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Main findings: 

 

§ The recovery of galena improves for higher NaCl concentrations. 

§ Highest recovery for Coarse galena/Coarse quartz (CC) particle system, and the 

lowest for Fine galena/Fine quartz (FF) particle system. 

§ Higher recovery reported for Fine galena/Coarse quartz (FC) particle system 

compared to Coarse galena/Fine quartz (CF) particle system. 

§ Recovery driven by a stronger attraction of air bubbles towards the galena particles 

whilst the quartz/air bubble interactions indicate repulsion. 
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ABSTRACT	1 

 2 

 3 

In this study we have investigated the interactions between coarse and fine galena and quartz 4 

particles and their implications for flotation in NaCl solutions. Tested were four different 5 

particle systems: (CC) Coarse galena/Coarse quartz, (CF) Coarse galena/Fine quartz, (FC) Fine 6 

galena/Coarse quartz and (FF) Fine galena/Fine quartz. The flotation experiments were carried 7 

out on the four particle systems in NaCl concentrations of 10 mM and 100 mM, at pH 9. It was 8 

found that the recovery was the highest for the CC particle system, and the lowest for the FF 9 

particle system. The experiments also indicated that the recovery improved for the higher NaCl 10 

concentration. 11 

As part of this study, we calculated the total interaction free energy as a function of separation 12 

distance for each pairwise combination of particles and bubbles, for each test condition. It was 13 

found that for all particle systems, galena/quartz interactions are dominated by repulsion. The 14 

interactions between two galena particles indicated attraction as the dominating force, while 15 

the interactions between quartz particles showed repulsion in 10 mM NaCl, which changed to 16 

attraction with an increase in NaCl concentration. Galena/air bubble interactions were 17 

controlled by repulsive electrostatic interactions in 10 mM NaCl, but these interactions became 18 

attractive in 100 mM NaCl salt solutions. On the other hand, the quartz/air bubble interactions 19 

were always repulsive, irrespective of the NaCl concentration. Based on these theoretical 20 

predictions, we postulate that the stronger repulsion of quartz particles towards the air 21 

bubbles could be the driving force for galena recovery.22 
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1. Introduction 23 

In mineral processing, froth flotation is a widely used method for separating target mineral 24 

particles from the gangue particles when both are mixed in an aqueous pulp. The efficiency of 25 

the process depends mainly on the number of successful particle-bubble collisions that lead 26 

to the formation of stable particle-bubble aggregates, recoverable in the froth layer (Leistner 27 

et al.,2017).  28 

Mineral processing involving froth flotation requires large amounts of water and with shortages 29 

of fresh water in some parts of the world, more flotation plants are using recycled or sea water 30 

for processing. Previous studies indicated that using water containing higher electrolyte 31 

concentrations improves the recovery of minerals by froth flotation. This has been attributed 32 

to the compression of the ionic diffuse layers around a particle and an air bubble (Wang and 33 

Peng,2014) as well as the inhibition of bubble coalescence in salt solutions (Craig et al.,1993). 34 

As the mining of more disseminated ore deposits is predicted to increase in the future, a higher 35 

degree of particle grinding will be necessary to achieve liberation (Wightman et al.,2000), 36 

resulting in increasing amounts of fine and ultrafine particles making up the flotation feed. In 37 

recent years, a number of studies have documented a strong correlation between particle size 38 

and flotation recovery (Leistner et al.,2017; Jameson,2012; Leistner et al.,2016; 39 

Sivamohan,1990). According to Jameson,2012 and Trahar,1981, froth flotation is most efficient 40 

for particles ranging in size from 10-100 μm. Flotation recovery has been shown to decrease 41 

with increasing particle size (>100 μm), with this being attributed to a higher probability of 42 

particle-bubble detachments (Nguyen and Schulze,2003). On the other hand, if particles are 43 

too fine (<10 μm), flotation efficiency is limited by a smaller particle mass and its higher specific 44 

surface area (Lange et al.,1997). Small particle mass leads to a lower probability of particle-45 

bubble collisions due to a lower momentum, and results in fine particles being recovered via 46 

entrainment rather than flotation by means of particle-bubble attachments (Lange et al.,1997). 47 

Higher surface area of fine particles has been associated with a more rapid reagent 48 

consumption compared to coarse particles, leading to a non-selective collection of fine 49 

particles and a reduction in the grade of the target mineral (Lange et al.,1997). 50 
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In a study by Leistner et al.,2017, the authors reported that the target particle-bubble ratio is 51 

not the sole parameter to govern flotation efficiency. It has been suggested that an increased 52 

number of fine and ultrafine gangue particles present in the feed can reduce the target particle-53 

bubble collision efficiency, hence limiting the recovery of the target mineral. The aim of this 54 

current study was to examine these hypotheses by focusing on the interactions between 55 

coarse and fine galena and quartz particles during flotation in NaCl salt solutions.  The recovery 56 

of galena was investigated by flotation experiments, measured zeta potentials as well as 57 

theoretical models representing the total free energy of the interaction for each condition. The 58 

outcome provides new insight into the recovery of galena via froth flotation in NaCl solutions, 59 

as a function of the target and gangue mineral particle size. 60 

 61 

2. Experimental 62 

	63 

2.1. Minerals and Reagents 64 

The mineral chosen as the target was galena (PbS) with quartz (SiO2) as the gangue mineral in 65 

the system. The galena sample was from an unknown location. The ICP-MS (Inductively 66 

Coupled Plasma Mass Spectrometry) analysis indicated that the galena sample contained 67 

64.53% Pb (w/v).  68 

The objective was to generate two size fractions for each mineral, a coarse (-75 + 53)µm and a 69 

fine (< 15) µm fraction. To do so, the galena and quartz samples were initially crushed using a 70 

jaw crusher. The crushed material was then combined with a NaCl salt solution (10 mM) and 71 

ground in a ball mill using zirconia media. Each sample was ground for a certain amount of 72 

time, before the mill was stopped, and a small sample of the pulp was removed for size 73 

analysis. Using a laser diffraction instrument (Microtrac S3500), the P50 (the size at which 50% 74 

of particles are passing) was measured. If the required particle size was not achieved, the mill 75 

was re started and the grinding carried on for a longer period of time. The grinding process 76 

continued till the desired particle size was achieved. Once this was done, the pulp was 77 

removed from the ball mill, and it was pressure filtered. The filtered sample was then sealed 78 
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inside a plastic bag, with no drying. This procedure was followed for both mineral samples. At 79 

the end, four separate fractions were produced, two for galena (coarse and fine) and two for 80 

quartz (coarse and fine). These four fractions were later used to generate the four feed particle 81 

systems in this study, namely: (CC) Coarse galena-Coarse quartz, (CF) Coarse galena-Fine 82 

quartz, (FC) Fine galena-Coarse quartz, and (FF) Fine galena-Fine quartz. All experiments were 83 

performed in deionised water containing either 10 mM or 100 mM sodium chloride (NaCl) of 84 

analytical grade. Analytical grade sodium hydroxide (NaOH) was used to regulate the solution 85 

pH. Analytical grade nitric acid (HNO3) and hydrochloric acid (HCl) were used to make up the 86 

Aqua Regia solution. 87 

	88 

2.2. Zeta Potential Measurements and the Charge Regulation at 89 

the Galena, Quartz and Air Bubble Surface Sites 90 

Zeta potentials of galena and quartz particles were measured using a Malvern Nano-ZS90 zeta 91 

analyser (Malvern Instruments, UK) at room temperature. The measurements involved 92 

ultrafine (~5) µm galena or quartz particles dispersed in deionised water with a salt 93 

background of 10 mM NaCl, at a pH range of 2-10. At least 3 measurements were done at each 94 

condition, with the average values illustrated in Figure 3. These measured zeta potentials were 95 

used to determine the heterocoagulation tendency of galena and quartz particles during 96 

flotation as well as to calibrate the chemisorption models describing competitive ion binding 97 

at the galena and quartz surfaces. 98 

Previous investigations indicated two separate binding sites on the surface of galena where 99 

the dissociation reactions take place, represented as: (1)- a negative galena site X!, where the 100 

protons (H+) and the cations (Na+) compete to bind directly to the site Eq.(1-2):101 

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

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

and, (2)- a neutral galena site X, where the protons (H+) compete with the anions (Cl-) for the 102 

site Eq.(3-4):103 
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XH$ 	
"#!&$%& 	X +	H$ (3) 

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

Our chemisorption model for galena is a “two-site/not amphoteric” surface complexation 104 

model which assumes that there is only single-binding of ions at each of the sites. 105 

In comparison, the process of ion competition taking place at the quartz surface site can be 106 

represented by the following dissociation reactions:107 

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

		XNa	
"#$%$%&	X! +	Na$ (6) 

The chemisorption model for quartz Eq.(5-6) is a “one-site/two pK” model, involving the 108 

competitive adsorption of protons (H+) and cations (Na+) at the negatively charged quartz sites, 109 

where only single binding of ions is involved.  110 

The dissociation reactions taking place on air bubble surface sites are as follows:111 

XH	
"#!$&	X! +	H$ (7) 

XH%$ 	
"#!!$%& 	XH +	H$ (8) 

XH −	Cl! 	
"#!'($%%& 	XH +	Cl! (9) 

The surface complexation model for an air bubble Eq.(7-9) is an amphoteric “one-site/two pK” 112 

model. The model indicates either a single binding Eq.(7) or a double-binding Eq.(8) of protons 113 

(H+) at the negatively charged bubble site X!. The anions (Cl-) do not bind directly to a bubble 114 

site, rather they bind to a protonated site on the surface of the bubble Eq.(9). 115 

It has been documented that an equilibrium between the adsorption and desorption of ions 116 

at specific surface sites can be used to determine the total surface charge (Hunter,1981). 117 

Governed by short-range molecular forces, each of the binding energies of the 118 

adsorption/desorption reactions is represented by an equilibrium constant K, or its 119 

counterpart pK = - log K. Here the terms pK&" ,	pK&&and pK&	are the equilibrium constants 120 

associated with the surface adsorption of protons. In this study the equilibrium constants for 121 
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the adsorption and desorption reactions of all ions were determined by least-square fitting to 122 

the measured zeta potentials and are presented in Tables 1-3.123 

 

Table	1.	Parameters	used	to	fit	the	chemisorption	model	for	galena	in	NaCl	salt	solution	(calibrated	using	

the	measured	galena	zeta	potentials	in	10	mM	NaCl	solution).	

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 

 

Table	2.	Parameters	used	to	fit	the	chemisorption	model	for	quartz	(calibrated	using	the	measured	quartz	

zeta	potentials	in	10	mM	NaCl	solution).	The	values	in	the	brackets	are	the	ones	previously	reported	in	the	

literature	(Chapel,1994;	Davis	et	al.,1977).		

PARAMETER VALUE 

Ns (sites m-2) 2.147 x 1016 (0.5-5 x 1016) 

pKH 5.652 (6.35) 

pKNa 3.093 (3.25) 

 

Table	3.	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 
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A phenomenon known as “charge regulation” was first described by Ninham and Parseginan 124 

in 1971. The authors indicated that the electrostatic potential, resulting from the overlapping 125 

diffuse parts of the double layers in conjunction with the localised concentration of ions, which 126 

varies with the changing separation distance between two interacting objects, is responsible 127 

for determining the total surface charge (Ninham and Parseginan,1971). The solution to the 128 

total surface charge is obtained by combining the Poisson-Boltzmann equation, which 129 

connects the electrostatic potential at any point in an electrolyte to the concentration of ions 130 

at that point (Pick,2015), to the individual adsorption/desorption reactions for the adsorbed 131 

ions within the Stern Layer (Zhao et al.,2015). 132 

The total surface charge (σ') for a given site can be calculated according to:133 

σ' =	q'N' +	=q(Γ(	
(

(10)

where q' is the charge of the dissociated site, N' is the site density (number of sites per unit 134 

area) and q( is the ionic charge (Parsons and Salis,2019).  135 

The total amount of bound charge (Γ() from ion i	can be calculated from:136 

Γ( =	
N'
A'
B
a(
K(
+	=a(a* C

1
K(K(*

+	
1

K*K*(
D

*

E (11) 

where K( and K* indicate the single-binding of ion i and j, respectively,  K(* represents binding 137 

of ion j to a site with ion i already bound, and K*(  describes a site with ion i double-binding to 138 

a site with ion j already bound. 139 

A' is a measure of the total association or in other terms, an inverse of γ' (γ' being a fraction 140 

of fully dissociated surface sites) and can be written as:141 
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A' =
1
γ'
= 1 +	=

a+
K++

H1 +	=
a,
K+,,

I (12) 

The term a( does not describe the surface activity of an ion, rather it corresponds to the 142 

“partial ion activity” at a particular concentration, and according to Parsons and Salis,2015 143 

and 2019, is quantified by:144 

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

034 (13) 

where c(-./0 is the concentration of ion i in the bulk, ψ5 is the electrostatic potential at the 145 

surface, k is the Boltzmann constant (1.3806 x 10-23 J/K) and T is the temperature (298 K). 146 

 147 

2.3. Flotation Experiments 148 

The flotation experiments were performed using an Agitair Model LA-500 flotation machine. 149 

The four individually generated feed particle systems were tested: CC, CF, FC and FF. Each 150 

experiment used ~ 50 grams of galena and ~50 grams of quartz particles, with the total solid 151 

content being 10% (w/v). Test solutions were prepared using deionised water with either 10 152 

mM or 100 mM NaCl, adjusted to pH 9, before the solids were introduced. The flotation 153 

experiments were carried out in a one-litre cell with an impeller speed fixed at 1000 rpm. The 154 

pulp was conditioned for 3 minutes before the air bubbles were introduced and kept at 4 L/min 155 

for 7 minutes. Flotation concentrate was sampled at 7 minutes, at which point the experiment 156 

was terminated. The concentrates and tailings were filtered, dried and weighed. A 157 

representative sample was taken from each of the froth products, partially digested using the 158 

Aqua Regia solution (HNO3 + 3HCl) at 80°C for 1 hour, then appropriately diluted using 159 

deionised water before its Pb content (% w/v) was determined by ICP-MS analysis. 160 

 161 

2.4. Total Interaction Free Energy and the DLVO Theory 162 

The DLVO theory describes the total interaction energy between two objects in terms of a 163 

balance of the attractive and repulsive contributions to the total free energy. However, for NaCl 164 
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concentrations higher than 100 mM, the ionic diffuse layer force is screened, leaving the van 165 

der Waals force as the dominant factor in the interaction. The total interaction free energy 166 

(F676)  can be broken down into four individual contributions:167 

F676 = F8/ + F8, + F9:; + F<=8+ (14) 

F8/ represents the direct electrostatic energy due to surface and electrolyte charges, F8, is the 168 

contribution due to the entropy (osmotic energy) of ions physisorbed near the surface. The 169 

term F9:; represents the van der Waals interactions characterised by the Hamaker constant 170 

for the system and F<=8+ is the chemisorption free energy resulting from ion binding (Parsons 171 

and Salis,2019), also known as charge regulation. The electrostatic energy	F8/ is determined by 172 

the electrostatic potential ψ(z) generated by physisorbed ions (the so-called electric double 173 

layer) and by the surface charge (Eq.10). Here, z represents the position of the ion (its distance 174 

from the galena surface) (Parsons and Ninham,2012): 175 

F8/ =	
ε5ε
2 R S

dψ
dzU

%>

5
dz	 	(15) 176 

and L represents the separation distance between the two interacting surfaces. 177 

The entropic energy F8,is generated by the concentration profiles c((z) of the adsorbed ions, 178 

according to the following: 179 

F8, = kT=R dz Wc((z)ln
c((z)
c(5

− c((z) + c(5Y	
>

5(

	(16) 180 

where c(5 is the bulk activity of ion i (Parsons and Ninham,2012). A more detailed description 181 

of the term F<=8+ from Eq.(14) can be found in the studies of Parsons and Salis,2015 and 2019.  182 

While the chemisorption contributions to the total free energy are mainly influenced by the 183 

surface charge and the concentration and distribution of ions in the system, the non-184 

electrostatic van der Waals interactions F9:; are characterised by a Hamaker constant (A?@%), 185 

with:186 

F9:; =
−A?@%
12πd% 	 	(17)
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The Hamaker constant characterises the interaction between sphere 1 and sphere 2 immersed 185 

in aqueous medium 3 (aqueous solution). Using Lifshitz theory, the Hamaker constant can be 186 

calculated from the frequency dependent dielectric properties (optical spectra) of the 187 

continuous phases (Lee and Singmund,2002; Bergström,1997). The non-retarded Hamaker 188 

constant (A?@%) can be approximated as:189 

A?@% =	
3kT
2 = ′=

(∆?@∆%@)'

s@

A

'B?

A

,B5

	 	(18) 

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.(18) is a reflection coefficient, defined as:192 

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

(19)

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

	 	(20)

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, using:198 

ε(iζ+) = 1 +	
CCD

1 +	b ζ+ωCD
d
% +	

CEF

1 +	b ζ+ωEF
d
% 	 	(21) 
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Optical parameters CCD and CEF 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 ωCD 200 

and ωEF, 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). The dielectric function 202 

of air is taken to be simply εG(H = 1. The Hamaker constants for all the interactions presented 203 

in this study are calculated using the dielectric data for a cubic galena (Bergström,1997), for 204 

quartz (Chad and Richmond,1977) and for water (Fiedler et al.,2020), and are given in Table 4.205 

Table	4.	The	Hamaker	constants	(A+,-)	for	the	interactions	in	this	study.	

INTERACTION 𝐀𝟏𝟑𝟐 (J) 

galena-water-galena 5.5693 x 10-20 

galena-water-quartz 2.9564 x 10-22 

galena-water-bubble 2.7741 x 10-21 

quartz-water-quartz 7.4508 x 10-21 

quartz-water-bubble -1.0616 x 10-20 

 

The Debye length characterizes the screening distance of the electrostatic force, or in other 206 

words, the thickness of the electrical double layer denoted as (κ!?), and is defined as:207 

𝜅!? =	h
εHε5kT

e%∑ ρ(Az(%(
	 	(22) 

where ε5 is the permittivity of free space, εH is the dielectric constant of the medium, k is the 208 

Boltzmann constant, T is the absolute temperature, e is the electronic charge, ρ( is the number 209 

density of ion i and z( is the ion valency. According to Eq.(22), the Debye length will decrease 210 

monotonically as the ion concentration increases and will continue to decrease to a point 211 

where no long-range electrostatic forces will be expected in a concentrated electrolyte (Smith 212 

et al.,2016).  213 

 214 
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2.4.1. The Poisson-Boltzmann model 215 

The total free energy described by Eq.(14), develops as a result of ion adsorption (the electric 216 

double layer) at the surface, forming ion concentration profiles c((z). Ions adsorb primarily in 217 

response to the electrostatic potential ψ(z). Assuming that each ion is in equilibrium with the 218 

bulk solution, the concentration profile is formed as a Boltzmann distribution, determined by 219 

the electrostatic energy of the ion, according to:220 

c((z) = c(Aexp C−
Z(eψ(z)
kT D	 	(23) 

where k  is the Boltzmann constant, T  is the temperature and c(A  is the bulk number 221 

concentration of all of the ions. 222 

The electrostatic potential ψ(z) is determined by the Poisson equation (the first of Maxwell’s 223 

equations):224 

d%

dz%
ψ(z) = −

e
εε5

=Z(c(AexpC−
Z(eψ(z)
kT

D
(

	 (24)

where e is the elementary charge and Z( is the valency of the corresponding ion. ε and ε5 are 225 

the dielectric constant of the medium and the permittivity of free space. Solving for c((z) and 226 

ψ(z) simultaneously, Eq.(23) and Eq.(24) together, form the nonlinear Poisson-Boltzmann (PB) 227 

model. 228 

Solving the Poisson equation, Eq.(23), however, requires defining the boundary conditions 229 

relating the gradient of the electrostatic potential at the surfaces of the interacting objects, to 230 

their respective surface charges, as follows:231 

 

S
dψ
dz%

U
'.HLG<8

=	
−σ
εε5

	 	(25)

To do so, we apply the charge regulation model, Eq.(10), to determine the surface charges of 232 

the two surfaces. Here we solve the nonlinear Poisson-Boltzmann model by finite element 233 
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methods using the FEniCS software (Alnæs et al.,2015). Once c((z)  and ψ(z)  have been 234 

calculated, they are used to determine the total interaction free energy Eq.(14), between the 235 

two interacting objects, both represented as flat planes. Finally, the Derjaguin approximation 236 

(Derjaguin,1934) is applied to convert the flat-plane interaction energy F(d) into a force f(d) 237 

between the two spherical objects:238 

 

f(d) = 2πS
R?R%
R? + R%

U F(d) 	(26) 

where R?and R% are the radii of the two objects. 239 

Figure 1 illustrates the sequence of steps required to perform the calculations presented in this 240 

study.241 

 

 
 

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. 242 

2. The measured zeta potentials from Step 1 are used to calibrate the charge regulation 243 

parameters of our model, determining the charge-regulated surface charge (σ')  in 244 

Eq.(10). The charge regulation parameters are fitted by least-square difference to 245 

minimize the difference between the measured zeta potentials and the surface 246 

potentials calculated by the PB model for galena, quartz and air bubble surfaces, 247 

separately. 248 

3. Using the charge regulation parameters from Step 2 and the PB model described by 249 

Eq.(23) and Eq.(24), the potential and the ion concentration profiles for galena, quartz 250 

and air bubble interacting at various separation distances (d) are calculated.  251 

4. Using the electrostatic potentials and the ion concentration profiles calculated in Step 252 

3, the total interaction free energy between the two surfaces, separated by a distance 253 

(d), is calculated using Eq.(14). The total free energy between two flat surfaces is then 254 

converted to a force between spherical particles using the Derjaguin approximation 255 

Eq.(26).256 

 

3. Results and Discussion 257 

 258 

3.1. Particle Size Distribution 259 

Figure 2 illustrates the galena and quartz particle size distribution. 260 
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Figure	2.	Galena	and	quartz	particle	size	distribution	curves	for	particles	used	to	generate	the	four	

particle	feed	systems	of	the	study.	

	

For the purpose of calculating the total interaction free energy for each system, the P50, which 261 

represents the size at which 50% of particles are passing, was used. The following particle 262 

diameters were used in all calculations: Coarse galena = 62.23μm, Fine galena = 11.03μm, 263 

Coarse quartz = 57.05μm, Fine quartz = 8.10μm. 264 

 265 

3.2. Zeta Potential Analysis  266 

Figure 3 illustrates the measured and calculated zeta potentials of galena and quartz as a 267 

function of pH with 10 mM NaCl used as the background electrolyte solution. 268 
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Figure	3.	Influence	of	pH	on	the	zeta	potentials	of	galena	and	quartz	particles	measured	in	10	mM	NaCl	

salt	solution	(solid	lines)	and	the	zeta	potentials	of	galena	and	quartz	calculated	using	the	charge	

regulation	models	for	galena	and	quartz	(broken	lines).	

	

The measured zeta potentials of galena in 10 mM NaCl background solution indicated a 269 

negatively charged surface over the investigated pH range, decreasing from -14 mV to -30 mV 270 

as the pH increased from 2 to 10. The zeta potentials of quartz also showed a negatively 271 

charged surface for the pH range tested, from decreasing -1 mV to -37 mV as the pH was 272 

increased from 2 to 10. The quartz zeta potentials were consistent with the values previously 273 

reported by Liang et al., 2017. 274 

A smaller difference between two particles’ zeta potentials implies reduced coagulation, 275 

resulting from a decrease in electrostatic attraction between the particles (Mitchell et al.,2005; 276 

Xu et al.,2012). From the results in Figure 3, at an alkaline pH (pH 9), the difference in the galena 277 

and quartz zeta potentials is reasonably small, and for this reason pH 9 was chosen for the 278 

micro-flotation experiments. 279 
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Figure 4 shows the measured and calculated zeta potentials of an air bubble in 1 mM and 10 280 

mM NaCl solutions, as a function of pH. The measured zeta potentials were taken from a study 281 

by Yang et al.,2001.282 

	

Figure	4.	Zeta	potential	versus	pH	curves	for	an	air	bubble	conditioned	in	1	mM	and	10	mM	of	NaCl	salt	

solutions.	Solid	lines	represent	the	measured	values	(taken	from	a	study	by	Yang	et	al.,2001),	the	broken	

lines	illustrate	the	calculated	values	using	the	chemisorption	model	for	the	air	bubble.

 

At the lower ionic concentration of 1 mM NaCl, the bubble zeta potentials decrease from +16 283 

mV to -56 mV as the pH increases from 2 to 10. At 10 mM NaCl, the bubble zeta potentials 284 

decrease from +5 mV to -33 mV, as the pH increases from 2 to 10. The results in Figure 4 show 285 

that an air bubble is positively charged at pH 2-3, with the exact zeta potential value depending 286 

on the NaCl concentration.287 
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3.3. Flotation Experiments 288 

The recovery of galena after flotation in 10 mM and 100 mM NaCl salt solutions at pH 9, as a 289 

function of the four feed particle systems is shown in Figure 5.290 

 

 

Figure	5.	The	recovery	of	galena	(%)	from	the	flotation	experiments	conducted	in	10	mM	(light	blue)	and	

100	mM	(dark	blue)	NaCl	salt	solutions	at	pH	9,	as	a	function	of	the	four	feed	particle	systems.	(CC):	

Coarse	galena/Coarse	quartz,	(CF):	Coarse	galena/Fine	quartz,	(FC):	Fine	galena/Coarse	quartz,	and	

(FF):	Fine	galena/Fine	quartz.	

	

The results from Figure 5 suggest that an increase in NaCl concentration in solution from 10 291 

mM to 100 mM increases the recovery of galena.  When looking at the individual particle 292 

systems, the CC particle system produced the highest galena recovery of ~ 63% in 10 mM and 293 

~70% in 100 mM NaCl salt solution. This finding does not come as a surprise considering the 294 

size of the galena particles making up the feed was within the optimum particle size range for 295 

flotation reported by Jameson,2012 and Trahar,1981. The lowest galena recovery of ~46% in 296 

10 mM and ~50% in 100 mM NaCl salt solution for the FF particle system, could be attributed 297 

to a lower target particle-bubble collision efficiency due to a lower mass of the galena particles. 298 

CC
CF

FC
FF

CC
CF FC

FF

0

10

20

30

40

50

60

70

80

GA
LE

N
A 

RE
CO

VE
RY

 (%
)



20 
 

The low galena recovery in the FF particle system might have also resulted from a higher water 299 

recovery and a higher number of gangue (quartz) particles reporting to the froth product. 300 

The effects on flotation efficiency of using coarse and fine particles as feed have been studied 301 

and discussed in detail in the literature (Lange et al.,1997; Jameson,2012; Leistner et al.,2017; 302 

Nguyen and Schulze,2003, Yao et al.,2018). However, the current collision efficiency models do 303 

not explain the flotation results for the CF and FC particle systems. Shown in Figure 5, the 304 

recovery of galena in the CF particle system was ~52% in 10 mM and ~62% in 100 mM NaCl, 305 

compared to ~58% and ~66% for the FC particle system in 10 mM and 100 mM NaCl, 306 

respectively. These results demonstrate that the size of the gangue (quartz) particles in the feed 307 

affects the recovery of the target (galena) mineral which is in agreement with the findings 308 

previously reported by Leistner et al.,2017. The lower galena recovery in the CF particle system 309 

can possibly be attributed to a greater number of individual fine quartz particles in the feed, 310 

which resulted from a higher degree of particle liberation required to generate a fine quartz 311 

fraction. These quartz particles are hydrophilic in nature, therefore, having an increased 312 

number of them in the feed will negatively impact galena recovery, as shown in Figure 5. 313 

 314 

3.4. Total Interaction Free Energy 315 

The calculated total interaction free energies between coarse and fine galena and quartz 316 

particles in 10 mM and 100 mM NaCl salt solutions, at pH 9 are illustrated in Figures 6 and 7. 317 
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Figure	6.	The	total	interaction	free	energy	versus	the	separation	distance	between	galena	and	quartz	

particles	for	the	four	different	feed	particle	systems	in	10	mM	NaCl	salt	solution,	at	pH	9.	CC=Coarse	

galena/Coarse	quartz,	CF=Coarse	galena/Fine	quartz,	FC=Fine	galena/Coarse	quartz,	and	FF=Fine	

galena/Fine	quartz.	

 

The results in Figure 6 show that in all four galena/quartz particle systems repulsion dominates 318 

the interactions at separations of < 12 nm. The CC particle system has the highest energy 319 

barrier of 12 x 10-17 J. This large energy barrier for the CC particle system suggests that it will be 320 

more difficult for coarse galena and coarse quartz particles to aggregate due to a high 321 

electrostatic repulsion acting between them. In the context of froth flotation, a larger repulsive 322 

barrier between galena and quartz gives rise to conditions which help to increase galena 323 

recovery. This is consistent the results from the flotation experiments in Figure 5. In terms of 324 

competitive ion binding at the surface sites, in the CC particle system where each individual 325 

galena and quartz particle has a larger surface area, a stronger repulsion dominates the 326 

interaction due to a higher number of surface sites available for ion adsorption.  327 

The lowest energy barrier of around 2 x 10-17 J is reported for the FF particle system. This finding 328 

implies that there is a higher probability of fine galena/fine quartz particle agglomeration, 329 
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caused by a lower electrostatic repulsion between these particles. The results from the 330 

flotation experiments in Figure 5 are in agreement with this theoretical prediction. 331 

The energy profiles for the CF and the FC particle systems also indicate the presence of an 332 

energy barrier of 3 x 10-17 J and 4 x 10-17 J, respectively. A significantly lower repulsion is noticed 333 

in these two particle systems compared to the CC particle system. In Figure 6, the energy barrier 334 

for the FC particle system is 3 times lower than the energy barrier for the CC system, yet the 335 

flotation results for the FC system indicated a galena recovery of around 58%, only slightly less 336 

than that for the CC system, of around 63%. These experimental results together with the 337 

theoretical predictions suggest that despite a reduced repulsion between fine galena and 338 

coarse quartz particles, the overall recovery of galena is not jeopardised.  339 

The total interaction free energies between galena and quartz particles for the four particle 340 

systems in 100 mM NaCl salt solution, at pH 9, are given in Figure 7.341 

 

 

Figure	7.	The	total	interaction	free	energy	versus	the	separation	distance	between	galena	and	quartz	

particles	for	the	four	different	feed	particle	systems	in	100	mM	NaCl	salt	solution,	at	pH	9.	CC=Coarse	

galena/Coarse	quartz,	CF=Coarse	galena/Fine	quartz,	FC=Fine	galena/Coarse	quartz,	and	FF=Fine	

galena/Fine	quartz.		
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The energy curves for the four particle systems in Figure 7 illustrate an electrostatic repulsion 342 

as the dominating interaction in all systems. The main difference between the energy 343 

interactions in 10 mM NaCl (Figure 6) and the interactions in 100 mM NaCl (Figure 7) is the 344 

magnitude of the repulsion between galena and quartz particles. An increase in the ionic 345 

concentration shortens the screening distance and results in significantly less energy required 346 

to form an attachment between galena and quartz particles. According to the chemisorption 347 

model for galena Eq.(1-4) and the galena zeta potentials from Figure 4, it is the anions (Cl-) 348 

present in the system which predominantly regulate the charge on the galena surface, 349 

indicated by the large coefficient (pKCl=7.911) for  chloride ion binding on the galena surface 350 

sites. Effectively, the addition of NaCl salt ions will make the surface of galena more negatively 351 

charged. On the other hand, in the chemisorption model for quartz, the anion (Cl-) binding is 352 

not taken into consideration as the negatively charged quartz surface will tend to oppose the 353 

direct adsorption of an anion on its surface sites. Only the cation (Na+) binding taking place on 354 

the quartz surface sites is considered. An increase in the NaCl salt ion concentration in the 355 

system will, therefore, neutralise the surface of a quartz particle. The results from the flotation 356 

experiments indicated a higher galena recovery in 100 mM NaCl compared to 10 mM NaCl salt 357 

solution for each particle system. 358 

Figure 8 shows the total interaction energies between two galena particles of different sizes, in 359 

10 mM (left) and 100 mM (right) NaCl salt solutions, at pH 9.360 
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Figure	8.	The	total	interaction	free	energy	versus	the	separation	distance	between	two	galena	particles	in	

10	mM	(left)	and	100	mM	(right)	NaCl	salt	solutions,	at	pH	9.	CC=Coarse	galena/Coarse	galena,	

CF=Coarse	galena/Fine	galena	and	FF=Fine	galena/Fine	galena.		

	

The energy curves representing galena/galena interactions show an attraction as the 361 

dominating force between the two particles, irrespective of their size or the ionic concentration 362 

of solution.  This attraction extends over a much longer separation distance of ~80nm in 10 mM 363 

compared to ~20nm in 100 mM NaCl salt solution. The galena particles involved in the 364 

coarse/fine (CF) and the fine/fine (FF) interactions need to be closer than for the other systems 365 

before they aggregate. 366 

The total interaction free energies between two quartz particles of various sizes were also 367 

evaluated and are presented in Figure 9, with the energy curves in 10 mM NaCl on the left and 368 

the energy curves in 100 mM NaCl salt solutions on the right.369 
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Figure	9.	The	total	interaction	free	energy	versus	the	separation	distance	between	two	quartz	particles	in	

10	mM	(left)	and	100	mM	(right)	NaCl	salt	solutions,	at	pH	9.	CC=Coarse	quartz/Coarse	quartz,	

CF=Coarse	quartz/Fine	quartz	and	FF=Fine	quartz/Fine	quartz.		

	

An energy barrier appears for all interactions in Figure 9 (left), and is highest for the two coarse 370 

quartz particles (CC) and lowest for the two fine quartz particles (FF). The appearance of the 371 

energy barrier suggests that electrostatic repulsion is stronger than attraction between the two 372 

quartz particles. A second minimum energy is observed for the quartz/quartz interactions in 10 373 

mM NaCl, with the lowest energy for the CC interaction. As the distance of separation between 374 

the two coarse quartz particles reduces from ~80 nm to ~5 nm, attraction increases. For 375 

distances of separation <5 nm, an increasing electrostatic repulsion, due to the overlapping of 376 

the diffuse double layers, acts as an energy barrier. 377 

The quartz/quartz interactions in 100 mM NaCl salt solution (Figure 9, right) all indicate 378 

attraction as the dominating force acting between the two quartz particles. This implies that 379 

an increase in ionic concentration from 10 mM to 100 mM will facilitate quartz/quartz 380 

aggregation. 381 

Figure 10 shows the total interaction free energies calculated between coarse/fine galena 382 

particles and an air bubble in 10 mM (left) and 100 mM (right) NaCl salt solutions, at pH 9.383 
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Figure	10.	The	total	interaction	free	energy	versus	the	separation	distance	between	galena	and	air	

bubble	in	10	mM	(left)	and	100	mM	(right)	NaCl	salt	solutions,	at	pH	9,	as	a	function	of	galena	particle	

size.	

 

At the lower NaCl concentration (Figure 10, left) the interaction between a coarse galena 384 

particle and an air bubble is dominated by a strong repulsion at distances of separation <20nm. 385 

The coarse galena/air bubble interaction displays a significantly higher energy barrier of 18 x 386 

10-17 J compared to the fine galena/air bubble energy barrier of around 4 x 10-17 J, suggesting 387 

that an attachment between a fine galena particle and air bubble is more probable.  388 

At the higher NaCl concentration of 100 mM in Figure 10 (right), the attractive forces dominate 389 

the coarse and fine galena interactions with the air bubble. In the context of froth flotation, this 390 

attraction at the higher ionic concentration is favourable. It signifies that, irrespective of the 391 

galena particle size, galena/air bubble interactions should result in stable attachments. 392 

Figure 11 illustrates the total interaction free energies calculated between coarse/fine quartz 393 

particles and an air bubble in 10 mM (left) and 100 mM (right) NaCl salt solutions, at pH 9.394 
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Figure	11.	The	total	interaction	free	energy	versus	the	separation	distance	between	quartz	and	air	

bubble	in	10	mM	(left)	and	100	mM	(right)	NaCl	salt	solutions,	at	pH	9,	as	a	function	of	quartz	particle	

size.	

Figure 11 (left and right), show quartz/air bubble interactions which are dominated by strong 395 

repulsion at both NaCl concentrations. The coarse quartz/air bubble interaction curves show 396 

higher energy barriers (45 x 10-17 J for 10 mM and 22 X 10-17 J for 100 mM) compared to the fine 397 

quartz/air bubble interaction curves which shows 5 x 10-17 J and 2.5 x 10-17 J for 10 mM and 100 398 

mM NaCl, respectively.  399 

The theoretical predictions in Figure 11 suggest that even when the ionic concentration in 400 

solution is increased, the interaction of a quartz particle with an air bubble is always repulsive. 401 

This repulsion decreases for the higher NaCl concentration, but, based on the theoretical 402 

predictions presented in this study, air bubbles are still more likely to form an attachment with 403 

the galena particles (Figure 10) than with the quartz particles (Figure 11). On the basis of the 404 

total interaction free energy calculations, the higher recovery reported for the FC particle 405 

system in Figure 5 could be attributed to the aggregation of the fine galena particles, or in other 406 

words, fine galena particles forming “particle clusters”, shown by a dominating attraction 407 

between the two fine galena particles in Figure 8. We presume that these galena “particle 408 

clusters” would behave in a similar fashion to the coarse galena particles, in the way they are 409 

recovered. The CF particle system, on the other hand, is characterised by a repulsion between 410 
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the fine quartz particles, suggesting that these are being recovered as individual fine quartz 411 

particles, and not as aggregates. An interesting point to mention relating to the CF particle 412 

system, is that in 10 mM NaCl salt solutions, it is the fine quartz and not the coarse galena 413 

particle which has a lower repulsion towards an air bubble.  414 

 415 

4. Conclusion 416 

In this study we have investigated the interactions of coarse and fine galena and quartz 417 

particles and their implications for flotation in NaCl salt solutions. Four different galena/quartz 418 

particle systems were tested: 1. (CC) Coarse galena/Coarse quartz, 2. (CF) Coarse galena/Fine 419 

quartz, 3. (FC) Fine galena/Coarse quartz and 4. (FF) Fine galena/Fine quartz.  Our results 420 

showed that the CC particle system produced the highest galena recovery, while the FF particle 421 

system produced the lowest recovery. Our results also indicated that the recovery of galena 422 

improved in the higher NaCl concentration. 423 

The flotation experiments on the mixed galena/quartz particle systems (CF and FC) showed 424 

that the recovery of galena is affected by the size of the gangue (quartz) particles in the feed. It 425 

was shown that if the size of the quartz particles was increased, the recovery of fine galena 426 

improved.  We discussed these results in terms of the competitive ion binding described by the 427 

chemisorption models for galena, quartz and air bubble as well as the theoretical models 428 

representing the interactions for each tested condition. We found that these models provided 429 

a plausible explanation for the results from the flotation experiments. 430 

This study presents new findings on the interactions of coarse and fine particles in a flotation 431 

system, which can aid in the interpretation of observed behaviour in other flotation systems. 432 

Nonetheless, the interactions involving systems with fine and coarse particles with different 433 

surface properties still require more investigating before they can be integrated into the 434 

currently established efficiency modelling approaches.435 
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