in water has a positive 50 

effect on mineral recovery (Castro et al.,2013; Hencer et al.,2001; Lucay et al.,2015; Ramos et 51 

al.,2013; Smith and Heyes,2012). This has been mainly attributed to increased particle-bubble 52 
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attachment efficiency and a decreased bubble coalescence. The increased attachment 53 

efficiency has also been linked to a reduction of particle and bubble zeta potentials, resulting 54 

from the compression of the ionic diffuse layers at higher electrolyte concentrations. 55 

The aim of this study was to explore the effects of NaCl concentration on the flotation of galena. 56 

We measured the recovery of galena by micro-flotation experiments at different ionic 57 

concentrations. Here we present a theoretical investigation of the galena/air bubble 58 

interactions for the different NaCl concentrations, supported by the experimental 59 

measurements of galena zeta potentials. 60 

 61 

2. EXPERIMENTAL 62 

2.1 Minerals and Reagents 63 

The mineral tested was galena (>99% PbS). The galena specimen was from an unknown 64 

location. Deionised water was used in all experiments. Analytical grade sodium chloride (NaCl) 65 

was used in each test. Analytical grade sodium hydroxide (NaOH) was used to regulate the pH. 66 

The particle size distribution for the galena feed was determined by laser diffraction (Microtrac 67 

S3500) and is depicted in Figure 2. The results indicate that P80 of the galena sample was 80µm. 68 

Figure 3 shows the Scanning Electron Microscopy/Energy Dispersive X-ray Spectroscopy 69 

(SEM/EDX) analysis of the feed material. 70 

 71 

2.2 Zeta Potential Measurements and the Chemisorption Models for Galena 72 

and Air Bubble 73 

The zeta potentials of galena dispersed in 0.5, 1, 5, 10 and 100 mM NaCl solutions were 74 

measured using a Malvern Nano-ZS90 zeta potential analyser (Malvern Instruments, UK) at 75 

room temperature. All electrophoretic mobility results obtained were converted to zeta 76 

potential values using the Smoluchowski equation. The measurements involved the freshly 77 

ground galena particles (~ 5μm) distributed in either 0.5, 1, 5, 10 or 100 mM NaCl background 78 

solution, at a pH range of 2-10. At least 3 measurements were done at each condition, with the 79 
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average values plotted in Figure 4. Figure 4 also illustrates the zeta potentials of galena 80 

calculated using a chemisorption model describing competitive ion binding at the galena 81 

surface.  This model is represented by Eq.(1-4).  82 

According to the galena chemisorption model, there are two separate binding sites on the 83 

surface of galena where the dissociation reactions take place, represented as: (1) - a negative 84 

galena site X!(neutral when H" is bound): 85 

XH
#$!"#$% X! + H" (1) 

XNa
#$#$#$% X! + Na" (2) 

and, (2) - a neutral galena site X (positive when H" is bound):86 

XH"
#$!%#$% X + H" (3) 

XCl!
#$&'#$% X + Cl! (4) 

For a pH higher than the isoelectric point, the surface of galena will be negatively charged, 87 

which is attributed to the number of dissociated type-1 sulfur sites. The neutral sites result from 88 

positively charged lead and lead hydroxides ions adsorbing at the Stern layer onto the sulfide 89 

sites (Fornasiero et al.,1993). 90 

At the type-1 negative galena sites, protons (H") compete with sodium (Na") cations to bind 91 

directly onto the site. At the type-2 neutral galena sites, protons (H") compete with chloride 92 

(Cl!) anions. In this model there is only single-binding of ions at each of the sites. Previous 93 

galena chemisorption model applied by Fornasiero et al.,1993 only considered a single galena 94 

site where the competitive ion binding is taking place, however, we found the two-site model 95 

presented here to be better at quantitatively predicting galena zeta potentials based on the 96 

measured zeta potentials.  97 

For the purpose of illustrating the competitive ion binding on the surface of an air bubble, we 98 

have applied a double-layer model of the air bubble/water interface from a study of Leroy et 99 

al.,2012, which can be represented by Eq.(5-7). By using the measured zeta potentials of an air 100 

bubble in various NaCl concentration from the works of Yang et al.,2001 we attempted to 101 
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optimise the model parameters in order to predict the zeta potential values at a given ionic 102 

concentration and pH. Figure 5 depicts the measured and calculated zeta potentials of an air 103 

bubble in various NaCl concentrations against pH.  104 

The dissociation reactions taking place at a site on an air bubble surface are as follows:105 

XH
#$!#% X! + H" (5)      

XH%" 	
#$!!#$% 	XH +	H" (6) 

In this study the bubble model is being applied at low ionic concentrations of 1 mM and 10 mM 106 

and according to Leroy et al.,2012, at these concentrations it will be the chloride anion and not 107 

the sodium cation which is able to come closer to the surface. Keeping this in mind, the model 108 

includes the following reaction representing the adsorption of chloride (Cl!) on the bubble 109 

surface:110 

XH −	Cl! 	
#$!&'#$$% 	XH +	Cl! (7) 

The surface complexation model for an air bubble in Eq.(5-7) is an amphoteric “one-site/two 111 

pK” model. The model indicates a bubble site that is negatively charged (X!)  , where either 112 

the single binding of protons (H") Eq.(5), the double-binding of protons (H") Eq.(6) or the 113 

double-binding of the Cl! ions Eq.(7) can take place. The H" ions compete with the Cl! ions 114 

during the double-binding process. 115 

The terms pK&" ,	pK&%  and pK&	are the equilibrium constants associated with the surface 116 

adsorption of protons. In this study the equilibrium constants for the adsorption and 117 

desorption reactions of all ions were determined by least-square fitting to the measured zeta 118 

potential values for the different ionic concentrations. 119 

The total surface charge (σ') for a given site can be calculated according to:120 

σ' =	q'N' +	;q(Γ(	
(

(8) 

where q' is the charge of the dissociated site, N' is the site density (number of sites per unit 121 

area) and q( is the ionic charge (Parsons and Salis,2019).  122 
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The total amount of bound charge (Γ() from ion i	can be calculated from:123 

Γ( =	
N'
A'
@
a(
K(
+	;a(a* A

1
K(K(*

+	
1

K*K*(
B

*

C (9) 

where K( and K* indicate the single-binding of ion i and j, respectively,  K(* represents binding 124 

of ion j to a site with ion i already bound, and K*(  describes a site with ion i double-binding to 125 

a site with ion j already bound. 126 

A' is a measure of the total association or in other terms, an inverse of γ' (γ' being a fraction 127 

of fully dissociated surface sites) and can be written as:128 

A' =
1
γ'
= 1 +	;

a+
K++

G1 +	;
a,
K+,,

H (10) 

The term a( does not describe the surface activity of an ion, rather it corresponds to the “partial 129 

ion activity” at a particular concentration, and according to Parsons and Salis,2015 and 2019, 130 

is quantified by:131 

a( = c(-./0e
!1(2)

034 (11) 

where c(-./0  is the concentration of ion i in the bulk, ψ5  is the electrostatic potential at the 132 

surface, k is the Boltzmann constant (1.3806 x 10-23 J/K) and T is the temperature (298 K).133 

 

TABLE 1. Parameters	used	to	fit	the	chemisorption	model	for	galena	calibrated	using	the	measured	zeta	

potentials	(galena	zeta	potentials	in	10	mM	NaCl).	

PARAMETER VALUE 

Ns negative (sites m-2) 1.519 x 1016 

Ns neutral (sites m-2) 2.765 x 1016 

pKH1
 5.265 

pKH2
 2.393 

pKNa -2.376 

pKCl 7.911 



9 
 

TABLE 2. 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 1016 

pKH
 5.812 

pKHH
 2.984 

pKHCl 1.962 

The model parameters presented in Table 2 are in good agreement with the ones reported by 134 

Leroy et al.,2012 (pK&  = 5.06, pK&&  = 2.54, pK&6/  = 1.8). The value of the site density (N'), 135 

however, is in one order of magnitude lower than the value reported by Leroy et al., 2012 (N' = 136 

3.8 x 1017 sites m-2). In their calculations, these authors assumed that the electrical potential at 137 

the outer Helmholtz plane is equal to the zeta potential, indicating that the slipping plane is 138 

located at the outer Helmholtz plane of the diffuse layer at the gas/water interface, hence 139 

possible discrepancies in the parameter values obtained.140 

 141 

2.3 Micro-Flotation Experiments 142 

The micro-flotation tests of the dispersed galena were performed in a Hallimond tube with air 143 

as the bubble source. Shortly prior to the experiments a small amount of the feed was dry-144 

ground using a ceramic mortar and pestle. After each experiment, the galena feed was stored 145 

in a freezer to reduce oxidation. Each micro-flotation experiment consisted of 2 grams of 146 

galena particles suspended in 250 mL of test solution. The test solution was prepared using 147 

the deionised water and contained either 1, 10 or 100 mM NaCl. The pH was adjusted to 9 using 148 

NaOH. This pulp was then transferred to a Hallimond tube, agitated and conditioned for 3 149 

minutes. It was aerated for 1, 3 and 7 minutes with air at a flow rate of 60 mL/min. The froth 150 

concentrates and the tailings were recovered and weighed after filtration and drying. For each 151 

test the recovery of galena was calculated by dividing the mass of the froth concentrate by the 152 

combined mass of the froth concentrate and the tailings and is presented as a percentage of 153 
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recovery. Any mass of the salt precipitation after drying was not included in the recovery 154 

calculations, as it was assumed insignificant at the 1 and 10 mM NaCl concentrations. After 155 

filtration, the concentrates and the tailings from the 100 mM experiments were washed using 156 

deionised water to remove any possible salt from the solid samples once dried. For this reason, 157 

at the 100 mM NaCl concentration, all the salt was assumed to be washed out of the samples, 158 

hence, was not considered in the galena recovery calculations. 159 

 160 

2.4 Total Interaction Free Energy and the DLVO Theory 161 

The DLVO theory describes the total interaction energy between two objects in terms of a 162 

balance of the attractive and repulsive contributions to the total free energy. However, for NaCl 163 

concentrations higher than 100 mM, the ionic diffuse layer force is screened, leaving the van 164 

der Waals force as the dominant factor in the interaction. The total interaction free energy 165 

(F787)  can be broken down into four individual contributions:166 

F787 = F9/ + F9, + F:;< + F=>9+ (12) 

F9/ represents the direct electrostatic energy due to surface and electrolyte charges, F9, is the 167 

contribution due to the entropy (osmotic energy) of ions physisorbed near the surface. The 168 

term F:;< represents the van der Waals interactions characterised by the Hamaker constant 169 

for the system and F=>9+ is the chemisorption free energy resulting from ion binding (Parsons 170 

and Salis,2019), also known as charge regulation. The electrostatic energy	F9/ is determined by 171 

the electrostatic potential ψ(z) generated by physisorbed ions (the so-called electric double 172 

layer) and by the surface charge (Eq.8), where z is the position of the ion (its distance from the 173 

galena surface) (Parsons and Ninham,2012): 174 

F9/ =	
ε5ε
2 R S

dψ
dzU

%?

5
dz	 	(13) 175 

and L represents the separation distance between the two interacting surfaces. 176 

The entropic energy F9,is generated by the concentration profiles c((z) of the adsorbed ions, 177 

according to the following: 178 
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F9, = kT;R dz Wc((z)ln
c((z)
c(5

− c((z) + c(5Y	
?

5(

	(14) 179 

where c(5 is the bulk activity of ion i (Parsons and Ninham,2012). A more detailed description 180 

of the term F=>9+ from Eq.(12) can be found in the studies of Parsons and Salis,2015 and 2019.  181 

While the chemisorption contributions to the total free energy are mainly influenced by the 182 

surface charge and the concentration and distribution of ions in the system, the non-183 

electrostatic van der Waals interactions F:;< are characterised by a Hamaker constant (A@A%), 184 

with185 

F:;< =
−A@A%
12πd% 	 	(15) 

The Hamaker constant characterises the interaction between sphere 1 (particle) and sphere 2 184 

(air bubble) immersed in aqueous medium 3 (aqueous solution). Using Lifshitz theory, the 185 

Hamaker constant can be calculated from the frequency dependent dielectric properties 186 

(optical spectra) of the continuous phases (Lee et al.,2002; Bergström,1997). The non-retarded 187 

Hamaker constant (A@A%) for galena (1) and a bubble (2) interacting in an aqueous solution (3) 188 

can be approximated as:189 

A@A% =	
3kT
2 ; ′;

(∆@A∆%A)'

sA

B

'C@

B

,C5

	 	(16) 

The prime on the first summation indicates that when n=0 (the static contribution) the value is 190 

multiplied by 0.5 (Takagishi et al.,2019). 191 

The quantity in Eq.(16) is a reflection coefficient, defined as:192 

∆0/=	
ε0(iζ+) − ε/(iζ+)
ε0(iζ+) +	ε/(iζ+)

(17) 

which describes the difference in the dielectric response function of material k  and l, 193 

respectively. In Lifshitz theory, it is evaluated at the imaginary frequency (iζ+), where194 

ζ+ = m
4π%kT
h

	 	(18) 



12 
 

Here h is the Planck constant (6.626 x 10-34 J/K), k is the Boltzmann constant, m is an integer 195 

(0,1,2,3,4…) and T  is the absolute temperature. At room temperature, ζ+  are sampled at 196 

integral multiples of 2.4 x 1014 rad/s. 197 

We apply a model for the dielectric function of galena provided by Bergström,1997, using198 

ε(iζ+) = 1 +	
CDE

1 +	b ζ+ωDE
d
% +	

CFG

1 +	b ζ+ωFG
d
% 	 	(19) 

Optical parameters CDE and CFG are the adsorption strengths in the UV and IR range, and for a 199 

cubic galena these values are 15.04 and 153, respectively. For a cubic galena, the terms ωDE 200 

and ωFG, which represent the adsorption frequencies in the UV and the IR range, have a value 201 

of 0.167 (1016 rad/s) and 0.14 (1014 rad/s), respectively (Bergström,1997).  For water we used 202 

Dagastine’s numerical data (Dagastine et al.,2000). The dielectric function of air is taken to be 203 

simply εH(I = 1. In this study, the Hamaker constant for the interaction between galena and an 204 

air bubble in water was calculated to be 6.9984 x 10-21 J. 205 

This approach provides a numerical calculation of the full total interaction free energy 206 

including charge regulation, and contrasts with an “approximate” analytical formula 207 

commonly used, one which assumes constant potential conditions. In this work we attempted 208 

to differentiate between the two methods and the results are shown in Figure 8. Generally 209 

speaking, the free energy of charge regulation (F=>9+)  is the key difference between the two 210 

methods and provides stronger repulsion at short-mid range distances of around one Debye 211 

length.  212 

The Debye length characterizes the screening distance of the electrostatic force, or in other 213 

words, the thickness of the electrical double layer denoted as (κ!@), and is defined as:214 

𝜅!@ =	g
εIε5kT

e%∑ ρ(Bz(%(
	 	(20) 

where ε5 is the permittivity of free space, εI is the dielectric constant of the medium, k is the 215 

Boltzmann constant, T is the absolute temperature, e is the electronic charge, ρ( is the number 216 

density of ion i and z( is the ion valency. According to Eq.(20), the Debye length will decrease 217 
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monotonically as the ion concentration increases and will continue to decrease to a point 218 

where no long-range electrostatic forces will be expected in a concentrated electrolyte (Smith 219 

et al.,2016).  220 

 221 

2.4.1 The Poisson-Boltzmann model 222 

The total free energy, (Eq.12), develops as a result of ion adsorption (the electric double layer) 223 

at the surface, forming ion concentration profiles c((z). Ions adsorb primarily in response to 224 

the electrostatic potential ψ(z) . Assuming that each ion is in equilibrium with the bulk 225 

solution, the concentration profile is formed as a Boltzmann distribution determined by the 226 

electrostatic energy of the ion:227 

c((z) = c(Bexp A−
Z(eψ(z)
kT B	 	(21) 

where k  is the Boltzmann constant, T  is the temperature and c(B  is the bulk number 228 

concentration of all of the ions. 229 

The electrostatic potential ψ(z) is determined by the Poisson equation (the first of Maxwell’s 230 

equations):231 

d%

dz%
ψ(z) = −

e
εε5

;Z(c(BexpA−
Z(eψ(z)
kT

B
(

	 (22) 

 

where e is the elementary charge and Z( is the valency of the corresponding ion. ε and ε5 are 232 

the dielectric constant of the medium and the permittivity of free space. Solving for c((z) and 233 

ψ(z)  simultaneously, Eq.(21) and Eq.(22) together, form the nonlinear Poisson-Boltzmann 234 

model. 235 

Solving the Poisson equation Eq.(21), however, requires defining the boundary conditions 236 

relating the gradient of the electrostatic potential at the galena and bubble surfaces to their 237 

respective surface charges, as follows:238 

S
dψ
dz%

U
'.IJH=9

=	
−σ
εε5

	 	(23) 
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Here we apply the charge regulation model, Eq.(8) to determine the surface charges of the two 239 

surfaces. 240 

We solve the nonlinear Poisson-Boltzmann model by finite element methods using the FEniCS 241 

software (Alnæs et al.,2015). Once c((z)  and ψ(z)  have been calculated, they are used to 242 

determine the total interaction free energy Eq.(12), between galena and an air bubble, both 243 

represented as flat planes. Finally, the Derjaguin approximation (Derjaguin,1934) is applied to 244 

convert the flat-plane interaction energy F(d)  into a force f(d)  between two spherical 245 

particles:246 

f(d) = 2πS
R@R%
R@ + R%

U F(d) 	(24) 

where R@and R% are the radii of the two particles (galena particle and air bubble), respectively. 247 

Figure 1 illustrates the sequence of steps required to perform the calculations presented in this 248 

study.249 

 
 

 
 

Figure	1.	The	calculation/optimization	sequence	implemented	in	the	study.	
	
	
	
	
	

1. Measuring the zeta 
potentials

2. Calibrating all charge 
regulation parameters

3. Applying the PB equation 
to generate potentials and 
concentration profiles for 

different lengths

4. Calculating the total 
interaction free energy
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1. Zeta potentials are measured as a function of pH and the ionic concentration. 250 

2. The measured zeta potentials from Step 1 are used to calibrate the charge regulation 251 

parameters of our model, determining the charge-regulated surface charge (σ')  in 252 

Eq.(8). The charge regulation parameters are fitted by least-square difference to 253 

minimize the difference between the measured zeta potentials and the surface 254 

potentials calculated by the PB model for galena and air bubble surfaces, taken 255 

separately. 256 

3. Using the charge regulation parameters from Step 2 and the PB model from Eq.(21) and 257 

Eq.(22), the potential and the ion concentration profiles for galena and air bubble 258 

interacting at various separation distances (d) are calculated.  259 

4. Using the electrostatic potentials and the ion concentration profiles calculated in Step 260 

3, the total interaction free energy between the two surfaces, separated by distance (d), 261 

is calculated using Eq.(12). The total free energy between two flat surfaces is then 262 

converted to a force between spherical particles using the Derjaguin approximation 263 

Eq.(24). 264 

 265 

3. RESULTS AND DISCUSSION 266 

3.1 Particle Size Analysis 267 

Figure 2 shows the particle size distribution of the galena feed. The P80, which represents the 268 

size at which 80% of the galena particles are passing was 80µm. For the purpose of calculating 269 

the total interaction free energy between a galena particle and an air bubble, 40µm was used 270 

as the mean radius of a galena particle and 1000µm was used as the radius of the air bubble.271 
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Figure	2.	Particle	size	distribution	of	the	galena	feed	used	in	this	study.	

	

	

3.2 SEM/EDX Analysis	272 

SEM/EDX analysis was conducted in order to examine the structural morphology of the galena 273 

feed material. The results are presented in Figure 3 below.274 

 

 	

Figure	3.	SEM/EDX	analysis	of	galena	feed	(a)	SEM	image	of	galena	particles	and	(b)	corresponding	EDX	

spectra	for	image	(a).	

	

The examination of the galena feed material using the SEM (Figure 3 (a)) indicated a presence 275 

of particles with a cubic cleavage, one of the main structural characteristics of galena (Warren 276 

(a) 
(b) 
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et al.,1987). The EDX spectra (Figure 3 (b)) confirmed that the galena ore was mainly comprised 277 

of lead (Pb) and sulfur (S). The analysis also revealed traces of oxygen (O) in the feed sample, 278 

suggesting some degree of oxidation of galena surfaces, possibly attributed to the air exposure 279 

of the sample while being dry-ground. 280 

 281 

3.3 Zeta Potential Analysis and the Chemisorption Models 282 

The measured and calculated zeta potentials versus pH for a galena particle conditioned in 283 

0.5, 1, 5, 10 and 100 mM NaCl solutions are presented in Figure 4. 284 

 

 

Figure	4.	Zeta	potential	versus	pH	curves	for	galena	conditioned	in	0.5,	1,	5,	10	and	100	mM	NaCl	
solutions.	Solid	lines	represent	the	measured	values,	dashed	lines	illustrate	the	calculated	values	using	

the	galena	chemisorption	model.	The	error	bars	represent	the	standard	error	of	the	mean.	

 

The measured zeta potentials of galena conditioned in NaCl solutions decreased from -1 to -285 

82 mV as the pH increased. These zeta potential values were always negative indicating the 286 
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isoelectric point (IEP) is at pH < 1. A number of researchers have observed the surface of galena 287 

to be negatively charged over most pH values, while others reported the (IEP) of galena to 288 

occur between pH 2-8. These discrepancies in the reported (IEP) values could be attributed to 289 

the complexity of oxidation of sulfide minerals (Pugh,1988). The value of the isoelectric point 290 

(IEP) is, therefore, often used to represent the level of oxidation of the sulfide mineral, where a 291 

low (IEP) indicates a surface which is less oxidised, while a high (IEP) suggest heavy oxidation 292 

(Das,2006). A low (IEP) of galena, reported in this study, could be attributed to the surface 293 

coating of elemental sulfur (S0) produced by the following: 294 

MS → M%" + S5 + 2e	(oxidation)	and	 (25) 

1
2O% + 2H

" + 2e → H%O	or	 (26) 

2H%O + 2e → H% + 2OH!	(reduction)	 (27) 

The oxidation of galena will result in the formation of both the elemental sulfur (S0) and a metal 295 

ion (Healy and Moignard,1976). Our measured zeta potentials of galena are consistent with the 296 

previously reported galena zeta potentials, indicating that a non-oxidized galena surface will 297 

be negatively charged, with the zeta potentials values close to that of elemental sulfur. Once 298 

oxidized, the zeta potential versus pH curves will become less negative due to the increased 299 

metal oxide/hydroxide species covering the surface of the mineral (Wang et al.,2017). 300 

Figure 4 shows that the zeta potentials of galena were more negative at lower NaCl 301 

concentrations, and as the NaCl concentration was increased, the zeta potentials became less 302 

negative. A more negative zeta potential value indicates that the colloidal stability of galena 303 

particles is greater for the lower NaCl concentrations (ie. 0.5 mM), meaning that the particles 304 

are less likely to form aggregates in this solution compared to a 100 mM NaCl solution. An 305 

increase in NaCl concentration causes a reduction in the Debye length and the ionic diffuse 306 

layers between the particle and the solution, and as the magnitude of the zeta potential 307 

decreases, the particles tend to agglomerate. The increased repulsion indicated by the more 308 

negative zeta potentials at the lower NaCl concentrations will also prevent galena particles 309 

from attaching onto the air bubbles, decreasing flotation efficiency (Huo et al.,2019). On the 310 

other hand, for increased pH, the H"  concentration in solution decreases, while the cation 311 
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(Na")  and the anion (Cl!)  concentrations remain unaffected. The calculations of the 312 

chemisorption model for galena and the measured negative zeta potentials suggest that the 313 

charge on the surface of galena is mainly regulated by the anions present in the system. The 314 

equilibrium constant for the direct binding of the anion (pK6/) has a value of 7.911 which is 315 

higher than the other constants in the model (Table 1). 316 

Figure 5 shows the measured and calculated zeta potentials versus pH for an air bubble 317 

conditioned in 1 and 10 mM NaCl solutions.318 

 

 

Figure	5.	Zeta	potential	versus	pH	curves	for	air	bubble	conditioned	in	1mM	and	10mM	of	NaCl	solution.	
Solid	lines	represent	the	measured	values	(Yang	et	al.,2001),	dashed	lines	illustrate	the	calculated	values	

using	the	bubble	chemisorption	model.	Error	bars	represent	the	standard	error	of	the	mean.	

 

In an aqueous solution, an ionic diffuse layer will also form around an air bubble.  Leroy et 319 

al.,2012 reported the (IEP) of a bubble to be around pH 3.8. For example, Oliveira and 320 

Rubio,2011, have found that a bubble carries a negative charge for pH of 2 or greater when 321 

immersed in salt solutions. There have also been reports of the zeta potential of an air bubble 322 
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decreasing with increasing ionic concentration, suggesting limited adsorption of Na" and Cl! 323 

ions near the gas/water interface (Li and Somasundran,1992).  324 

Figure 5 presents data from Yang et al.,2001 for the calculated and measured zeta potentials of 325 

an air bubble in NaCl solutions of different concentrations, as a function of solution pH.  This 326 

shows that an air bubble is positively charged at pH 2-3, with the exact value depending on the 327 

NaCl concentration. Bueno-Tokunga et al.,2015 also measured the zeta potential of an air 328 

bubble in an aqueous solution at pH around 2 and found that in an acidic environment the 329 

bubble will carry a positive charge. According to Pineres and Barraza,2011, these positive zeta 330 

potentials at lower pH may be due to acid formation. The negative zeta potential values in the 331 

alkaline range (pH > 7) could be attributed to a higher number of OH! ions compared to H"  332 

ions in the air/water interfaces. Yoon and Yordan,1988 proposed that this difference in ion 333 

concentration might be related to the difference in enthalpies of hydration between OH! ions 334 

(-446.8 kJ/mol) and H" ions (-1104 kJ/mol). There has, however, been an ongoing debate on 335 

the nature of interactions at the air/water interface (Beattie et al.,2009). 336 

 337 

3.4 Micro-Flotation Experiments 338 

The objective of the micro-flotation experiments was to investigate the effects of NaCl on the 339 

galena recovery in the flotation process. The results from micro-flotation experiments are 340 

presented in Figure 6.341 



21 
 

 

Figure	6.	Recovery	of	galena	at	pH	9	as	a	function	of	flotation	time	at	different	ionic	concentrations.	Error	

bars	indicate	a	standard	error	of	the	mean	values.	

 

From the results in Figure 6, it can be seen that the recovery of galena increased with increasing 342 

NaCl concentration. At 7 minutes, the recovery for the solution containing 1 mM NaCl was 343 

around 50%, compared to ~59% for the 100 mM NaCl solution. The most significant differences 344 

in total galena recovery were observed within the first minute of the flotation tests, where 345 

recovery for the solution with 1 mM was ~20%, compared to ~29% for the 10 mM solution and 346 

~ 38.5% for the 100 mM NaCl solution (Figure 6). A possible explanation for the higher galena 347 

recoveries as salt addition is increased might be related to the induction time, which is 348 

described by Nguyen and Schulze,2004, as the time needed for the intervening liquid film to 349 

drain to the critical thickness for the formation of a stable particle-bubble aggregate. In more 350 

concentrated electrolytes, the repulsion between a particle and an air bubble will decrease, in 351 

turn decreasing the water film stability. Consequently, the time required for the intervening 352 

film to rupture will decrease, leading to a faster particle-bubble attachment and recovery. The 353 

observed higher recoveries of the flotation tests in NaCl solutions can also be attributed to the 354 
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compression of the ionic diffuse layers and an enhanced particle aggregation when the 355 

repulsive forces are reduced (Wang and Peng,2014).  356 

According to Jeldres et al.,2016, the addition of salt ions will affect the mobility of the water 357 

molecules in salt solutions, by reducing the surface hydration. The adsorption of salt ions on 358 

the surface of the particle will disrupt of the hydration layers surrounding the particle, giving 359 

rise to stronger attractive forces between a particle and an air bubble (Klassen and 360 

Mokrousov,1963).  361 

A possible reason for increased galena recovery at higher NaCl concentrations could also be 362 

related to the air bubbles themselves. In a flotation process, frothers are often added to the 363 

pulp to stabilize the froth and assist in the reduction of bubble coalescence (Ramos et al.,2013). 364 

On a par with a frother, the addition of NaCl has been reported to be beneficial to the process, 365 

assisting with froth stabilization as well as reducing the bubble size (Castro et al.,2013; Quinn 366 

et al.,2014). During flotation, a smaller bubble size is more favourable as it leads to increased 367 

collision and attachment efficiencies, resulting in an increased mineral recovery (Dobby and 368 

Finch,1986). According to Craig et al.,1993b, a reduction in the bubble size at higher ionic 369 

concentration can be attributed to the fact that when inorganic salt ions are added to water, 370 

they seem to slow the inner-bubble drainage, thereby promoting the stability in the froth 371 

phase.  The addition of salt ions has been shown to inhibit bubble coalescence by increasing 372 

the contact area and the attachment efficiency between the particle and air bubble (Wu et 373 

al.,2016; Craig et al.,1993a; Craig et al. 1993b; Klassen and Mokrousov,1963). The foam stability 374 

will increase as the dynamic processes involved in the thinning and rupture of the intervening 375 

film are altered due to the increased salt concentration. Likewise, Zhang et al.,2008 suggested 376 

that increasing solution salinity decreases gas solubility in the solution, causing air 377 

precipitation on the mineral surfaces and leading to the formation of nano-bubbles. These 378 

nano-bubbles have been shown to enhance the interactions between particles and bubbles, 379 

by improving the attachment efficiency and consequently the recovery (Calgaroto et al.,2014). 380 

 381 

 382 
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3.5 Total Interaction Free Energy  383 

The calculated total interaction free energies between a galena particle and an air bubble in 384 

solutions containing increasing concentrations of NaCl, at pH 9, are illustrated in Figure 7.385 

 

Figure	7.	The	total	interaction	free	energy	versus	separation	distance	between	galena	and	an	air	bubble	

in	1,	10	and	100	mM	NaCl	solutions,	at	pH	9.	40μm	and	1000μm	were	used	as	the	particle	and	bubble	

radii,	respectively.	The	inset	shows	the	secondary	minimum	of	the	galena/air	bubble	interaction	in	1	mM	

NaCl	solution,	at	pH	9,	appearing	at	larger	(>25	nm)	separation	distances.	

 

In Figure 7, the energy profile for 1 mM NaCl showed an energy barrier of 1.2 x 10-15 J at around 385 

0.5 nm separation. An energy barrier appears when repulsion exceeds attraction. At lower 386 

concentrations strong repulsion dominates the interactions at shorter separation distances. At 387 

a distances of > 25 nm, however, a secondary minimum was observed in the 1 mM energy 388 

profile, illustrated in the inset in Figure 7. This secondary minimum represents a metastable 389 

equilibrium between galena and an air bubble where attraction, although weak, dominates 390 

the interactions. This attraction at the secondary minimum is not enough to guarantee a stable 391 

-0.4

0

0.4

0.8

1.2

1.6

0 5 10 15 20 25 30

TO
TA

L 
IN

TE
RA

CT
IO

N
 F

RE
E 

EN
ER

GY
 x

 1
0-

15
(J)

SEPARATION, d (nm)

1 mM
10 mM
100 mM

-0.12

-0.08

-0.04

0

0.04

0.08

0 100 200 300

TO
TA

L 
IN

TE
RA

CT
IO

N
 

FR
EE

 E
N

ER
GY

 x
 1

0 
-1

5
(J)

SEPARATION, d (nm)

1 mM



24 
 

galena/air bubble aggregation, however. The repulsive barrier between the particles and air 392 

bubbles, depicted in the 1 mM energy curve in Figure 7, causes them to redisperse.  393 

The energy profile for 10 mM NaCl also exhibits a repulsive maximum, but with a significantly 394 

smaller energy barrier of 0.1 x 10-15 J at around 0.5 nm separation. The calculated Debye lengths 395 

(κ!@)	in 1 mM, 10 mM and 100 mM NaCl concentrations were 9.62 nm, 3.04 nm and 0.96 nm, 396 

respectively. As the ionic concentration increases, the Debye lengths decrease and so do the 397 

heights of the energy barriers. A lower energy barrier allows the particle and bubble to come 398 

closer together, with significantly less kinetic energy required to form an attachment, resulting 399 

in an increased particle recovery, which is seen in Figure 6. 400 

The total interaction free energy between a galena particle and an air bubble in 100 mM 401 

solution is always negative and monotonically varying with the separation distance. This 402 

increased attraction was largely attributed to the screening of the particle and bubble ionic 403 

diffuse layers such that the total interaction is mainly controlled by the attractive van der Waals 404 

interactions. The nature of this repulsion/attraction transition is discussed in more detail in a 405 

study by Trefalt et al.,2016, where this transition was shown to strongly depend on the value of 406 

the charge regulation parameter. 407 

In the DLVO description of the system, it is not possible to vary the attractive component of the 408 

interaction energy, as this value is fixed by the Hamaker constant of the interacting materials. 409 

However, the degree of repulsion can be reduced by adding more ions to the system thereby 410 

decreasing the screening length resulting from an increased ionic strength. The higher the salt 411 

concentration in solution, the shorter the Debye length, meaning a shorter range of repulsion 412 

from the ion adsorption layers. Decreasing the ionic repulsion will increase the attachment 413 

efficiency and result in a higher galena recovery. At the 1 mM NaCl concentration, the efficiency 414 

of particle-bubble attachment is decreased by greater repulsion between galena and an air 415 

bubble, arising from stronger counterion adsorption in accordance with the more negative 416 

zeta potentials measured for galena (Figure 4) and an air bubble (Figure 5) at this 417 

concentration. Possibly due to the long-range nature of the ionic diffuse layer forces compared 418 

to the shorter-range van der Waals interactions, the efficiency of flotation at ionic 419 

concentrations smaller than 10 mM was predominantly controlled by these ionic diffuse layer 420 
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forces. Our micro-flotation results indicated that particles and bubbles could form aggregates 421 

even at low NaCl concentrations suggesting that their kinetic energies were enough to 422 

overcome the energy barrier arising due to the repulsive ionic diffuse layer interactions, 423 

possibly aided by the existence of the secondary minimum. Due to screening of the 424 

electrostatic repulsive forces in 100 mM NaCl solution, the total interactions then become 425 

mainly dominated by the attractive van der Waals forces.  426 

In this study, we evaluated the interaction free energy between a galena particle and an air 427 

bubble under conditions of charge regulation. An alternative “approximate” analytical method 428 

which is frequently employed and uses constant potential conditions, calculates the total 429 

interaction energy (EK?EL) as:430 

EK?EL =	E:;< + E9/	 	(28) 

1. van der Waals interactions (E:;<) 431 

E:;< =	−	
A@A%R#R-
6dwR# + R-x

	 	(29) 

where d  is the surface to surface distance, R#  and R-  are the particle and bubble radii, 432 

respectively, and A@A% is the Hamaker constant. 433 

2. Electrostatic (ionic) interactions (E9/)434 

	E9/ = 4πε5εI
D#D-

2wD# + D-x
zψ#ψ-e!M& −

1
4
wψ#% + ψ-%xe!%M&{	 	(30) 

where εI	is the dielectric constant, ε5 is the dielectric permittivity of the medium in vacuum, κ 435 

is the reciprocal of the Debye length, and ψ#  and ψ-  are the particle and bubble surface 436 

potentials, respectively and D# and D- are the particle and bubble diameters, respectively. 437 

Figure 8 compares the total interaction energy (EK?EL)  calculated by the “approximate” 438 

method (constant potential) against the total interaction free energy (F787)  under charge 439 

regulated conditions between a galena particle and an air bubble in different NaCl 440 

concentrations, at pH 9. The radii of the galena particle and air bubble radii were 40μm and 441 

1000μm, respectively.442 
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Figure 8. The	total	interaction	free	energy	(solid	lines)-calculated	using	Eq.(12),	and	the	total	interaction	
energy	E*+,-	(dashed	lines)-calculated	using	Eq.(28),	versus	distance	of	separation	between	a	galena	

particle	and	an	air	bubble	in	1,	10	and	100	mM	NaCl	solutions,	at	pH	9.		

When we compare the results produced by the two methods against each other (energy curves 443 

in Figure 8), the results are not entirely consistent. The major discrepancy between the 444 

methods is noticed in the lowest NaCl concentration curves. Indeed, both profiles representing 445 

the interactions in 1 mM indicate an energy barrier, but the height of this barrier calculated 446 

using Eq.(12) was roughly double the height of the one calculated using the “approximate” 447 

method represented by Eq.(28) with the repulsion extending over a distance of about one 448 

Debye length. As mentioned earlier, the van der Waals contribution to the total interaction 449 

energy mainly depends on a Hamaker constant value, specific to that interaction. Changes to 450 

ionic concentrations will have no effect on the van der Waals interactions. For this reason, we 451 

should focus on comparing how the electrostatic (ionic) interactions are represented and 452 

calculated in each method. In the expression for the electrostatic (ionic) interactions described 453 

by Eq.(30), the surface potentials for a particle and an air bubble remain constant, they do not 454 
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change despite the changes in the separation distance. Consequently, the “approximate” 455 

method can be identified as a “constant potential” method. On the other hand, when we 456 

calculate the total interaction free energy using Eq.(12), we are taking into consideration the 457 

varying particle and bubble surface potentials. We note that these surface potential variations 458 

result from the changes in the concentration and the distributions of ions inside the diffuse 459 

layer. Subsequently, this method can be identified as a “charge-regulated potential” method.  460 

One of the main objectives of this study involved studying the contributions due to the specific 461 

ion binding activities at surface sites, which are represented by the term F=>9+ in Eq.(12), one 462 

of the four individual components to the total interaction free energy calculations whose 463 

contributions are neglected in the “approximate” analytical method. With this in mind, we 464 

postulate that the underestimated energy barrier for the 1 mM energy profile, determined using 465 

Eq.(28), resulted from a charge regulation process not being taken into consideration by the 466 

(EK?EL) analytical method. 467 

 468 

4. CONCLUSION 469 

This work presents new findings of the effects of different NaCl concentrations on the flotation 470 

of galena. The micro-flotation tests were carried out at three different NaCl concentrations, at 471 

pH 9. It was found that the recovery of galena increased with increased NaCl concentration. 472 

Chemisorption models describing the local surface charge at the galena/electrolyte and 473 

bubble/electrolyte interface have been identified and applied. Chemisorption parameters 474 

were calibrated against the measured zeta potentials. The predicted zeta potential values were 475 

in line with the measured zeta potentials. 476 

The total interaction free energy between a galena and an air bubble for each of the three NaCl 477 

concentrations tested in this study was determined using the DLVO theory with surface charge 478 

determined based on the identified chemisorption model parameters. The repulsive forces 479 

were shown to dominate at a NaCl concentration of 1 mM, with a well-defined energy barrier 480 

at a particle-bubble separation distance of 0.5 nm. On the other hand, the galena/air bubble 481 

interactions in 10 mM NaCl solution were controlled by a significantly weaker ionic diffuse layer 482 
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repulsions, indicated by a lower energy barrier as a result of an increase in NaCl concentration 483 

in solution. The total energy calculated in 100 mM NaCl concentration suggested interactions 484 

which are predominantly controlled by the attractive van der Waals forces. The theoretical 485 

models appeared to be in agreement with the micro-flotation recovery results, recognising that 486 

they may be useful in predicting the flotation behaviour of galena. 487 

The main focus of this study was to gain a better understanding of the effects of NaCl addition 488 

on galena recovery in flotation.  Future work will involve experiments with an addition of a 489 

collector, as well as investigations into the effects of other salt ions on the flotation of galena. 490 

 491 
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