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Abstract: Flotation reagents can change the surface properties of minerals, leading to differences
in the interaction between mineral particles and affecting the mutual aggregation or dispersion of
particles. In this work, we studied the role of activator copper sulfate, collector butyl xanthate and
frother terpineol in adjusting the potential energy of pyrite particles from the perspective of the
interfacial interaction. We evaluated the surface characteristics using contact angle analysis and zeta
potential measurements under different reagents. A microscope was used to observe aggregation
state of particles. The hydrophobic agglomeration kinetics of pyrite was studied through the turbidity
meter measurement, and the interaction energy between pyrite particles was calculated using the
extended-Derjaguin-Landau-Verwey-Overbeek (extended-DLVO) theory. The results showed that
the repulsive potential energy is dominant among pyrite particles in aqueous suspensions and that
the particles are easy to disperse. Flotation reagents can effectively reduce the repulsive energy
between pyrite particles and increase the attraction energy between particles, which is conducive to
the hydrophobic agglomeration of fine pyrite. Reagent molecules can greatly reduce the electrostatic
repulsion potential energy of the pyrite particles’ interface, increase the hydrophobic attraction
potential energy between the particle interfaces, and its size is 2 orders of magnitude larger than the
van der Waals attraction potential energy, which is the main reason for induced the agglomeration of
fine pyrite and is conducive to the flotation recovery of fine pyrite. Generally, the order in which
the reduction of pyrite agglomeration was affected by the additions of flotation reagents was butyl
xanthate > terpineol > copper sulfate.

Keywords: fine pyrite; flotation reagents; hydrophobic agglomeration; extended-DLVO theory

1. Introduction

Crushing and grinding are essential processes in mineral processing and production. The process
of separating useful minerals from ore mineral, a large number of fine minerals will inevitably be
produced [1]. Selective recovery of fine particles smaller than 10 µm remains a significant challenge
in the mineral industry. Flotation is the primary technology for selective separation of fine pyrite.
The flotation efficiency is related to particle size, and the flotation response of pyrite falls substantially
when the particles are present in a fine size range [2]. This is due to the flotation of fine particles
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that can cause problems like high reagent consumption, lower collision and adhesion probability
between particles and air bubbles, non-selective collector adsorption, and mechanical entrainment.
The interaction between the particles causes the selective aggregation or dispersion of fine pyrite,
affecting the separation effect [3,4]. The separation effect can be effectively improved by enhancing
the hydrophobicity of the pyrite surface, inducing selective hydrophobic aggregation of fine pyrite,
and increasing the apparent particle size [5].

In the aqueous solution, the hydrophobic particles agglomerate due to the strong hydrophobic
attraction between the particles [6]. Lu’s research shows that the stronger the surface hydrophobicity
of the particles, the greater the potential energy for hydrophobic interaction between the particles
and the higher the degree of agglomeration [7]. The hydrophobilization of pyrite particle surfaces
can be realized by surfactant adsorption. After the reagents were adsorbed on the mineral surface,
the interaction between the mineral particles changes significantly [8]. There are many reports available
on the hydrophobic flocculation of pyrite fines induced by surfactants. For example, in the presence
of isobutyl xanthate (SIBX) and dithiophosphate (DTP) collector mixture, pyrite agglomerate in the
acid medium [9]. In the presence of metal ions Ca, Pb and Fe (II), the largest agglomeration of pyrite
occurs near the isoelectric point (IEP) [10]. In the sodium hexametaphosphate aqueous solution, due to
the adsorption of negatively charged phosphate ions, the van der Waals attraction energy between
particles decreases and the electrostatic repulsion energy increases. As the distance approaches,
the hydration repulsion energy increases rapidly, the total interaction is characterized by strong
repulsion, and aggregation between particles does not easily occur [11]. When ethanol is used as
the medium, the interaction energy of the pyrite particles is higher than the absorbing energy at
the interaction distance of over 5 nm. When the distance is over 10 nm, the electrostatic repulsion
energy was dominant, and when the distance is less than 5 nm, the hydrophobic attraction energy is
dominant [12]. In heptane solution, when the interaction distance between pyrite particles exceeds
2 nm, the hydrophobic interaction energy dominates the particles. If it is shorter than this distance,
van der Waals dominates [13]. Reagents have a significant effect on the interaction between mineral
particles. However, there are few reports available on the hydrophobic agglomeration behavior of
fine pyrite by common flotation reagents such as activator copper sulfate, collector butyl xanthate and
frother terpineol. Therefore, it is important to make clear that these traditional flotation reagents have
an important influence on the efficient flotation recovery of fine pyrite.

Based on this, in order to explore the effect of flotation reagents on the hydrophobic
agglomeration of fine pyrite, the surface electrical properties, surface wettability, and agglomeration
of pyrite under different reagent systems were investigated by Zeta potential measurements,
surface contact angle tests, and optical microscope analysis. According to the derivation formula
of Young’s equation and the contact angle measurement results, the surface energy parameters
of pyrite were calculated. The electrostatic interaction energy, polar interaction energy, and total
interaction energy of pyrite particles under different flotation reagents were calculated using the
extended-Derjaguin-Landau-Verwey-Overbeek (extended-DLVO) theory. From the perspective of
interfacial energy, the mechanism of hydrophobic aggregation of fine pyrite by flotation reagents
was clarified.

2. Materials and Methods

2.1. Experimental Section

2.1.1. Sample Preparation and Reagents

The pyrite samples used in this study were obtained from Yiliang Chihong Mine, Yunnan Province,
China. A chunk of mineral was selected for contact angle measurements. The remaining chunks of
minerals were dry-ground in a porcelain ball mill and dry-screened to obtain the fine pyrite. The mineral
compositions of pyrite were analyzed by X-ray diffraction (XRD, Bruker D8, Bruker AXS, Inc., Madison,
WI, USA). The results of X-ray diffraction (Figure 1) and multi-element chemical analyses (Table 1)
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confirmed that the purity of the pyrite sample was more than 95%. The particle size distribution of
pyrite samples measured by laser particle size analyzer (Beckman Coulter, Inc, Miami, FL, USA) was
shown in Figure 2. The results indicate that the dominant sizes of the fine pyrite were about 6.17 µm.

Minerals 2020, 10, x FOR PEER REVIEW 3 of 16 

 

particle size distribution of pyrite samples measured by laser particle size analyzer (Beckman Coulter, 
Inc, Miami, FL, USA) was shown in Figure 2. The results indicate that the dominant sizes of the fine 
pyrite were about 6.17 µm. 

10 20 30 40 50 60 70 80 90 100
0

200

400

600

800

1000

1200

1400

In
te

ns
ity

 (c
ou

nt
s)

2-Theta  ( ° )

-Pyrite

 

 
Figure 1. X-ray diffraction patterns of pyrite. 
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Table 1. Chemical composition of pure minerals.

Composition Fe S Zn Pb SiO2 Others

Contents/% 46.41 53.24 0.04 0.01 0.17 0.13

In this study, sodium butyl xanthate (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China)
was used as the collector, terpineol (Coal Preparation Plant, Guizhou, China) was used as the frother,
copper sulfate (Zhiyuan Chemical Reagent Co., Ltd., Tianjin, China) was used as the activator. Terpineol
is a chemically-pure reagent, the other reagents were analytically grade. Hydrochloric acid (HCl) and
sodium hydroxide (NaOH) of analytical grade from Tianjin number 3 Chemical Reagent Factory was
used as the pH regulators. Distilled water was used in all the experiments.

2.1.2. Flotation Tests

Single mineral flotation tests were performed with a 40 ml XFG trough-type laboratory flotation
machine (Prospecting Machinery Plant, Jilin, China). The impeller speed was fixed at 1800 r/min.
The pH value was measured by the PHS-3C acidometer built by Leici company (Shanghai, China).
The single mineral flotation test was prepared by adding 2.0 g of minerals to 40 mL of solutions. The pH
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of the mineral suspension was adjusted to the desired value by adding NaOH or HCl. After adding the
required amounts of reagents, froth flotation was carried out during which a concentrate was collected.
The floated and unfloated particles were collected, filtered, and dried. The flotation recovery was
calculated based on solid weight distributions between the two products.

2.1.3. Zeta Potential Measurements

The zeta potential of pyrite particles was measured with a Coulter Delsa 440sx zeta potential
analyzer. After adding 30 mg of sample to 50 mL of distilled water, a given amount of flotation reagents
was added with a conditioning time of 3 min. The suspension was allowed to stand for another
8 min to allow settling of larger particles. The pH of suspension was adjusted with 0.1 mol/L HCl or
0.1 mol/L NaOH. Then, the supernatant was injected into a test electrophoresis tube with a syringe for
measurement. To ensure the accuracy of the results, zeta potential measurements were performed at
least five times for each pH value, and the average value was calculated (the electrolyte used in the
experiment was 1 mol/L KNO3 solution, and all measurements were conducted at approximately 25 ◦C).

2.1.4. Contact Angle Measurements

A cutting machine was used to cut block pyrite into a proper size of approximately 2 × 2 × 1 cm.
It was then polished using 60, 400, 800, 1000, and 2000 mesh silicon carbide sandpapers, respectively.
The lump of the pyrite sample was further polished with a polishing cloth. Contact angles of pyrite
were measured using the droplet method with HARKE-SPCAX3 (Beijing Hake Test Instrument Factory,
Beijing, China). Lumps of the prepared pyrite sample were immersed in solutions of different reagents
at pH 6 for 15 min. Then, the pyrite sample was dried and placed on the test platform. A water droplet
with a volume of about 2 µL was squeezed out by a syringe and dropped onto the mineral surface.
The average of three measurements was taken as the contact angle of the droplet. All the measurements
were made at approximately 25 ◦C.

2.1.5. Hydrophobic Agglomeration Tests

Two grams of pyrite were weighed and placed in an XFG laboratory flotation machine with a
volume of 40 mL and stirred with distilled water. Under the action of mechanical stirring, the mineral
particles were evenly dispersed. The reagents required for the test were added and stirred for 5 min.
The pH value was adjusted to 6. While stirring, 2 mL of the suspension was added dropwise and
spread on a microslide. The aggregation state of the particles was observed with a microscope (CX-21,
OLYMPUS, Japan).

A turbidity meter (HACH 2100Q, Loveland, CO, USA; the turbidimetric unit is NTU and the
turbidimetric of 1 mg/L SiO2 suspension is 1 NTU) was available for investigating the kinetics of
hydrophobic agglomeration of fine pyrite particles in aqueous suspensions. The pulp was then poured
into a 100 mL settling cylinder, and the volume was diluted to 100 mL. Thereafter, it was shaken up
and down six times, and the turbidity of the suspension was measured every minute by a turbidity
meter. The 20 mL suspension at the top of the settling liquid was extracted, and its turbidity was
measured in the turbidimeter. The performance of the hydrophobic agglomeration kinetic process was
assessed using the turbidity change of pyrite suspension with time. The turbidity of each test was
measured three times and then averaged.

2.2. Theoretical Background

2.2.1. Calculation of Solid Surface Energy

Young’s equation [14] describes the relationship among the solid surface energy γS, liquid surface
energy γL, solid-liquid interfacial interaction free energy γSL, solid surface pressure π0 (for the low
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energy surface, π0 can be negligible [15]) and balance contact angle θ in the solid-liquid-gas three-phase
system as follows.

γS = γSL + π0γL cos θ (1)

Van Oss [16–19] argued that solid-liquid surface energy γ is determined by the Lifshitz-van der
Waals component γLW and Lewis acid-base component γAB, and γAB consists of Lewis acid component
γ+ and Lewis base component γ−. Therefore, to solid-liquid, the surface energy can be expressed by

γS = γLW
S + γAB

S = γLW
S + 2

√
γ+S γ

−

S (2)

γL = γLW
L + γAB

L = γLW
L +2

√
γ+L γ

−

L (3)

The relationship between solid-liquid interfacial free energy and solid-liquid respective surface
energy can be expressed by

γSL =
(√

γLW
S −

√
γLW

L

)2
+ 2

(√
γ+S γ

−

S +
√
γ+L γ

−

L −

√
γ+S γ

−

L −

√
γ−Sγ

+
L

)
(4)

Substituting Equations (2)–(4) into Equation (1), the relationship between solid surface energy,
liquid surface energy, and the balance contact angle between them can be obtained.(

γLW
L + 2

√
γ+L γ

−

L

)
(1 + cos θ) = 2

(√
γLW

S γLW
L +

√
γ+S γ

−

L +
√
γ−Sγ

+
L

)
(5)

If we used L1, L2, L3 (two of the three must be polar liquid) to represent the three examined liquids,
and the contact angles on the surface of pyrite are θ1, θ2, θ3. The surface free energy parameters of
pyrite can be obtained by solving after bringing in Equation (5). The detailed calculation process is
described in the Supplementary Materials File S1.

2.2.2. Calculation of the Interaction Energy

When describing the interaction between particles in flotation system, the extended-DLVO theory,
which not only accounts for the electrostatic and van der Waals interaction but also includes other
interactions such as the polar interfacial interaction, hydrophobic interaction, and so on [20], can explain
the hydrophobic aggregation of particles under certain conditions. In the extended-DLVO theory,
the total interaction energy (VT) comprises van der Waals interaction (VW), electrostatic interactions
(VE), and hydrophobic interaction (VH). It is expressed as follows:

VT = VE + VW + VH (6)

For the same kind of particles with radius (R, m) and particle interaction distance (H, nm). Figure 3
shows the interaction between mineral particles adsorbed with flotation reagents.
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a. Electrostatic interaction, VE (J)

VE = 2πεaRϕ2
0 ln[1 + exp(−κH)] (7)
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where εa is the absolute permittivity of water, in the unit of F/m, ϕ0 is the electric potential of the
mineral surface, which could be obtained by zeta potential measurements, in the unit of V, κ is
the thickness of the electric double-layer.

b. Van der Waals interaction, VW (J)

VW = −A12R
6H

Where Ai= 24πd2
0γ

LW
i , A12 =

(√
A1 −

√
A2

)2 (8)

where d0 is the minimum separation distance between the surface of mineral particle and the
surface of the bacteria, in the unit of nm; A1 and A2 are the hamaker constant of pyrite and water
in vacuum, respectively, in the unit of J. A12 is the hamaker constant, in the unit of J.

c. Hydrophobic interaction, VH (J)

VH = −2.51× 10−3 Rk1h0 exp
(
−

H
h0

)
Where k1 =

exp( θ
100−1)

e−1 , h0 = (12.2± 1.0) k1

(9)

where k1 is the incomplete hydrophobic coefficient, θ is the contact angle, in the unit of ◦, h0 is the
attenuation length, in the unit of m. It is worth noting that although the vast majority of evidence
supports the existence of hydrophobic interactions between hydrophobic surfaces, the origin of
the hydrophobia is still controversial. Therefore, Equation (9) is an empirical expression, which is
calculated using the exponential decay model.

3. Results and Discussion

3.1. Microflotation Test

Through the flotation test, the influence of different reagents on pyrite flotation was examined.
Optimal reagent dosage and pH values were determined, as conditions for subsequent tests. The results
of the flotation test are shown in Figure 4.
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First, Figure 4a shows that the recovery rate of pyrite increased with increasing activator dosage.
The maximum recovery rate was 34% when the dosage of the activator was 6 mg/L. Then, under this
dosage, the influence of the collector on the flotation recovery rate of pyrite was investigated. As shown
in Figure 4b, the recovery rate of pyrite increased with increasing collector dosage. When the collector
dosage reached a certain value, the recovery rate tended to be flat. The maximum recovery rate was
90% when the amount of collector was 20 mg/L. When the dosage of activator and collector were
optimal, the effect of frother on the recovery rate of pyrite flotation was studied. The test results are
shown in Figure 4c. The best recovery rate was 95% when the amount of frother was only 5 mg/L.
Figure 4d shows that the pH value of pulp had a significant influence on pyrite flotation when the
dosage of flotation reagents was fixed. Under acidic conditions, the recovery rate of pyrite increased by
increasing the pH value of the slurry. Pyrite can be floated well when pH is between 3 and 7, and the
recovery rate was higher than 95% when the pH is about 6. Under alkaline conditions, the recovery
rate of pyrite shows a downward trend, and at a pH of 12, it hardly increased.

Compared to a single reagent, the maximum flotation of pyrite was significantly increased with
multiple reagents. This indicates that there is a strong synergistic effect between the flotation reagents
that can substantially improve the recovery rate. In addition, the pH value had a coordinated inhibitory
effect on the flotation of pyrite.

3.2. Zeta Potential Analysis

Zeta potential is an important means to characterize the surface electrical properties of minerals,
and the addition of flotation reagents changes the surface potential of minerals. Figure 5 shows the
zeta potential of pyrite before and after interaction with reagents at different pH values.
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Figure 5 shows that the zeta potential on the pyrite surface shifted negatively throughout the pH
range. The isoelectric point (IEP) of pyrite was found to be approximately pH 4. Yin [21] reported
that the isoelectric point of unoxidized pyrite was about pH 2, indicating that the surface of the pyrite
used was oxidized during sample preparation and stirring. At pH < 4, the surface zeta potential of
pyrite was positive. At pH > 4, the surface zeta potential of pyrite was negative. With increasing pH
values, the absolute value of the zeta potential gradually increased. This is consistent with reports in
the literature [22–24].

After adding butyl xanthate, the surface potential of pyrite decreased significantly at pH < 7. In the
strong acidic range, the surface charge of pyrite was positive, and the negatively charged xanthate
anions were adsorbed on the surface of pyrite [21]. Under strong alkali conditions, the oxidation
of the pyrite surface and the intensified competitive adsorption of OH− promoted the formation of
hydrophilic substances such as Fe(OH)3 [25], hindered the adsorption of xanthate, and reduced the
surface potential of pyrite. After adding copper sulfate, the overall surface potential of pyrite moved
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positively, and the surface potential increased. This is because the positively charged Cu2+ or CuOH+

ions have electrostatic adsorption on the surface of pyrite [26]. With increasing pH, the number of
positively charged ions decreased, and the surface potential of pyrite became negative again. After the
action of terpineol, the zeta potential on the pyrite surface shifted negatively with increasing pH,
and the absolute value of zeta potential gradually increased.

3.3. Contact Angle Analysis

The wettability of minerals is an important parameter of the surface properties, which is closely
related to its floatability, and is generally characterized by a contact angle [27]. The contact angles of
pyrite before and after the action of reagents under different pH values are shown in Figure 6.
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Figure 6. The contact angle of pyrite as a function of pH.

The contact angle of the pyrite surface decreased with increasing pH values before reagents
reacted with pyrite. The contact angle was at the minimum at pH 7 and then rose slightly. This is
because the hydrophobic S element was formed on the surface of pyrite under acidic conditions [28],
and the hydrophobicity increases. Under the alkaline conditions, the hydrophilic substance of Fe(OH)3

was easily formed on the pyrite surface by oxidation, increasing the hydrophilicity of the pyrite surface
and decreasing the contact angle.

The flotation reagents were able to change the wettability of the pyrite surface, and the contact angle
changed significantly. After the interaction of butyl xanthate with pyrite, the contact angle of pyrite
decreased first and then increased with increasing pH value. Under acidic and alkaline conditions,
the adsorbed groups on the pyrite surface were FeOH+ and FeO−, respectively. Under neutral
conditions, there were only a few groups on the surface of pyrite for xanthate adsorption. This may be
related to the intermediate pH inhibition zone after the action of butyl xanthate [29–32]. After copper
sulfate reacted with pyrite, the contact angle on the pyrite surface decreased with increasing pH value.
Under acidic conditions, Cu was adsorbed on the S site of pyrite by chemisorption [33,34], weakening its
hydrophobicity. Under alkaline conditions, the surface of pyrite tends to form hydrophilic substances
such as Cu(OH)2, increasing the surface hydrophilicity and decreasing the contact angle [35]. After the
action of terpineol, the contact angle of pyrite gradually decreased with increasing pH value.

3.4. Assessment of Hydrophobic Agglomeration Behaviors

The agglomeration of fine pyrite under the action of various reagents is shown in Figure 7.
The effect of reagent-free pyrite was almost gradual and independent of particle distribution, with no
apparent agglomeration phenomena. Compared to untreated pyrite, the pyrite particles showed a
clear agglomeration phenomenon after flotation reagent treatment, indicating an improved surface
hydrophobicity of pyrite. The results show that the pyrite agglomerates are the most compact after
being treated with butyl xanthate and frother terpineol collectors.
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measuring the contact angle. Distilled water, glycerol and diiodomethane were used as examined 
liquids. The surface energy parameters [36,37] and contact angles are shown in Table 2. 

Figure 7. Distribution of fine pyrite under an optical microscope. (a) Pyrite + distilled water; (b) pyrite
+ copper sulfate; (c) pyrite + terpineol; (d) pyrite + butyl xanthate.

The effect of setting time on the hydrophobic agglomeration dynamics performance of pyrite
suspensions under the action of different agents was also investigated. As shown in Figure 8, the turbidity
showed a clear decreasing trend with increasing setting time. After the flotation reagent was used,
the turbidity of the pyrite decreased. There was a reunion between them, which was easy to settle.
The addition of butyl xanthate increased the hydrophobicity of pyrite particles, strengthened the
hydrophobic attraction force between particles, and accelerated agglomeration. The order in which the
reduction in pyrite agglomeration was affected by the addition of flotation reagents was butyl xanthate
> terpineol > copper sulfate.
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3.5. Surface Energy and Interaction Energy Evaluation

3.5.1. Calculation and Analysis of Surface Energy

The free energy of the solid surface can be calculated according to Young’s equation by measuring
the contact angle. Distilled water, glycerol and diiodomethane were used as examined liquids.
The surface energy parameters [36,37] and contact angles are shown in Table 2.

Table 2. Surface energy parameters (mJ/m2) and contact angle (◦) of examined liquid.

Examined Liquid γ γLW γLB γ+ γ− Contact Angle

L1 (Distilled water) 72.8 21.8 51.0 25.5 25.5 76.4
L2 (Glycerol) 64.0 34.0 30.0 3.9 57.5 16.6

L3 (Diiodomethane) 50.8 51.8 0 0.7 0 0

According to the contact angle measurement results and the surface energy parameters of the
liquids examined, the surface energy parameters of pyrite can be obtained by substituting the data into
Formula (5), as shown in Table 3.

Table 3. Surface energy parameters of pyrite (mJ/m2).

Surface Energy Parameters γLW γLB γ+ γ2017

Pyrite 40.12 22.27 2.55 48.61

From Table 3, it can be seen that the surface of the pyrite was a low-energy surface, with the
non-polar Lifshitz van der Waals interaction γLW as the main component. The surface polarity of
pyrite not only had Lewis alkali characteristics, but also a lot of Lewis acid components, and the Lewis
base content was higher than the Lewis acid content. The pyrite surface presents certain amphoteric
characteristics and is naturally hydrophobic. There was a certain relationship between the surface free
energy of minerals and their floatability. Samples with higher alkali content showed a better wetting
process for non-polar liquids. The measurement results of the contact angle just confirmed this.

3.5.2. Calculation and Analysis of Interactions Energy between Pyrite Particles

The radius R of the pyrite particles was 6.17 µm. The absolute dielectric constant εa of the
dispersion medium was 6.95 × 10−10 F/m, the Debye length κ = 0.104 nm−1, the minimum separation
distance d0 = 0.657 nm [36], pH of the system was 6, and the temperature was room temperature.
The hammack constant a is an important parameter to calculate the van der Waals interaction between
macroscopic objects. A1 = 7.10× 10−20 J for pyrite and 4.02× 10−20 J for water in vacuum. The interaction
between particles in the flotation system occured mainly in the water medium, so A = 5.84 × 10−20 J.
The contact angle (θ), zeta potential (ϕ0), incomplete hydrophobic coefficient (k1), and attenuation
length (h0) are shown in Table 4.

Table 4. Results of surface contact angle and zeta potential of pyrite.

Samples ϕ0/mV θ/◦ k1 h0/nm

Pyrite + Distilled water −32.18 76.37 0.46 5.15
Pyrite + Butyl xanthate −16.14 87.00 0.51 5.72

Pyrite + Terpineol −10.41 91.00 0.56 6.26
Pyrite + Cooper sulfate −1.80 47.00 0.33 3.65

In the flotation process of mineral particles, surface and interface forces play an important role,
including van der Waals force, electric double layer force and hydrophobic force. According to the
extended-DLVO theory, the potential energy curve of interaction between pyrite particles in aqueous
solution can be obtained as shown in Figure 9.
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Figure 10. The electrostatic interaction energy between pyrite particles. 

Figure 9. The extended-Derjaguin-Landau-Verwey-Overbeek (extended-DLVO) interaction energy
between fine pyrite particles in aqueous solution.

In the aqueous solution, VE > 0, the electrostatic interaction energy was positive over the
entire particle interaction distance, and there was repulsive potential energy between the particles.
When VW < 0, VH < 0, van der Waals interaction energy and hydrophobic interaction energy were
negative. The potential energy between pyrite particles decreased with increasing distance. When the
distance between particles was 0–50 nm, the total interaction energy between pyrite particles in the
aqueous solution was VT > 0, indicating that the particles were repulsive and the pyrite particles were
in a dispersed state. As the distance between particles increased, the total interaction energy (VT)
between pyrite particles increased first, and then decreased. When the distance was 5 nm, the total
interaction energy between pyrite particles reached a maximum of 1.98 × 10−17 J, and the maximum
repulsive energy between particles was the largest. However, when particles were mainly the potential
energy of electrostatic interaction, the interaction between particles appear as mutual repulsion, which
is not conducive to the floating of pyrite.

In the process of flotation, the precondition of mineral separation is the adsorption of flotation
reagents on the mineral surface, which changes the physical and chemical properties of the mineral
surface. According to the Extended-DLVO theory, the electrostatic interaction energy, hydrophobic
interaction energy and total action energy of pyrite before and after the action of reagents are further
investigated in the aqueous solution environment. The results are shown in Figures 10–12.
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Figure 12. The total interaction energy between pyrite particles.

After the action of the medicament, the potential energy of electrostatic interaction between
pyrite particles was significantly reduced. In the entire particle interaction distance, the electrostatic
interaction energy between the pyrite particles before and after the reagents was VE > 0, indicating that
the particles were repulsive energy. As the distance increases, the interaction energy tended to approach
zero. The order of the electrostatic interaction energy between the pyrite particles caused by the
flotation reagents was terpineol > butyl xanthate > copper sulfate.

After the action of the medicament, the potential energy of hydrophobic interaction between
pyrite particles was significantly increased. After the flotation reagents interacted with the pyrite
particles, the potential energy of the hydrophobic interaction between the particles increased. In the
entire particle interaction distance, the hydrophobic interaction energy between the pyrite particles
before and after the reagent was VH < 0, indicating that the particles were attracting energy. As the
distance increased, the interaction energy tended to approach zero. The order of the hydrophobic
interaction energy between the pyrite particles caused by different flotation reagents was butyl xanthate
> terpineol > copper sulfate.
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There was always an “energy barrier” and a corresponding critical distance between the total
potential energy of the pyrite particles. Before the action of the medicament, the total interaction
potential energy between the particles was positive, showing mutual repulsion. As the distance
decreased, the repulsion potential energy gradually rose to the “energy barrier”. After the medicament
interacted with pyrite, the peak value of the “energy barrier” dropped significantly. After the action of
the collector, the total potential energy of the surface and interface of the pyrite particles was the largest.
In the range of 0–30 nm between particles, as the distance between particles increased, the interaction
force between particles was always negative, and the total interaction energy on the surface of pyrite
particles decreased. When the distance between the particles was less than 20 nm, the hydrophobic
force between the particles increased sharply with the decrease of the distance, and agglomeration was
likely to occur.

According to the above discussion, there was electrostatic repulsion energy, van der Waals
attraction energy, and hydrophobic attraction energy between the pyrite particles before and after
the effect of flotation reagents. The effect of flotation reagents on the agglomerate morphology in
hydrophobic agglomeration is schematically represented in Figure 13. Among them, the van der
Waals potential energy was small, and the hydrophobic potential energy played the central role.
The calculation results show that the hydrophobic energy was two orders of magnitude larger than
the electrostatic energy and van der Waals energy, promoting the mutual agglomeration of pyrite
particles. When the distance between particles was less than 5 nm, the most important contribution to
the attraction energy of pyrite particles was the hydrophobic interaction energy between the particles,
followed by the van der Waals interaction energy. This shows that the flotation reagents can control
the interaction between pyrite particles. The reagents molecule mainly affected the hydrophobic
agglomeration of pyrite particles by weakening the electrostatic interaction of the pyrite particle
interface and strengthening the hydrophobic interaction potential energy.
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4. Conclusions

Based on the extended-DLVO theory, this paper discusses the interaction of potential energy
between fine pyrite particles. Some valuable original data were measured in this study, including
the zeta potential, contact angle, and surface energy parameters of the pyrite surface with or without
flotation reagents. These data can provide a reference for future research. In this study, the main
conclusions are as follows:

(1) Flotation tests showed that when the dosage of the activator was 6 mg/L, the dosage of a
collector was 20 mg/L, the dosage of frother was 5 mg/L, and the pH value of the slurry was
6, the maximum recovery rate of pyrite was 95%. Compared to the simple addition of a single
reagent, the maximum floatation of pyrite was significantly improved when multiple reagents



Minerals 2020, 10, 801 14 of 16

worked together, indicating that there is a strong synergistic effect between flotation reagents,
which can significantly improve the flotation environment and thus increase the recovery rate.

(2) Using the contact angle measurement method, the surface energy parameters of pyrite were
obtained, in which the Lifshitz-van der Waals component was 40.12 mJ/m2, the Lewis acid
component was 2.55 mJ/m2, and the Lewis alkali component was 48.61 mJ/m2. The pyrite
surface exhibited amphoteric properties, and the Lewis alkali component in the free energy polar
component of the pyrite surface was much higher than the Lewis acid component, indicating
better wettability.

(3) In the medium, the van der Waals potential energy and hydrophobic interaction potential energy
between pyrite particles were always less than zero, and the particles appear to attract each
other. In contrast, the electrostatic interaction potential energy was greater than zero, and the
particles appeared to repel each other. Flotation reagents can change the surface charge and
hydrophobicity of pyrite, and directly affect the interaction potential energy between the particles.
Reagent molecules were able to significantly reduce the electrostatic repulsion potential energy at
the interfaces of pyrite particles and increase the interface between particles. The hydrophobic
attraction potential energy enhanced the surface hydrophobicity and played a leading role in the
agglomeration between particles. It was also found that the collector butyl xanthate increased the
hydrophobicity of pyrite and showed the strongest aggregation behavior.
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