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Abstract: This paper aims to understand the fundamental interaction mechanism between
molybdenite and kaolinite in gypsum solution using kerosene as collector. Micro-flotation tests
were conducted to study the effect of gypsum solution on the flotation performance of mixed
—74 um molybdenite and —10 um kaolinite mineral. The results showed that the recovery of
molybdenite decreased from 86% to 74% while the gypsum solution concentration increased from 0 to
800 mg/L, indicating the detrimental effect of kaolinite on molybdenite flotation could be enhanced
by gypsum solution. This is mainly caused by the slime coating of kaolinite on molybdenite through
dissolved calcium ion of gypsum solution. In order to confirm the slime coating phenomenon,
zeta potential distribution, scanning electron microscopy (SEM) and atomic force microscopy (AFM)
measurements were used to investigate interaction characteristics and mechanisms. The zeta potential
distribution results revealed that mixed samples had the value between signal molybdenite and
kaolinite samples in gypsum solution, which proved the coating phenomenon of kaolinite on
molybdenite. Moreover, the coating phenomenon was becoming more and more obvious with
the gypsum solution concentration. The coating phenomenon of kaolinite on molybdenite surface
was also directly observed from SEM results. The AFM results provided further evidence for the
possibility of slime coating, as the adhesion force increased with the gypsum solution concentration,
which means the aggregates of molybdenite and kaolinite were becoming more stable.

Keywords: molybdenite flotation; kaolinite; gypsum solution; interaction mechanism; atomic force
microscope

1. Introduction

Molybdenite (MoS,) is a valuable sulfide mineral with inherent floatability. It is mainly used
as the lubricant [1], catalyst [2,3], pigment in chemical industry, and recently has been applied in
nanoelectronics and optoelectronics [4,5]. The crystal of molybdenite is determined as a layer structure,
so it can generate two different cleavage surfaces named face and edge. According to the literature,
the face plane shows better hydrophobicity than the edge [6]. As the average particle size decreases,
the ratio of face to edge decreases, which causes the natural floatability of molybdenite to become bad
with the decrease of particle size [7]. More than that, molybdenite recovery can be also affected by pH,
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ion in process water and clay minerals etc. [8-10]. Researchers have demonstrated that contact angle
of molybdenite decreases slightly as pH increases [11].

Kaolinite is a typical clay mineral, which exists in flotation system as colloidal particles with
an average size of about 500 nm, according to Gupta and Miller’s work [12]. Nanoparticles can
worsen objective mineral flotation performance by increasing the slurry viscosity, promoting slime
coating and entrainment phenomena [13-16]. Hence, the study on improving flotation recovery and
utilization of objective minerals from kaolinite has attracted more interest from researchers [17,18].
However, the interaction between kaolinite and molybdenite has not got enough attention from
researchers maybe because the surface potential of kaolinite and molybdenite are similar in sign
and repel each other. Many present studies just show that the poor molybdenite floatability can
be caused by adhesion of non-sulfide gangue to the molybdenite surface [19]. So, the study on the
interaction mechanism between kaolinite and molybdenite is a realistic problem demanding studying
and solving urgently.

It was reported that water quality can depress the molybdenite flotation, especially the calcium
ion in process water. Among the multiple sources of calcium ion, the dissolution of calcium-bearing
minerals is a primary one. Gypsum is often present in ores and associates with clay minerals, which can
generate calcium ion and sulfate ion [20]. The inhibition of calcium ion on molybdenite flotation
has been confirmed by many scholars. The scholars indicate that the floatability of molybdenite is
reduced at pH above 9, and the depressing effect is proportional to calcium ion concentration [21].
In acid media, except physical adsorption, the calcium ion is suggested to adsorb onto the edge face
through forming a surface coating of CaMoO;. The flotation depression might be attributed to the
competition among compression of the double layer and the chemical adsorption [10]. In previous
studies, analytically pure calcium chloride was used as a source for calcium ion to study its effect
on molybdenum flotation [21,22]. Moreover, scholars have further studied the effect of sulfate ion
on sulfide mineral (galena) flotation, which indicated that it has some depressing effect on flotation
by competing with collector molecule adsorption on the mineral surface, which was different with
chloride ions [23]. So, in this paper, gypsum solution was prepared in the lab to use as process water.

Colloidal particle interaction plays a key role in the flotation process, which determines
the stability of particles. Therefore, a better understanding of the interaction between objective
minerals and clays can give a significant guiding for improving objective minerals recovery in
practice. Many classical methods are developed to study colloidal particle interactions. The zeta
potential distribution has been used to characterize the colloidal particle stability, which provides a
favorable proof for slime coating in colloidal system [24-26]. With the wide application of atomic
force microscopy (AFM) in mineral processing, it provides a new insight into understanding the
physicochemical properties (e.g., surface roughness, surface potential) of mineral surface and the
fundamental interaction mechanism between particles [27,28]. The silicon nitride AFM tips are most
commonly used in the measurements, which should be functionalized to perform close to the actual
particle properties. This idea of attaching a microsphere at end of the AFM tip was introduced by
Ducker et al. [29], which was used for force-distance measurements between individual colloid particle
and a planar surface. Since then, AFM has been successfully used to determine the magnitude of
the interaction forces between colloidal particle and surface [30,31]. However, the interaction forces
between kaolinite particle and molybdenite surface has not been measured yet.

The aim of this study is to investigate the role of gypsum solution on the interaction of
kaolinite and molybdenite. Interaction characteristics and mechanisms are better descried using
SEM measurements, zeta potential distribution and AFM.
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2. Materials and Methods

2.1. Materials

Molybdenite used in this study was obtained from Guangxi Province, China. It was hand-picked,
crushed and ground by porcelain mill and sieved to obtain —74 pum for tests. Both of X-ray diffraction
spectrums (XRD) and X-ray Fluorescence (XRF) were used to examine the purity of molybdenite.
The results of XRD and XRF are shown in Figure 1 and Table 1, respectively. The XRD result shows
that the main peaks match the standard molybdenite peaks perfectly, and there are almost no impure
peaks. The chemical contents result shows that there are about 55.19% molybdenum in sample,
which illustrate the purity of molybdenite is 92%.
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Figure 1. X-ray diffraction spectrum of pure molybdenite.

Table 1. Chemical contents of the pure molybdenite and kaolinite samples.

Chemical Composition S Mo SiO, Al,O3 Fe Others
Molybdenite 41.27 55.19 2.25 0.55 0.46 0.28
Chemical Composition Al,O3 SiO, TiO, Na,O Others LOI
Kaolinite 39.77 47.51 0.68 1.02 0.74 10.28

The kaolinite powder was obtained from Hebei Province, China. The —10 um kaolinite was
prepared in the laboratory using siphon principle, which was fit well with the kaolinite size in flotation.
The siphon experiment was conducted in a 2 L beaker based on the following equation:

_ Dpgd?

Ur = 18y 1)

where, u; is settling velocity in the uniform settling stage; Ap is the density difference between kaolinite
and water, 1.63 x 103 kg/ m3; g is the gravitational acceleration, 9.8 m/ s2; d is the settling distance,
18 cm; p is water viscosity, 1 x 1073 Pa-s.

So, in order to get —10 um kaolinite samples, the settling time should be 32 min. The X-ray
Fluorescence was also used to study the chemical contents of kaolinite. The result is shown in Table 1,
which displays that there are about 39.77% Al,O3 and 47.51 SiO;, so it sufficiently met the requirement



Minerals 2018, 8, 304 40f12

for using in subsequent experiments. The size distribution of the molybdenite and kaolinite were
measured by a laser diffraction particle size analyzer (53500, Microtrac Inc., Largo, FL, USA), and the
results are shown in Figure 2. The results indicate that mean particle size for molybdenite and kaolinite
are 16 um and 2.6 um, respectively. And more than 97% cumulative volume of kaolinite sample is
smaller than 10 um. The gypsum lump ore (CaSO4-2H,0) was purchased from Guangxi Province,
China. It was also crushed and ground to —74 um and stored to prepare solution.
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Figure 2. Particle size distribution of molybdenite and kaolinite samples.

Commercial kerosene was used as collector, and pine camphor oil was used as frother in the
flotation process. They were both bought from local industry. Other reagents used in this work were
all AR grade, which were bought from Aladdin Biochemical Technology Co. Ltd. (Shanghai, China).
Milli-Q water was used in the whole tests. Gypsum solutions with different concentration were
prepared by adding certain weight gypsum in milli-Q water and agitating on a magnetic stirrer until
it’s all dissolved.

2.2. Micro-Flotation Tests

Mineral micro-flotation tests were carried out using a mechanical XFG machine
(Nanchang Jianfeng Mining Machinery Manufacturing Co., Ltd., Jiangxi, China) at a constant
rate of 1600 r/min [32]. The pulp was prepared by adding 2 g mixed minerals to 40 mL gypsum
solution which was prepared beforehand. Before adding the agents, the pulp was fully dispersed
for 3 min. Then collector was added and conditioned for 3 min. Subsequently, the frother was
added, and keep conditioned for 2 min. After that, the micro-flotation was continued for 3 min.
Both of froth products and tailings were filtered, dried and weighed for molybdenum content
analysis. The molybdenum content was determined by Inductively Coupled Plasma (OPTIMA8300,
PerkinElmer Inc., Fremont, CA, USA). Before testing, the samples were molten by sodium peroxide
and acidified by hydrochloric acid. Based on molybdenum content distributions in froth product and
tailing, the molybdenite recovery was calculated as following equation:

W, x M
o\ _ f f
R(%) = Wg x Mg+ Wi x My

@)

where R is the recovery of molybdenite; W is the weight of froth product; W; is the weight of tailing
product; My is the molybdenite grade in froth product; M; is the molybdenite grade in tail product.
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2.3. SEM-EDS Measurements

Repeating the micro-flotation process, the samples were conditioned in flotation machine.
After conditioned, the froth product was collected by pipette and transferred to watch glass,
and completely dried in the air at room temperature [18]. The dried samples were coated with
a thin layer of gold and observed in high vacuum using an SEM (Quanta TM 250, FEI Ltd.,
Hillsboro, OR, USA). Meanwhile, their compositions were detected with an energy-dispersive X-ray
spectrometer (EDS).

2.4. Zeta Potential Distribution Measurements

The zeta potential distribution of individual and combined samples in gypsum solutions were
measured using a ZETAPALS (Brookhaven Instruments Co., Holtsville, NY, USA). The Smoluchowski
model was used to calculate the zeta potential in this instrument. The individual molybdenite and
kaolinite were prepared separately by adding 0.05 g particles to 50 mL pre-prepared gypsum solutions
with 1 mM KClI solution, while the combined sample were prepared by adding 0.05 g mixed mineral
(mass ratio of molybdenite and kaolinite was 1:1). All samples were conditioned for 15 min on
magnetic stirrer. After settling for 40 min, the upper particle suspensions were moved to rectangular
electrophoresis cell for measurements. Each testing was repeated 5 times.

2.5. AFM Force Measurements

2.5.1. Preparation of Molybdenite Surface and Kaolinite Probe

The natural cleavage surface of molybdenite was acquired by peeling off several layers with
adhesive tape [33]. The received molybdenite surface was first washed with ultrapure water and
ethanol to insure the surface was clean, after that, it was dried with nitrogen. A typical AFM image
of the treated surface using scanasyst-air mode imaging at a rate of 1 Hz is shown in Figure 3.
As shown in the figure, the surface has mean roughness of 1.07 nm, which is suitable for colloidal
force measurement using AFM. Silicon nitride tips (CSC37, ISB Ltd., Watsonville, CA, USA) were
used for force measurements. A kaolinite particle with diameter about 10 um was glued onto an AFM
cantilever apex using epoxy resin. The spring constant of the probe cantilever was modified on hard
silicon dioxide in testing liquids.

Figure 3. An AFM image of the tested molybdenite surface.
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2.5.2. Colloidal Force Measurements

In order to study the interaction forces between a kaolinite particle and natural cleavage surface
of molybdenite, a Nanoscope Multimode 8 AFM system (Bruker, Ettlingen, Germany) was used to
directly measure the forces between molybdenite and kaolinite (Figure 4a). The measurement system
was generally simplified as sphere-flat system, as shown in Figure 4b. A laser beam is emitted to the
back of the cantilever, and reflected to a split photodiode. The force between the tip and surface can
cause the deflection of the cantilever, which can be detected by the split photodiode. The signal was
recorded during the tests.

Molybdenite surface

Substrate

(a) (b)

Figure 4. (a) Nanoscope Multimode 8 AFM; (b) Schematic of force measurements between molybdenite
surface and kaolinite particle.

Before each test, the surface was soaked in testing liquids for 30 min and was glued onto a
magnetic disk. The force measurements were carried out in contact mode under different gypsum
concentration solutions using a liquid cell. Each measurement was taken at three locations.

3. Results and Discussions

3.1. Effect of Gypsum Solution Concentration on Molybdenite Recovery

Micro-flotation tests were conducted to inspect the effect of gypsum solution concentration
on molybdenite recovery from mixed minerals. A series of gypsum solution concentration were
investigated: 0 (deionized water), 200, 400, 600 and 800 mg/L. The pH of deionized water is about 7,
while the pH of gypsum solution is 6.5. Moreover, when gypsum solution concentration varies from
200 mg/L to 800 mg/L, the pH varies less than 0.2 pH. For each test, the mass ratio of molybdenite
and kaolinite is 9:1. The dosage of the kerosene and pine camphor oil is 350 mg/L and 45 mg/L,
respectively. Figure 5 shows the molybdenite recovery and grade in froth product as the function
of gypsum solution concentration. As shown in Figure 5, the molybdenite recovery decreases with
the gypsum solution concentration. The largest decline of molybdenite recovery is observed among
200 mg/L and 800 mg/L gypsum solution. The increment of gypsum solution concentration has a bit
of impact on molybdenite grade, and the trend of its variations is the same as molybdenite recovery.
The flotation recovery of molybdenite in deionized water is up to 86% in pH around 6.5, and the
molybdenite grade is up to 87.3%. As the gypsum solution concentration increases to 800 mg/L,
the molybdenite recovery and grade decreases to 74% and 85.6%, demonstrating that the gypsum
solution can effectively worse molybdenite recovery from molybdenite—kaolinite mixture.
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Figure 5. Molybdenite recovery and grade varied as gypsum solution concentration.

When gypsum solution increases from 200 mg/L to 800 mg/L, the concentration of dissolved
ion Ca?" increases. The presence of dissolved Ca?* ion can adsorb on molybdenite face and
reduce the contact angle, which can depress molybdenite floatability [6], and this is one of the
reasons why molybdenite recovery and grade in froth decrease with gypsum solution concentration.
Moreover, according to the reference [15,34,35], kaolinite can depress objective mineral through slime
coating phenomena, so the other reason maybe is the slime coating phenomena of kaolinite on
molybdenite is enhanced by Ca?* ions.

3.2. SEM-EDS Analysis

In order to find out that if there is a kaolinite coating on molybdenite surfaces, SEM equipped
with EDS was used to directly observe the microstructural characteristics and elemental compositions
of froth product in 200 mg/L (Figure 6a) and 800 mg/L (Figure 6b) gypsum solution. From the
SEM picture as shown in Figure 6a, it can be seen that a little of small particles are observed on
molybdenite surface. Meanwhile, a large number of small particles are found nearly cover the surface
of molybdenite surface in Figure 6b. First, analyzing from the size magnitude of the small particle,
it maybe kaolinite. The EDS analysis results also show that main elements in two samples are Mo, S,
Al, O, and Si elements. While Mo and S elements represent molybdenite, the Al, O, and Si elements
are constituent elements for kaolinite. It indicates that the small particle is kaolinite. So, the coating
phenomenon of kaolinite on molybdenite surface is confirmed.

3.3. Zeta Potential Distribution Measurements

Zeta potentials distribution method was used to characterize the surface charge property and the
interaction mechanism between molybdenite and kaolinite particles, which was detailed described in
the literature [24]. This method could apply to two components with totally different surface potential
property. When the measured zeta potential distribution of combined sample shows two distribution
peaks, indicating the two components do not attract to each other under a certain solution environment.
If not, there is an attraction between the two components.
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Figure 6. SEM image and EDS analysis of froth product in gypsum solution: (a) SEM image and EDS
analysis of froth product in 200 mg/L; (b) SEM image and EDS analysis of froth product in 800 mg/L

gypsum solution.

The zeta potential distributions of individual and molybdenite-kaolinite mixture in deionized
water are shown in Figure 7. The peaks of individual molybdenite sample in deionized water appear
at —21 mV, which is closer to the reference results [36]. Under this condition, kaolinite particles exhibit
more negative zeta potentials than molybdenite, and the value of —45 mV coincides with that obtained
in the literature [37,38]. The distribution of mixture in Figure 7b is bimodal curve, and the two peaks
are consistent with the peaks of the individual minerals, indicating that there is no attraction between

molybdenite and kaolinite in deionized water.
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Figure 7. Zeta potential distributions in distilled water with 1 mM KC; (a) Individual; (b) Mixture.
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The zeta potential distributions of individual and molybdenite-kaolinite mixture in gypsum
solution are shown in Figure 8a—d. As the concentration of gypsum solution changes from 200 mg/L
to 800 mg/L, the zeta potential values of individual molybdenite and individual kaolinite become
less negative. The peak of individual molybdenite increase from —18 mV to —10 mV, and kaolinite
increase from —37 mV to —20 mV, respectively. This is largely because the adsorption of free calcium
ion dissolved by gypsum on mineral surface, as the raw of molybdenite and kaolinite particles
are negatively charged, they can easily attract the cations to the surface. Meanwhile, the peak of
molybdenite—kaolinite mixture has the value between individual kaolinite and molybdenite under
the same solution environment, which indicates the coating phenomenon of kaolinite on molybdenite
occurs. Even the particles of molybdenite and kaolinite carry the same sign of charge, kaolinite particles
maybe coat on the molybdenite surface through an ion bridge. Moreover, when gypsum concentration
increased, the peak value of molybdenite—kaolinite mixture is becoming closer to that of individual
kaolinite, indicating that the slime coating phenomenon is getting more obviously. At 800 mg/L,
the zeta potential peak of molybdenite-kaolinite mixture is located at —19.6 mV, which behavior much
like individual kaolinite, as shown in Figure 8d.
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Figure 8. Zeta potential distributions of individual and mixed molybdenite-kaolinite with 1 mM KCl
in (a) 200 mg/L gypsum solution; (b) 400 mg/L gypsum solution; (c) 600 mg/L gypsum solution;
(d) 800 mg/L gypsum solution.

3.4. Interaction Forces between the Kaolinite Particle and Molybdenite Face Surface

For mixed mineral system, the attraction between desired mineral and clay is the main factor in
the decline of desired mineral flotation recovery. Atomic force microscopy has been widely applied in
measuring the forces between the particle-surface [39-41]. According to the SEM results in Figure 6,
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the moybdenite powder used in the paper almost exhibit face surface, so the interaction forces are only
measured using molybdenite face surface. The results are shown in Figure 9.
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Figure 9. Interaction force between molybdenite surface and kaolinite particle in gypsum solution.
(a) Approach curves; (b) Retraction curves.

At all experimental conditions, there always have the short-range attractive force between the
probe and the molybdenite face at distance less than 10 nm (Figure 9a). In deionized water, there is
a little attractive force between kaolinite probe and molybdenite face in the process of approaching.
Even though kaolinite and molybdenite are both negatively charge, the attractive force can be dominant
by the Van Der Waals attraction at a short separation distance [33]. With the increase of gypsum solution
concentration, the attractive force and the jump-in distance almost has no change.

When the probe is retracted away from the molybdenite face, the adhesion force is measured
(Figure 9b). The quantification of adhesion force can provide a significant contribution on
understanding and controlling of engineering separation process. The magnitude of adhesion force
determines the stability of the particle adhesion to the surface. When gypsum solution concentration
varies from 0 to 800 mg/L, the adhesion force increases from 40 nN to108 nN, which indicates that the
aggregates of molybdenite and kaolinite becomes more stable.

4. Conclusions

In this article, the interaction between kaolinite and molybdenite has been examined in a
gypsum solution with different concentration using micro-flotation tests, zeta potential distribution
measurements, SEM and AFM tests. The flotation recovery of molybdenite drops from 86% to 74% as
the gypsum solution increases from 0 to 800 mg/L. The inhibitory effect of gypsum on flotation may
be caused by the slime coating performance of kaolinite on molybdenite surface through dissolved
calcium ion of gypsum. Besides, through the measurements of zeta potential, it has proved the
adsorption of dissolved calcium ion on minerals surface, as the mineral surface potential increase.
Moreover, the combined molybdenite-kaolinite in gypsum solutions has the zeta potential between
the two single minerals, illustrating that kaolinite coats on molybdenite surface, as observed in the
SEM results. The AFM measurements show that the kaolinite particle and molybdenite surface
show stronger adhesion force as the gypsum solution concentration increases, which indicates
that the aggregates of molybdenite and kaolinite becomes more stable, so the flotation recovery
of molybdenite decreases. The results show good agreement with zeta potential measurements and
micro-flotation results.
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