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Abstract: The effects of combined microwave and hydrogen peroxide (H>O,) oxidation on the flotation separation of
molybdenite and chalcopyrite, as well as the underlying mechanism were investigated via microflotation, zeta potential,
contact angle, X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and atomic force
microscopy (AFM) analyses. The microflotation experiments showed that the effective inhibition of chalcopyrite can be
obtained through combined oxidation pretreatments with low microwave power and H,O, consumption. The zeta potential,
contact angle and XPS analyses indicated that the surface hydrophobicity of molybdenite changed minimally after
different treatments, whereas significant amounts of hydrophilic oxidation species were formed on the surface of
chalcopyrite, thus decreasing its surface hydrophobicity and floatability. Moreover, the SEM and AFM analyses indicated
that more uniform oxidative products were formed on the chalcopyrite surface, further significantly increasing the surface

roughness.
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1 Introduction

As an important industrial raw material,
molybdenum is widely used in various fields, such
as steel, petroleum, chemicals, electrical and
electronic technology, medicine and agriculture
[1-3]. Molybdenum is primarily extracted from
molybdenite, and flotation is one of the most
commonly used methods for molybdenite recovery
[4,5]. Molybdenite exhibits good natural floatability
and can be easily obtained by adding hydrocarbon oil
collectors, such as kerosene [6,7]. However, most of
molybdenite is closely associated with chalcopyrite.
Therefore, the effective depression of chalcopyrite in
molybdenite flotation is crucial for obtaining high-
quality molybdenum concentrates.

The floatability of chalcopyrite is similar to that
of molybdenite, and the separation of these two

minerals can be achieved by adding an inhibitor to
suppress the flotation of chalcopyrite [8,9]. The
inhibitors used in this process primarily include
inorganic reagents (e.g., sodium sulfide, cyanide and
Nokes agents) and organic reagents (e.g., sodium
thioglycolate, thiocarbamides and polysaccharides).
Sodium sulfide and sodium thioglycolate are
currently the most commonly used inhibitors of
chalcopyrite flotation and are widely used in
industrial production. However, sodium sulfide is
easily oxidized and loses its efficacy, thus rendering
the flotation indicators unstable. Additionally, the
use of sodium sulfide is disadvantageous to the
environment and human health. Compared with
sodium sulfide, sodium thioglycolate offers good
inhibitory effects to chalcopyrite flotation and is less
harmful to the environment. However, owing to
oxidation, the inhibitory effects of sodium
thioglycolate are weakened at high temperatures. In
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recent years, numerous studies have focused on the
development of new types of organic inhibitors, such
as thiocarbonohydrazide, tiopronin, 4-amino-5-
mercapto-1,2,4-triazole, L-cysteine and tragacanth
gum, which have been successfully applied for the
effective inhibition of chalcopyrite flotation in small
laboratories [10—14]. However, the complex
production processes and high production costs limit
their large-scale use in industrial production.
Different oxidation pretreatment techniques
have been widely used, which were developed based
on the different surface oxidation characteristics of
chalcopyrite and molybdenite. Adding oxidants to
render the surface of chalcopyrite selectively
hydrophilic is a commonly used pretreatment
technique. Hydrogen peroxide (H»0,) is typically
used as an oxidant, and it has been widely used for
the flotation separation of copper—molybdenum
(Cu—Mo) minerals. However, to depress chalcopyrite
effectively, a significant amount of H>O» and a long
pretreatment time are required. Thus, Fe*' is
typically introduced to enhance the inhibitory effects
of H»O,. SUYANTARA et al [15] showed that
Cu—Mo concentrate was successfully separated after
being pretreated by H>O, for 4.5 h. However, after
adding H>O, and Fe?*, the pretreatment time was
reduced to 5 min because of the strong oxidizing
property of hydroxyl radical (-OH) which was
generated by the reaction of H>O, and Fe** [16]. The
use of other oxidants, such as ozone (O3), sodium
hypochlorite (NaClO), ferrate (VI) and their
combination, in the selective depression of chalcopyrite
has been widely reported in the literatures [17—22].
However, these oxidants, particularly combination
inhibitors, can corrode the equipment used.
Microwave oxidation is another oxidation
pretreatment method. Under microwave irradiation,
electromagnetic energy can be fully adsorbed by
minerals and converted into thermal energy,
thus promoting the surface oxidation of the
minerals [23,24]. In addition, microwaves can
effectively and selectively transfer heat, intensify the
vibrations of polar molecules, and promote the
overall heating of minerals. SILVA et al [23]
demonstrated that microwave irradiation decreased
the floatability of chalcopyrite by forming non-
uniform oxidation or patched layers, and that
flotation was restored by increasing the collector
dosage. However, oxidation by microwave irradiation
is weak unless the microwave power and pretreatment

time are increased.

Therefore, the role of microwave oxidation in
the flotation separation of chalcopyrite and
molybdenite must be investigated comprehensively.
In addition, studies regarding the effects of the
combined oxidation of microwaves and H>O, on the
flotation separation of Cu—Mo minerals have not
been reported. Therefore, in this study, the effects of
combined oxidation pretreatment on the flotation
separation of chalcopyrite and molybdenite were
investigated, and the underlying mechanism
was revealed via zeta potential measurements,
contact angle measurements, X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy
(SEM), and atomic force microscopy (AFM)
analyses.

2 Experimental

2.1 Materials and reagents

Pure molybdenite and chalcopyrite samples
were obtained from Guilin, Guangxi, China. The
samples were crushed, manually selected, ground in
quartz sand bowls and screened using a standard
sieve to obtain samples of different sizes. Samples
measuring —74 + 38 pm were used for microflotation
and contact angle tests, as well as SEM and XPS
measurements, and samples measuring —38 um were
prepared for zeta potential measurements. X-ray
diffraction (XRD) and chemical elemental analyses
were performed to determine the mineral
composition of chalcopyrite and molybdenite (see
Fig. 1 and Table 1). Based on the results of XRD
analysis and chemical elemental analysis, the purity
of chalcopyrite and molybdenite is 93.68% and
94.68%, respectively.

Analytical grade NaOH and HCl solutions were
used to regulate the pulp pH, and H>O, was used as
the oxidant. Industrial grade emulsified diesel and
terpenic oils were used as the collector and frother,
respectively. During emulsification, the mass ratio of
diesel-to-water was controlled at 1:10. Meanwhile,
polyoxyethylene lauryl ether was used as the
emulsifier, which constituted 1.5% of the total mass
of oil and water. Emulsified diesel was obtained after
the mixture was treated for 2 min using an ultrasonic
homogenizer  (JY92-IIDN, NingBo Scientz
Biotechnology Co., Ltd., China) with an ultrasonic
power 300 W. Deionized (DI) water with a resistivity
of 18.3 MQ-cm was used for all the tests.
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Fig. 1 XRD patterns of chalcopyrite (a) and molybdenite
(b)

Table 1 Chemical elemental analysis results (%, mole

fraction)
Sample Cu Mo S TFe  SiO;
Chalcopyrite  32.44 - 29.52 33.16 0.53
Molybdenite - 56.75 38.15 122 0.18

2.2 Oxidation pretreatments

Microwave pretreatment was performed in a
CY-PY1100C-S microwave equipment. During
oxidation, the sample was put in a ceramic crucible
and then placed in the center of the cavity for
pretreatment. During pretreatment, the microwave
power was selected as the main variable.

Before H,O» pretreatment, the samples with and
without microwave pretreatment were blended with
DI water in a beaker, and then the pH value was
adjusted. Subsequently, diluted H,O» was added to
the solution and magnetically stirred at 500 r/min
for a definite duration. After completing the
pretreatments, the pulp was transferred into the
flotation cell for the subsequent microflotation
experiments.

To avoid the interference of natural oxidation
on the subsequent oxidation pretreatments of the
samples by microwaves and H,O,, the samples were
blended with DI water in a beaker and then
ultrasonicated for 5 min at a power of 100 W before
oxidation.

2.3 Microflotation experiments

Microflotation tests were implemented using an
XFD/FGC flotator (Jilin Prospecting Machinery
Factory, China) with a rotation speed of 1800 r/min.
Before flotation, 2 g of the sample was blended with
40 mL of DI water in the flotation cell. After
adjustment for 4 min, NaOH or HCI, the collector
and the frother were placed in consecutively and
agitated for 3, 3 and 1 min, respectively. Finally,
after floating for 4 min, the froth products and
samples remaining at the bottom of the cell
were obtained. The recovery rate of single minerals
was calculated using Eq. (1). The productivity (y)
and recovery rate (¢) of the artificial mixture
minerals were calculated using Egs. (1) and (2),

respectively [25].

= %100% (1)
m, +m,

8=ﬁx 100% (2)
a

where m; and m; represent the mass of froth products
and tailings, respectively, a and S represent the grade
of the raw minerals and froth products, respectively.

2.4 Zeta potential measurements

The zeta potential of the samples after
undergoing various pretreatments was measured
using a JS94H analyzer (Shanghai Zhongchen
Digital Technology Instrument Co., Ltd., China). For
each measurement, 20 mg of the samples were
blended with 40 mL of DI water in a beaker, then the
KNO; solution with a concentration of 1x10~° mol/L
was added to maintain the ionic strength. After
stirring the solution for 3 min, the pH value was
adjusted and the solution was agitated for another
10 min. After the mixture was settled for 5 min, the
appropriate solution was squeezed out and placed in
an electrophoresis cell for measurement.

2.5 Contact angle measurements
The contact angles of chalcopyrite and
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molybdenite after undergoing various pretreatments
were determined using the pressing method. After
the pretreatments and vacuum-dry, the samples
were compressed into flakes with highly smooth
surfaces and then subjected to contact angle
measurements using a JC2000A contact angle
measuring instrument (Shanghai Zhongchen Digital
Technology Instrument Co., Ltd., China). After
adjusting the focal length and position parameters,
the droplets were extruded onto the surface of
samples using a microsyringe, and images were
obtained using a high-speed magnification camera to
capture the moment of contact between the droplets
and samples. The contact angle of each sample was
measured using the angle-measuring method. The
temperature of each measurement was maintained at
approximately 25 °C.

2.6 XPS measurements

The samples used for XPS analysis were
prepared based on the oxidation pretreatments. Then,
the samples were rinsed, filtered and dried. XPS
measurements were performed using a Thermo-
Scientific ESCALAB 250X1 spectrometer. The
instrument used an AIK, X-ray source with a
working voltage and current of 12.5 kV and 16 mA,
respectively. The vacuum pressure in the analytical
chamber was 8.0x1077Pa. After scanning all the
elements, the related high-resolution spectra were
obtained to analyze their valence and oxidation states
on the surface of the samples. The collected peaks
were fitted and analyzed using Thermo Avantage
5.979 software. The binding energy measured in
these tests was compared to the standard Cls peak
(284.8 eV) [26].

2.7 SEM measurements

The mineral surface morphologies of the
samples subjected to different pretreatments were
examined using a GeminiSEMS500 field-emission
SEM (Zeiss, USA). The highest resolutions of the
secondary electron image by the equipment were 0.5
and 0.9 nm; the acceleration voltage was adjusted
within the range of 0.02—-30 kV; and the probe
current was 3 pA—20nA. During the test, the
samples were cleaned ultrasonically and then
oxidized under different conditions. After drying at a
low temperature in a vacuum oven, the SEM images
of the samples were obtained.

2.8 AFM measurements

The surface roughness of the samples subjected
to different pretreatments was determined using
AFM (Bruker, Germany). To obtain extremely
smooth and flat surfaces, the block samples were
polished using a 5000-mesh sandpaper. After the
polished block samples were pretreated, the surfaces
were dried using a nitrogen jet and used for
measurements. The samples were scanned based on
a procedure reported in Ref. [27], and the surface
information of the samples was obtained by
actuating the miniscule probe of the instrument
across the surface of the samples. During the
measurements, the surfaces were scanned under
ambient air at an average temperature of
(20.1+1.5) °C and relative humidity of (43.8+7.5)%
using a SizNy gold-plated cantilever beam (SN-AF
01-S-NT, Epolied, Japan) with a spring constant of
0.08 N/m and a resonant frequency of 34 kHz.
Subsequently, the surface roughness of the samples
subjected to different treatments, as represented by
the arithmetic average (Ra.) value, was obtained using
Eq. (3), and the corresponding averages were
calculated [28]. The AFM measurement results were
analyzed using the Nanoscope software.

1 L, L,
I3 [ 71,17 (e y) | dedy (3)

a (Lx

where f'(x, y) represents the surface relative to the
central plane, and L. and L, represent different
dimensions of the surface.

3 Results and discussion

3.1 Microflotation experiments
To investigate the effect of single and combined

pretreatment methods on the flotation of
chalcopyrite and molybdenite, microflotation
experiments were performed under different

conditions. The recoveries of chalcopyrite and
molybdenite as a function of pH are shown in Fig. 2.
As shown, the flotation of molybdenite was not
impeded by the use of the single microwave or H>O,
pretreatment method, and its recovery remained
above 88% in the measured pH range. Even after
treatment was performed using the combined
methods, the recovery of molybdenite decreased
only slightly. This indicates that molybdenite is
oxidized difficultly, which is consistent with the
findings of previous studies [29,30]. However, the
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flotation of chalcopyrite is sensitive to the oxidation
pretreatment method in the measured pH range.
After treatment with microwaves only, the recovery
of chalcopyrite first increased from 65.14% to
70.27% when the pH value increased from 4 to 8.
However, the recovery of chalcopyrite decreased
gradually as the pH value increased further. When
the pH value increased to 12, the recovery of
chalcopyrite decreased to 55.17% owing to the
enhancement in surface oxidation under strong
alkaline conditions [31]. After treatment with H,O»
only, the recovery of chalcopyrite decreased in the
pH range of 6—10 compared with the treatment by
microwaves only. However, the recovery further
increased when the pH value was 12, thus indicating
H,0; decomposition and efficacy loss due to the
significant amounts of OH™ under strong alkaline
conditions [32]. However, after treatment using the
combined method, the recovery of chalcopyrite
decreased significantly to less than 42.83% over the
entire pH range. When the pH value was 10, the
recovery of chalcopyrite was only 29.33%.
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20+ —»— Chalcopyrite with H,0,
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—e— Molybdenite with microwave
0 —a— Chalcopyrite with microwave
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Fig. 2 Effect of pH on flotation recoveries of chalcopyrite
and molybdenite with various pretreatments (H,O> dosage
3.2x1073 mol/L, microwave power 500 W)

The effect of H,O, dosage on the flotation
recoveries of chalcopyrite and molybdenite under
different conditions is presented in Fig. 3. As
shown, the recovery of molybdenite remained
approximately 88% as the H,O, dosage increased
when the molybdenite was treated with the single
and combined methods. Meanwhile, the recovery of
chalcopyrite decreased gradually as the H>O, dosage
increased. After treatment with H,O, only, the
recovery of chalcopyrite decreased significantly

from 71.83% to 36.67% when the H,O, dosage
increased from 1.1x10°mol/L to 9.7x107>mol/L.
This indicates that high-dosage H,O, facilitates the
inhibition of chalcopyrite. However, after treatment
with the combined method, the recovery of
chalcopyrite was significantly lower than that
afforded by the single treatment. When the H»O»
dosage increased from 1.1x107 to 3.2x10mol/L,
the recovery of chalcopyrite decreased from 42.64%
to 25.13%. Subsequently, the recovery changed
minimally as the H,O, dosage increased further.
Therefore, chalcopyrite was inhibited significantly
when using the combined method with a H,O»
dosage of 3.2x10>mol/L.
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Fig. 3 Effect of H,O, dosage on flotation recoveries of
chalcopyrite and molybdenite with various pretreatments
(pH=10, microwave power 500 W)

The effect of microwave power on the flotation
of chalcopyrite and molybdenite under different
conditions is presented in Fig. 4. As shown, after the
single treatment, the recovery of molybdenite
remained almost unchanged, whereas the recovery of
chalcopyrite decreased gradually as the microwave
power increased. When the microwave power
increased from 100 to 1000 W, the recovery of
chalcopyrite decreased significantly from 86.17% to
48.92%. However, after treatment with the combined
method, the recovery of chalcopyrite decreased from
38.55% to 20.33% when the microwave power
increased from 100 to 500 W. Subsequently, the
recovery changed minimally as the microwave
power increased further. Meanwhile, the recovery of
chalcopyrite after treatment with the combined
method was significantly lower than that afforded by
the single treatment.
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Fig. 4 Effect of microwave power on chalcopyrite
and molybdenite flotation recoveries with various
pretreatments (pH=10, H>O, dosage 3.2x107> mol/L)

In conclusion, molybdenite is oxidized
difficulty after treatment with single or combined
methods. Furthermore, it can maintain good
floatability under different conditions. Meanwhile,
chalcopyrite is highly resistant to natural oxidation.
However, after treatment with sufficient oxidation
intensity, deep oxidation on chalcopyrite surface was
observed. In particular, after treatment using the
combined method, the recovery of chalcopyrite was
extremely low. Therefore, the combined method is
better than the single method for realizing the
effective inhibition of chalcopyrite flotation and it
can potentially achieve the flotation separation of
chalcopyrite from molybdenite.

The results for the flotation test of artificial
mixed minerals are presented in Fig. 5. As shown,
for the samples without oxidation pretreatment,
the grades of Cu and Mo in the concentrate were
18.77% and 29.07%, respectively. Additionally, the
recovery of Cu and Mo was both above 80%, thus
indicating the unsatisfactory flotation separation of
chalcopyrite and molybdenite owing to the similar
natural floatability of two minerals. After treatment
with the single method, the grade of Cu decreased to
less than 16%. However, the recovery of Cu
exceeded 60% in the concentrate. Subsequently,
when the mixed minerals were treated with the
combined method, the grade and recovery of Cu
decreased significantly to 3.36% and 10.80%,
respectively. Meanwhile, a high-quality
molybdenum concentrate was obtained with a grade
and recovery of 54.88% and 97.70%, respectively. In
conclusion, the inhibitory effect of the combined

method on chalcopyrite flotation was better than
that of the single method. During the flotation
separation of Cu—-Mo minerals, the flotation of
chalcopyrite was effectively suppressed, and a high-
quality molybdenum concentrate was obtained via
the combined method involving microwaves and
H20..

100 )/ 177 Chalcopyrite recovery  —s— Chalcopyrite grade | 100
[E= Molybdenite recovery —e— Molybdenite grade
80 180
= 7
} 60 160 X
o )
: 3
o —
S 40+ 140 ©
) -
20 % 120
0
Untreated H,O, Microwave Microwave+
H,0,

Fig. S Flotation separation of artificial mixed minerals
with and without oxidation pretreatments (pH=10,
microwave power 500 W, H,O, dosage 3.2x107* mol/L)

3.2 Zeta potential analysis

The zeta potentials of chalcopyrite and
molybdenite after different oxidation pretreatments
are presented in Fig. 6. As shown, the zeta potential
of untreated chalcopyrite decreased gradually with
increasing pH, and the isoelectric point (IEP) was at
pH<3. This indicated that chalcopyrite surface was
not oxidized without pretreatments, which was
consistent with the previously reported values in the
literatures [23,33]. When chalcopyrite was treated
with microwaves only, the zeta potential increased
significantly in the measured pH range, and the IEP
increased to pH 5.70. This indicated that when
chalcopyrite was treated with microwaves, a mixture
of copper and ferric oxides or hydroxides was
generated on the surface. In addition, the surface
solubility increased owing to oxidation, and
numerous metal ions such as Cu** and Fe*" dissolved
in the solution. Subsequently, the positively charged
ions and hydrolyzed species, such as CuOH",
Fe(OH)*" and Fe(OH),, adsorbed onto the surface,
thus causing the zeta potential to change positively
in the measured pH range. When chalcopyrite was
treated with the combined method, the zeta
potentials were higher than that when it was treated
with microwaves only in the measured pH range,
while the IEP increased to pH 8.30. This indicated
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that the oxidation on chalcopyrite surface was
promoted and more oxidation products were
generated on the surface.

Meanwhile, the IEP of molybdenite at pH<2 is
presented in Fig. 6(b), which shows that the surface
is negatively charged in the measured pH range. In
addition, the zeta potential of molybdenite increases
slightly after treatment with the single and combined
methods in the pH range of 6—10, which is attributed
to the generation of molybdenum oxides on the
surface. Furthermore, the results confirm that
molybdenite is oxidized difficultly. In conclusion,
after oxidation pretreatment, the zeta potential of
chalcopyrite increased significantly, whereas that of
molybdenite changed slightly. Therefore, the
oxidation of chalcopyrite due to the application of
the combined method was significantly stronger than
that of molybdenite.

@)
20+

Zeta potential/mV

—— Chalcopyrite untreated
—w— Chalcopyrite with H,0,
—@— Chalcopyrite microwave
—6(0 | —A— Chalcopyrite microwave+H,0,

2 4 6 8 0 12
pH

Zeta potential/mV

60 —= Molybdenite untreated

—v— Molybdenite with H,O,

—e— Molybdenite microwave

—a— Molybdenite microwave+H,0,

2 4 6 8 10 12
pH

Fig. 6 Zeta potentials of chalcopyrite (a) and molybdenite
(b) as function of pH (microwave power 500 W, H>O,
dosage 3.2x1073 mol/L)

3.3 Contact angle measurements

The floatability of minerals can be evaluated
from the change in the contact angles of the surface.
As shown in Fig. 7, the contact angle of the untreated

chalcopyrite and molybdenite was 81.54° and 84.56°,
respectively. These values are consistent with those
reported in the literatures and indicate that these two
minerals exhibit good and similar natural floatability
[34,35]. For molybdenite, the contact angle remained
almost unchanged when the single and combined
methods were used, thus indicating that it did not
oxidize easily. However, for chalcopyrite, the surface
wettability was sensitive to variations in the
oxidation method. After microwave treatment, the
contact angle of chalcopyrite decreased gradually as
the microwave power increased. When the
microwave power increased from 100 to 800 W, the
contact angle of chalcopyrite decreased from 71.53°
to 49.89°. As the microwave power increased further,
the contact angle remained almost unchanged. This
indicates that improving the surface wettability via
microwave pretreatment alone is difficult. Therefore,
the recovery of chalcopyrite remained higher than
50% even when the microwave power exceeded
800 W. However, after treatment with the combined
method, the contact angle of chalcopyrite decreased
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40+

Contact angle/(°)

20 - —&— Molybdenite with microwave
—=&— Chalcopyrite with microwave
Molybdenite with microwave+H,0,
—a— Chalcopyrite with microwave+H,0,
L L 1

0 200 400 600 800 1000
Microwave power/W

100
(b)

{
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20 | —e— Molybdenite with H,0,
—&— Chalcopyrite with H,0,
Molybdenite with microwave+H,0,
—A— Chalcopyrite with microwave+H,0,
.

0 2 4 6 8 10
H,0, dosage/(10 mol-L™")

Fig. 7 Contact angles of chalcopyrite and molybdenite as
functions of microwave power (a) and H.O, dosage (b)
after different pretreatments
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significantly to less than 40° when the microwave
power exceeded 300 W. This indicated that adding
more H,O, significantly improved the surface
wettability and decreased the floatability of
chalcopyrite.

As shown in Fig. 7(b), the single H>O;
pretreatment exerted a more profound effect on
improving the wettability than the single microwave
pretreatment. When the H,O» dosage increased from
1.1x107% to 7.5x10°mol/L, the contact angle of
chalcopyrite decreased rapidly from 71.93° to 51.40°,
thus indicating that significant amounts of
hydrophilic oxidation products were generated on
the surface. When chalcopyrite was treated with the
combined method, the contact angle further
decreased as the H,O, dosage increased. When the
H»O, dosage increased to 3.2x103mol/L, the
contact angle decreased significantly to 39.39°.
Combining the findings above with the results
shown in Fig. 7(a), it can be concluded that the
combined method is more effective in decreasing the
surface hydrophobicity of chalcopyrite. Therefore,
chalcopyrite can be effectively depressed and
separated from molybdenite using the combined
method.

3859

3.4 XPS analysis

The floatability of chalcopyrite and
molybdenite is directly related to the degree of
surface oxidation and the products obtained, which
can be determined via XPS analysis. The XPS results
are presented in Tables 2 and 3 and Figs. 8 and 9.

The high-resolution spectra of Cu 2p35, Fe 2p,
and S 2p for chalcopyrite and the corresponding
decoupling results are presented in Figs. 8 and
Table 2. The Cu2p peaks centered at about
932.14 eV and 933.59 eV could be assigned to
Cu()-S and Cu(Il)-O/OH, respectively [36,37].
The unsatisfactory floatability of chalcopyrite after
oxidation could be attributed to the decrease in
hydrophobic Cu(I)—S and the increase in hydrophilic
Cu(ID—O/OH. For the untreated chalcopyrite, the
content of Cu(I)~O/OH was 19.42%, indicating that
the surface of chalcopyrite was oxidized prior to the
pretreatment, which was inevitable as it was exposed
to air. After single treatment with microwave or H,O»,
the content of Cu(II)-O/OH increased to 35.58%
and 33.82%, respectively, which contributed to the
decrease in the floatability of chalcopyrite. However,
after treatment with the combined oxidation method,
the content of Cu(II)~O/OH increased significantly

Table 2 Quantification of chalcopyrite after different pretreatments based on Fig. 8

Untreated H>0, Microwave Microwave+H>0,
Flement Species bk Jev C‘:t"tozm/ B.E./eV C‘:t"tozm/ B.E./eV C‘;?iznt/ B.E./eV C‘:t"tozm/
Cu(l)-S 932.14 80.58 931.97 66.18 932.20 64.42 932.20 56.17
Cu(I)-O/OH  933.59 19.42 932.97 33.82 933.30 35.58 932.97 43.83
Fe(1ID)-S 708.14 44.30 708.15 21.67 708.28 11.38 708.08 8.10
Fe Fe(Ill)-O/OH  711.32 43.82 711.35 64.93 711.0 69.43 710.95 73.82
Fe(HI)—SOf 713.50 11.80 713.55 13.36 713.30 19.19 713.33 18.08
S* 161.25/162.43 34.44 161.34/162.52 44.61 161.18/162.36 43.20 161.26/162.44 39.14
S%f 162.34/163.52 48.57 162.65/163.83 32.57 162.56/163.74 33.78 162.23/163.41 25.63
S,%f/S0 164.62/165.77 12.45 165.07/166.25 8.97 164.17/165.35 11.88 164.18/165.36 15.54
SO; 168.05/169.23 4.55 168.55/169.73 13.85 168.63/169.81 11.14 168.66/169.84 19.68
Table 3 Quantification of molybdenite after different pretreatments based on Fig. 9
Untreated H,0, Microwave Microwave+H,0,
FlementSpecies 5 b jev C‘:t‘ﬁ,;)m/ B.E./eV C‘:tl'f,zm/ B.E./eV C‘:tl'f,zm/ B.E./eV C‘:&E,Z“”
Mo MoS, 229.72/232.84 93.04 229.86/232.98 91.48  229.67/232.79 91.23 229.76/232.88 89.14
Mo—O 229.06/232.18 6.96  228.87/231.99 8.52 228.75/231.62  8.77  228.88/232.00 10.86
S MoS, 161.99/163.17 100  161.91/163.09 100 161.88/163.06 100  162.01/163.19 100
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Fig. 8 Fitting peaks of Cu 2p (a), Fe 2p (b) and S 2p (c) for chalcopyrite after different pretreatments (pH 10.0, microwave

power 500W, H,O, dosage 3.2x107* mol/L)
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Fig. 9 Fitting peaks of Mo 3d (a) and S 2p (b) for molybdenite after different pretreatments (pH 10.0, microwave power

500W, H>O; dosage 3.2x1072 mol/L)

to 43.83%, thus indicating more intense oxidation
compared with the single method.

The peaks centered at about 708 eV, 711 eV
and 713 eV could be assigned to Fe(II)—S, Fe(Il)—
O/OH, and Fe(III)-SO; ", respectively [38,39]. For
the untreated chalcopyrite, the content of hydrophilic
ferric oxides, such as Fe(OH)s, and Fex(SOs)3, was
55.62 at.%. However, after oxidation, the number of
hydrophilic species increased significantly. In
particular, for the combined pretreatment, the
content of ferric oxide reached 91.90%, whereas the
content of hydrophobic Fe(II)-S was only 8.10%.

This is another reason contributing to the weak
floatability of chalcopyrite treated with the
combined oxidation method. Additionally, a
comparison of the decoupling results of Cu2p
showed that iron oxidation had likely occurred on the
surface of chalcopyrite [40].

Figure 8(c) shows the high-resolution spectra of
the S 2p peak fitting of chalcopyrite with and without
pretreatment using the single microwave, H>O, and
combined oxidation methods. The S 2p peaks at
approximately 161.40/162.58 eV, 162.9/164.08 eV,
164.20/165.26 eV, and 168.80/169.98 eV corresponded
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to monosulfides, disulfides, polysulfides/elemental
sulfur, and sulfates, respectively [41]. Among them,
the S;~ and S27/S° species contributed positively to
the surface hydrophobicity of chalcopyrite under
different conditions [42]. In particular, the
hydrophobicity of the S77/S° species was extremely
strong. As shown in Table 2, the amount of S;~ and
SZ/S° species on the chalcopyrite surface without
oxidation was 41.54%, whereas that of the
hydrophilic sulfate species was only 2.82%.
However, after oxidation pretreatment, the content
of S77, SZ/S° and sulfate species increased to
different degrees. In particular, after the microwave
pretreatment, the content of S;” and S.7/S° species
reached 58.54%, which was the highest among the
results with the different oxidation methods.
Combining these findings with the fitting results of
Cu 2p and Fe 2p, one can infer that the oxidation
intensity of microwave irradiation at 500 W is
stronger than that of H>O; (3.2x107 mol/L), whereas
the oxidation property is weaker owing to the higher
amounts of hydrophobic S; and S;/S° species
generated on the surface. This is consistent with the
microflotation results shown in Fig. 2. For the
combined oxidation, the amount of S3™ and S27/S°
species was high. However, the amounts of
hydrophilic copper, ferric oxides/hydroxides, and
sulfates were extremely high, which resulted in the
lowest surface contact angle and weakest flotation of
chalcopyrite, as shown in Figs. 2—6.

The high-resolution spectra of Mo 3d and S 2p
for molybdenite after different treatments and the
corresponding decoupling results are shown in
Figs. 9(a, b) and Table 3. For molybdenite, the peaks
of Mo 3d centered at approximately 226.8 eV,
229.72 eV and 232.84 eV were assigned to S 2s,
Mo 3dsp, and Mo 3ds» of MoS,, respectively [43].
The peaks of Mo 3d centered at approximately
229.06 eV and 232.18 eV were assigned to Mo 3ds.
and Mo 3ds;» of Mo—O, respectively. Prior to the
pretreatments, only 6.96% of Mo—O species was
generated on the surface due to autoxidation during
the preparation. However, after the single and
combined oxidation pretreatments, the amount of
molybdenum oxides increased slightly, and the
content of MoS; remained above 89%. As for the
peaks of S2p, only those of MoS, at about
161.99 eV and 163.17 eV were indicated in both
cases with and without pretreatment. In fact, surface
oxidation of molybdenite might have occurred under

alkaline conditions and generated sulfates and
Mo—O species such as MoO; and MoO,. However,
sulfates are dissoluble, and Mo—O species can be
changed to dissoluble MoO; under the action of
OH™ [44]. Therefore, for molybdenite, oxidation by
the combined method was weak and minimally
affected its surface hydrophobicity and floatability
under alkaline conditions.

In conclusion, molybdenite exhibits stronger
antioxidant properties than chalcopyrite. After
treatment with single and combined oxidation
pretreatments, only a scant amount of Mo—S on
molybdenite surface was transformed to Mo—O, and
the surface maintained its strong hydrophobicity.
However, the surface of chalcopyrite was oxidized
easily, which was primarily caused by the
combined oxidation, and significant amounts of
hydrophilic copper, ferric oxides/hydroxides and
sulfates were generated on the surface. Therefore,
the selective flotation separation of chalcopyrite and
molybdenite can be achieved by combining
microwaves and H,O».

3.5 SEM analysis

To investigate the changes in the surface
morphology of chalcopyrite and molybdenite after
different pretreatments, SEM analysis was carried
out. For the untreated chalcopyrite, its surface was
flat and smooth, and no clear oxidation products
were generated on the surface (see Fig. 10(a)). After
single treatment with microwave power or H,O,, the
surface topography changed slightly, indicating the
weak oxidation effect of the single method. In
addition, the edges of most of the chalcopyrite
particles after treatment with H,O, were rougher
than those after microwave treatment, as shown in
Fig. 10(b). This was caused by the corrosive effect of
H,0,, as reported in the previous studies [45,46].
However, after treatment with the combined
oxidation pretreatment, as shown in Fig. 10(d), the
surface was relatively rough, and significant
amounts of fine-sized oxidation products were
generated on the surface. These fine particles were
primarily attached to copper and ferric oxide
floccules, which recrystallized to aggregate into
acicular crystals of copper and ferric oxides [47]. In
addition, these generated oxidation products could
not be detached easily from the surface owing to the
stirring action and the effect chemicals during
flotation [48,49].
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For molybdenite, the surface topography
changed slightly with or without oxidation
pretreatment using either the single or combined
method (Fig. 11), indicating that its surface cannot
be oxidized easily. This is because more non-polar

and antioxidative surfaces, as shown in Figs. 11(b—d),
were exposed to coarse molybdenite particles during
sample preparation. Additionally, the surface of
molybdenite was significantly rougher than that of
chalcopyrite after different pretreatments, which was

Fig. 10 Surface topographies of chalcopyrite after different pretreatments: (a) Untreated; (b) H.O»; (c) Microwave;

(d) Microwave+H,0,

a— gg' g

Fig. 11 Surface topographies of molybdenite after different pretreatments: (a) Untreated;

(d) Microwave+H,0,

(b)

H203; (¢) Microwave;
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due to the grindability of the samples. Molybdenite
is a layered mineral with a soft texture. Under the
action of mechanical force, it is susceptible to
fracture along the layer surface with weak molecular
bonds and forms thin and flexible flakes [50], further
increasing the difficulty of crushing and grinding.

3.6 AFM analysis

AFM is widely performed to obtain high-
resolution measurement of the roughness of sample
surface micro-areas owing to its advantages of high
resolution, non-contact and three-dimensional
surface descriptive properties. In this study, the
morphologies of a 5pum x5 um region on the
surfaces of chalcopyrite and molybdenite
undergoing various pretreatments were captured,
and the results are shown in Figs. 12 and 13. The
surface roughness parameters are listed in Table 4.

For the chalcopyrite sample not subjected to
oxidation, its surface was generally smooth and no
clear bumps and dents were observed, except for the
scratch that was generated from polishing during

x/pum
Fig. 12 AFM images of chalcopyrite after different treatments: (a) Untreated; (b) H.0»; (c) Microwave; (d) Microwave+
H202
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sample preparation (Fig. 12(a)). After treatment with
the single method, as shown in Figs. 12(b) and (c),
clear peaks and valleys appeared in specific areas on
the surface. The average R, values after treatment
with microwave and H,O, were 32.2nm and
359 nm, respectively. This indicated that the
oxidation pretreatment increased the surface
roughness due to the generation of copper, ferric
oxides/hydroxides and sulfates on the surface. The
surface roughness after treatment with H,O, was
higher than that after treatment with microwave,
which was attributable to the erosion effect of H>Os.
However, after treatment with the combined method,
as shown in Fig. 12(d), more peaks and valleys
appeared over the entire area, and the average
surface roughness increased significantly to 61.5 nm.
The role of surface roughness in the minerals
flotation, such as malachite, magnesite, ilmenite and
graphite, has been widely investigated [S1—55]. An
increase in surface roughness generally facilitates
the adsorption of collectors, thereby improving the
floatability of minerals. By contrast, the flotation of

£ 400
£
N 120

Table 4 Average surface roughness of chalcopyrite and molybdenite with different treatments

R./nm
Sample
Untreated H,0, Microwave Microwave+H,0;
Chalcopyrite 14.7 359 32.2 61.5
Molybdenite 15.8 20 27.5 27.3
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chalcopyrite showed the opposite trend as the surface
roughness increased. This was because, after
treatment with the single and combined methods,
hydrophilic oxidation products were generated on
the surface. These hydrophilic species decreased the
surface hydrophobicity, as shown in Fig. 7, and
weakened the adsorption of kerosene on the surface,
thus consequently affecting the floatability of
chalcopyrite, particularly after treatment with the
combined method.

For the molybdenite sample not subjected to
oxidation pretreatment, its surface was smooth and
its roughness was similar to that of chalcopyrite
(Fig. 13(a)). After treatment with the single and
combined methods, the surface roughness increased
to 20—27.3 nm, which was significantly lower than
that of chalcopyrite treated with different methods.
This indicated that only a few hydrophilic species,
such as molybdenum oxides, were generated on the
surface after oxidation. Therefore, the surface
hydrophobicity and floatability decreased slightly
compared with the case without oxidation
pretreatment. In addition, the AFM results were
contradictory to the SEM results, which showed that
the surface of molybdenite was significantly rougher

than that of chalcopyrite after different pretreatments.

This was because the samples used for the AFM
measurements were polished blocks.

3.7 Discussion

Molybdenite presents clear anisotropy, and two
dissociation surfaces with entirely different
properties are formed after crushing and grinding:
nonpolar faces and polar edges. Nonpolar faces are
formed owing to the rupture of the van der Waals
forces between S—Mo—S layers and exhibit excellent
hydrophobicity and antioxidative properties [34,35].
However, polar edges, which are relatively
hydrophilic and easily oxidized, are derived from
the cleavage of S—Mo covalent bonds. Therefore,
the surface hydrophobicity of molybdenite is
determined by the ratio of the edges and faces after
crushing. For relatively coarse-grained molybdenite,
nonpolar faces dominate. Therefore, molybdenite
was difficult to oxidize even when using the
combined oxidation method, and only a small
amount of molybdenum oxide was generated on the
surface after oxidation.

Chalcopyrite is a primary copper sulfide
mineral that is more difficult to oxidize than other
secondary copper sulfide minerals such as chalcocite.
Therefore, the surface oxidation of chalcopyrite was
weakened by the single microwave and H>O»
pretreatments, unless the oxidation intensity was
increased. The surface wettability of chalcopyrite
was primarily determined by the amounts of
hydrophobic and hydrophilic species on its surface.

2

x/um
Fig. 13 AFM images of molybdenite after different treatments: (a) Untreated; (b) H.O»; (c) Microwave; (d) Microwave+
H202
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After single treatment with microwave power or
H,0,, the amounts of hydrophilic copper, ferric
oxides/hydroxides, and sulfates on the surface
increased,  thus  decreasing  the  surface
hydrophobicity. Based on the XPS results that more
oxidation products were generated on the
chalcopyrite surface, one can infer that the oxidation
intensity of the microwave pretreatment at 500 W
was stronger than that of the H,O, pretreatment
(3.2x10°mol/L). However, the floatability and
surface hydrophobicity of chalcopyrite after the
microwave treatment were higher than those of
chalcopyrite treated with H,O,. This was due to the
higher amount of strongly hydrophobic S;~ and
S7/S° generated on the surface.

Using the combined method, the effective
depression of chalcopyrite in molybdenite flotation
was achievable at a low microwave power and H,O,
dosage. Under the action of microwave, high-
frequency charge transfer and ion conduction
occurred inside the substance. The thermal motion of
these molecules and the interaction between
neighboring molecules produced effects similar to
collision and friction, converting the electromagnetic
energy lost in the entire process into internal energy,
which is eventually released in the form of heat.
During oxidation, microwaves can effectively and
selectively transfer heat, intensify the vibration of
polar molecules, and promote the overall heating of
minerals, thus resulting in the surface oxidation of
chalcopyrite. However, the formed oxidation layers
are non-uniform, and further pretreatment in the
H,O> solution can compensate for this deficiency. In
addition, after treatment with the combined method,
the surface roughness of chalcopyrite increased
significantly because significant amounts of fine-
sized oxidation products were generated on the

H,0,
Fenton-like SO4_
o L T -
71,0, /1,0, Y\ 2, 82780

Fe(lll-O/OH >+ FeIN-0/0H Il Cu—O/OH
(catalysts) -OOH/O, (Cat‘gﬁls)* Il Fe-O/OH
B Fe-SOZ

Enhance

Microwave

H,0,

surface. Notably, Fe’" and Fe’" cations can
induce the production of hydroxyl (-OH) and
hydroperoxyl (-OOH) radicals from H»O, via Fenton
and Fenton-like reactions, respectively. However,
these radicals are strong oxidizing agents under
acidic conditions and easily lose their effectiveness
under alkaline conditions.

Recently, other Fenton-like reactions using iron
oxides (e.g., magnetite, goethite, and hematite) and
FeSO; as catalysts have been shown to enhance the
oxidation intensity of H,O, under alkaline conditions
[16]. These Fenton-like reactions are self-cyclic
reactions, and Fe*" from iron oxides can react with
H,O, to produce -OOH/O, and Fe?*, which can
continue to react with H>O, to generate iron oxides
and -OH. O; and other radicals can be generated via
Fenton-like reactions under alkaline conditions,
thereby improving the oxidation ability of H,O,.
Therefore, it can be deduced that Fenton-like
oxidation is dominant when using the combined
method for the oxidation of chalcopyrite surface.
Except for the formation of a uniform oxidation layer,
the ferric oxides/hydroxides on the surface and the
precipitates hydrolyzed from ferric ions in the
solution further enhance the oxidation ability of
H>0, under alkaline conditions. A schematic of the
surface oxidation mechanism of chalcopyrite and
molybdenite with different pretreatments is
presented in Fig. 14.

4 Conclusions

(1) The effective inhibition of chalcopyrite
can be realized using combined oxidation
pretreatments with low microwave power and H,O,
consumption. However, the flotation of molybdenite
was not impeded by the use of the single or combined

H,0,
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Fig. 14 Surface oxidation mechanism of chalcopyrite and molybdenite with different pretreatments
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oxidation method. Therefore, chalcopyrite can be
effectively separated from molybdenite using the
combined oxidation method with microwaves and
H,0,. High-quality molybdenum concentrates with
a grade and recovery of 54.88% and 97.70%,
respectively, were obtained under a microwave
power of 500W and a H,O, dosage of
3.2x1073 mol/L.

(2) For chalcopyrite, the oxidation intensity of
microwaves (500 W) was stronger than that of H>O,
(3.2x103mol/L). The content of hydrophilic
oxidation products, such as copper and ferric
oxides/hydroxides, generated on the surface after
microwave pretreatment were significantly higher
than that after pretreatment with H,O,. However, the
generation of more hydrophobic S3~ and S;7/S°
species on the surface after microwave pretreatment
weakened the inhibition effect on chalcopyrite
flotation compared with the results after H,O:
pretreatment.

(3) After treatment with the combined oxidation
method, more uniform oxidation products were
generated on the chalcopyrite surface. In addition,
the ferric oxides/hydroxides on the surface and the
precipitates hydrolyzed from ferric ions in the
solution served as catalysts, while O, and other
radicals were generated via Fenton-like reactions,
which further enhanced the oxidation power of H,O,
under alkaline conditions. The surface properties of
molybdenite remained almost unchanged after
treatment with either the single or combined method.
Therefore, molybdenite maintained its excellent
floatability after oxidation pretreatment.
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