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ABSTRACT 

The interactions among fine particles are unavoidable in solutions, and the strong particle interactions have a negative 
impact on mineral separations. How to reduce and prevent the agglomeration of particles is one of the important chal-
lenges facing production and research. The interactions of sphalerite and silica particles were studied with variation of 
calcium ions solutions. Zeta potential measurement and a novel Zeta potential distribution (ZPD) measurement method 
were used in this paper. The phenomena of mineral coagulation and absorption of flotation reagent were analyzed in 
solutions of different pH and calcium ion concentration. 
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1. Introduction 

In complex sulphide ores, the fine mineral particles have 
very significant interactions after adsorption of calcium 
ions from the gypsum supersaturated solution, and thus 
have a negative effect on flotation separation [1]. The 
key to solving this problem is to take appropriate meas- 
ures to reduce or eliminate calcium ions, prevent the in- 
teraction among fine mineral particles. The flotation effi- 
ciency is improved when flotation reagent selectively 
adsorbs on mineral surfaces. 

The acidic process water has been discharged from 
sulphide flotation for a long time. 

It is reported that gypsum may precipitate on sph- 
alerite and silica surfaces in flotation process, and the 
dissociated calcium ions adsorbed on the particle sur- 
faces which decreased reagent selectivity and flotation 
recovery. Therefore, fouling is generated in the inner 
wall of pipeline, and this negatively affects the industrial 
process. 

The strength of particle interaction is directly related 
to the reagent absorption on mineral surface. This paper 
investigated the effects of calcium ions on particle inter- 
actions in solutions with different concentrations of cal- 

cium ions by measuring the Zeta-potential and Zeta-po- 
tential distribution and the effect of calcium ions on the 
interaction between particles in different backgrounds by 
the Zeta-potential distribution measurement method. 

2. Basic Ideas 

As shown in Figure 1, the ZPD for a binary particulate 
component system that can be interpreted for particle 
interactions. In this figure, the black and white circles 
represent sphalerite (C) and silica (M) particles, respec- 
tively. 1) superimposed ZPD of the two components mea- 
sured separately; 2) a binary mixture without attraction; 3) 
weak reaction (silica partially covered with sphalerite 
particles); 4) strong reaction (silica fully covered with 
sphalerite and with remnant free sphalerite particles); 5) 
strong reaction (silica fully covered with sphalerite with- 
out remnant free sphalerite particles) [2].  

The concept of measuring zeta potential distributions 
(ZPD) was proposed by Prof. Xu’s research team back to 
2003 [3,4]. This method can directly study particle inter- 
actions and slime coating phenomenon using individual 
components and their mixture as illustrated in Figure 1. 
For a binary particulate component system of sphalerite 
(Sp) and silica (Si) suspension, for example, ZPD of in- 
dividual component can be measured separately and  *Corresponding author. 
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Figure 1. Zeta potential distributions (ZPD). 
 
assumed to be centered at ξSp and ξSi, respectively. Their 
interactions can be interpreted by the result of ZPD when 
the binary particulate component is mixed together under 
the same physicochemical conditions. 

3. Materials and Procedure 

3.1. Reagents 

Calcium sulfate dihydrate, calcium carbonate, potassium 
chloride, nitric acid, and sodium hydroxide were analyti- 
cal grade and were purchased from Sinopharm Chemical 
Reagent Co., Ltd. 

3.2. Mineral Preparation 

The natural sphalerite, provided by Ward’s Natural Sci- 
ence, has 60.33% Zn, 11.65% Fe and 28.02% S based on 
atomic adsorption spectrophotometry analysis. The sam- 
ple was dry crushed in a ring pulveriser, screened to ob- 
tain two size fractions −325 mesh fine and +325 mesh 
coarse, and then stored them in a freezer at −10˚C. The 
99.50% pure fine silica (−325 mesh) was purchased from 
Sinopharm Chemical Reagent Co., Ltd. 

3.3. Instruments 

Zeta potential was measured using Zeta PALS which was 

purchased from USA Brook Haven Instrument Company. 
Zeta potential distributions (ZPD) were obtained using a 
SEPHY/CAD Zetaphorometer III which was made in 
France. 

3.4. Zeta-Potential  

3.4.1. Fundamental 
Zeta potential distribution measurement was carried out 
using a Zetaphoremeter III (SEPHY/CAD) which was 
equipped with a rectangular electrophoresis cell contain- 
ing a pair of hydrogenated palladium electrodes, a la- 
ser-illuminator and a digital video image capture (CCD 
camera) as shown in Figure 2. The computerized oper- 
ating system allowed an accurate positioning of camera 
view field at a stationary layer to achieve accurate meas- 
urement of electrophoretic mobility. About 40 ml of the 
prepared suspension was used to fill the electrophoresis 
cell. Through the laser-illuminating and video-viewing 
system, the movement of 50 - 100 particles in the sta- 
tionary layer was traced, five times for each direction by 
alternating positive and negative electrode potentials (as 
shown in Figure 3). The conductivity and pH of the sus- 
pension were monitored continuously during the meas- 
urement [2]. In this study, the environmental temperature 
was maintained at 20˚C ± 0.1˚C.  

3.4.2. Individual Mineral and Mixture 
A suspension containing about 0.1 wt% mineral was 
prepared in 1 mM KCl solution and conditioned by mag- 
netic stirring for 5 minutes. The upper portion of this sus- 
pension was taken for zeta potential distribution meas- 
urement after settling for 10 minutes. The binary spha- 
lerite/silica mixture suspension was prepared by mixing 
equal volume of the prepared sphalerite and silica sus- 
 

 

Figure 2. Zetaphoremeter III (SEPHY/CAD). 
 

 

Figure 3. The particle in electric field. 
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pensions and conditioning in an ultrasonic bath for 10 
minutes [4]. 

4. Experimental 

4.1. Adsorption of Calcium Ions 

As shown in Figures 4 and 5, the adsorption of calcium 
ions as a function of pH in gypsum and calcium carbon- 
ate supersaturated solutions. These two figures indicate 
that the adsorption of calcium ions was different with 
variation of calcium ions concentrations. The adsorption 
of dispersed particles on the interface is affected by some 
factors, such as surface area, solution pH, etc. 

Figures 4 and 5 show the adsorption of calcium ions 
as a function of pH in gypsum and calcium carbonate 
supersaturated solutions. These two figures indicate that 
the adsorption of calcium ions was different with varia- 
tion of calcium ions concentrations. The adsorption of  
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Figure 4. The adsorption of calcium ion as a function of pH 
in gypsum supersaturated solution. 
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Figure 5. The adsorption of calcium ion as a function of pH 
in calcium carbonate supersaturated solution. 

dispersed particles on the interface is affected by some 
factors, such as surface area, solution pH, etc. 

4.2. Zeta Potential and Zeta Potential  
Distribution (ZPD) 

As shown in Figure 6(a), the effects of solution pH on 
Zeta potential of individual components (sphalerite or 
silica) and their mixture (Si:Sp = 4:1). This figure clearly 
indicates that Zeta potential had the same trend for 
individual components and the mixture with increasing 
of solution pH in gypsum supersaturated solution, but 
Zeta potential of mixture was between two individual 
minerals and was subject to fluctuation of the solution 
pH. Based on results of Figure 6, the following Zeta po- 
tential difference was calculated for sphalerite and sili- 
cate at pH 9.0. 

Genernally, the dividing line between stable and un- 
stable suspensions is taken at either +30 mV or −30 mV. 
Particles with zeta potential more positive than +30 mV 
or more negative than −30 mV are normally considered 
stable. In other words, a well dispersed suspension con- 
sists of individual, separated particles, and is stabilized 
by repulsive inter-particle forces when the absolute val- 
ues of zeta potential are higher than 30 mV. This means 
that the interactions are relatively weak among the parti- 
cles, and which is favorable to the flotation reagent ad- 
sorption. 

There exist strong particle interactions at pH 2.5 - 3.5 
according to Figure 1(d) and Figure 6(a) results. Silica 
particles were partially covered by sphalerite particles, 
and there was possibly some remnant free sphalerite par- 
ticles in the solution. At pH 3.5 - 11.0, sphalerite parti- 
cles were partially coated by silica particles and left some 
free silica particles in the solution. As a result, strong 
attraction by Figure 1(d) when ZPD is illustrated at pH 
3.5 - 11.0, sphalerite partially covered with and possibly 
with some remnant free Silica particles, flotation reagent 
cannot selectively adsorb on the surface of sphalerite and 
this reduced the flotation separation efficiency [5,6]. 

Compared with Figures 6 and 7 had a very similar 
pattern of Zeta potential curve in calcium carbonate su- 
persaturated solution. The Zeta potential of silica fluctu- 
ated with increasing the solution pH. Figure 7 also indi- 
cates that there was a Zeta potential overlap of sphalerite 
and mixture at pH 8.5 - 12. Below is the calculation of 
Zeta potential difference of sphalerite, silica and mixture 
at pH 9.0. 

As shown in Figure 7, ξ0, ξ1 and ξ2 are 14.3 mV, 
11.3 mV and 3.0 mV at pH 9.0, respectively. The inter- 
action between minerial particles is vevy significant. 

The ZPD of mixture also suggests that the interactions 
were very strong among different particles at pH 2.5 - 8.0 
and the silica was partially covered by sphalerite parti- 
cles. At pH 8.0 - 10.0, mixture and sphalerite particles  
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Figure 6. (a) Zeta potential of individual and mixture as a function of pH in gypsum supersaturated solution; (b), (c), (d) ZPD 
of mixture, sphalerite and silica suspensions containing gypsum supersaturated solution measured at pH 9.0, separately. 
 
had the overlap Zeta potential. With and possibly with 
some remnant free silica particles; the Zeta potential of 
mixture and sphalerite is overlap as pH was 8.0 - 10.0, as 
shown by Figure 1(d). This significantly reduced the 
flotation reagent selectivity as a result of symbiotic asso- 
ciation among sphalerite and silica particles there is a 
significant interaction as the agglomeration took place 
between heterogeneous particles, sphalerite fully covered 
with and possibly with some remnant free silica particles, 
flotation reagent can not be adsorbed selectively on the 
surface of silica. There will be seriously intergrowth in- 
clusion phenomenon in flotation [5,6]. This conclusion 
coincides with the Figure 1(d) results. 

The effects of solution pH on Zeta potential in 1 mM 
KCl solution is shown in Figure 8. It is clear that the 
Zeta potentials of individual and mixture decreased with 
increasing (sphalerite or silica) and mixture (Si:Sp = 4:1) 
was decreased with increasing of pH in 1mM the KCl 
solution. The Zeta potential of mixture fell somewhere 
between these two individual minerals and there exist 

strong reactions at pH 2.0 - 9.5. Silica particles were 
fully covered with sphalerite without remnant free spha- 
lerite particles and this is in good agreement with Figure 
1(e) Zeta potential measurement. ZPD of mixture is il- 
lustrated at pH 2 - 9.5. 

5. SEM Micrograph and EDS 

5.1. Silica Micrograph 

As shown in Figure 9(c) and Table 1, surface precipita- 
tion was occurring on silica surface and probably the 
specie was copper xanthate as illustrated at Figure 9(c) 
point 1 and point 3. Figure 9(c) point 2 shows the elec- 
tron microscopy of silica surface and no copper xanthate 
appeared, therefore there were no S and Cu ingredients 
on the surface. The reagent concentration was relatively 
lower on silica surface because element S was mainly 
from xanthate and its ingredient was only 3.19 wt% - 
3.29 wt%, element Cu was mainly from cooper sulfate 
with the ingredient of 7.04 wt% - 9.52 wt%.  
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Figure 7. (a) Zeta potential of individual and mixture as a function of pH in calcium carbonate supersaturated solution; (b), 
(c), (d) ZPD of mixture, sphalerite and silica suspensions in calcium carbonate supersaturated solution at pH 9.0. 
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5.2. Sphalerite 

The SEM image and EDS give the evidence of precipita- 

tion on sphalerite surface at pH 9 (Figures 10(b) and (c)) 
and the species were probably copper xanthate. Mono- 
coagulation and heterocoagulation were probably the con- 
tributors to the presence of precipitation on sphalerite 
surface at pH 3 - 11 as indicated in Figure 10(a). Over 
the range pH 3 - 11 possibly contributes to the presence 
of precipitates on the sphalerite surface (see Figure 
10(a)). 

Based on the information provided in Figure 10(c) 
and Table 2, a lot of copper xanthate species were gen- 
erated on sphalerite surface as indicated at Figure 10(c) 
point 1 and point 3. However, no copper xanthate species 
were found at Figure 10(c) point 2. This explained that 
there was no Cu ingredient on sphalerite surface, but the 
element S content was up to 28.90 wt% at point 2. This 
also reflected that sphalerite itself contains a higher 
component S. The reagent concentration is relatively 
higher on the sphalerite surface than that on the silica 
surface after reagent adsorption. Content of element S 
and Cu was 20.62 wt% - 21.27 wt% and 9.46 wt% -  
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Table 1. Element concentration and weight percentage. 

Before treated After treated 

Element concentration Weight (%) Element concentration Weight (%) Silica 

  Point 1 Point 2 Point 3 Point 1 Point 2 Point 3

S 0 0 0.29 0 0.26 3.29 0 3.19 
Figure 9(c) 

Cu 0 0 0.53 0 0.35 9.52 0 7.04 

 
Table 2. Element concentration and weight percentage. 

Before treated After treated 

Element Concentration Weight (%) Element concentration Weight (%) Sphalerite 

  Point 1 Point 2 Point 3 Point 1 Point 2 Point 3 

S 3.53 33.73 4.18 4.35 4.08 20.62 28.90 21.27 
Figure 10(c) 

Cu 0 0 1.47 0 1.57 9.46 0 10.86 

 

 

Figure 9. (a) SEM micrograph: silica in gypsum supersaturated solution at pH 9 (×1000); (b) SEM micrograph: silica ad-
sorbed xanthate in gypsum supersaturated solution at pH 9 (×1000); (c) SEM micrograph and EDS: silica adsorbed xanthate 
in gypsum supersaturated solution at pH 9 (×20,000). 
 
10.86 wt%, respectively. Cooper sulfide was generated 
and this consumed a portion of element sulfur from 
sphalerite surface as shown on Table 2 the element con- 
tent comparison before and after the treatment. This is 
the main contributor to the element S concentration dec- 
rement. 

It has been well established that activation of spha- 
lerite using copper ions follows an ion exchange mecha- 
nism where the uptake of Cu(II) results in approximately 
1:1 release of Zn2+ into the solution [7-9]. Cu(II) on the 

sphalerite surface is subsequently reduced to Cu(I) with 
the resulting oxidation of the surface sulfide. Collector 
molecules, such as xanthates, then react with the copper 
sulfide species formed on sphalerite surface, thus in- 
creasing the flotation response [10]. Cu(I)-xanthate is the 
main product formed on sphalerite surface especially at 
low pH [9]. The uptake of copper and subsequent flota- 
tion of sphalerite depend on element impurity, sphalerite 
surface oxidation, concentration of copper and xanthate, 
ctivation time, pulp potential, and the slurry pH, etc.  a 
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a b csphalerite 

 

Figure 10. (a) SEM micrograph: sphalerite in the gypsum supersaturated solution at pH 9 (×1000); (b) SEM micrograph: 
sphalerite adsorbed cooper sulfate and xanthate in the gypsum supersaturated solution at pH 9 (×5000); (c) SEM micrograph 
and EDS: sphalerite adsorbed cooper sulfate and xanthate in the gypsum supersaturated solution at pH 9 (×20,000). 
 
[11]. 

6. Conclusions 

Based on above discussion, following conclusions have 
been drawn for sphalerite and silica particles in solutions 
with different concentrations of calcium ions. 
 Calcium ion concentration decreased until zero in the 

gypsum supersaturated solution, calcium carbonate 
supersaturated solution, and 1 mmol potassium chlo- 
ride solution. 

 The interaction of mineral particles decreased with 
decreasing calcium ion concentration which was fa- 
vorable for reagent selective adsorption. As a result, 
the higher the concentration of calcium ion, the more 
significant the interaction. The higher the concentra- 
tion of calcium ions, the more likely the interactions 
occur. 

 SEM micrograph and EDS shows evidence of a pre- 
cipitate on the silica and sphalerite surface in gypsum 
supersaturated solution at pH 9. But a precipitate on 
sphalerite surface more than that of silica surface. 
This indicates that the xanthate adsorption ability is 
more strong on the sphalerite surface, it can be pref- 
erentially adsorbed on the sphalerite surface. 
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