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Abstract: Sodium metabisulfite (MBS) was used in this study for selective flotation of chalcopyrite
and molybdenite. Microflotation tests of single and mixed minerals were performed to assess the
floatability of chalcopyrite and molybdenite. The results of microflotation of single minerals showed
that MBS treatment significantly depressed the floatability of chalcopyrite and slightly reduced
the floatability of molybdenite. The results of microflotation of mixed minerals demonstrated that
the MBS treatment could be used as a selective chalcopyrite depressant in the selective flotation of
chalcopyrite and molybdenite. Furthermore, the addition of diesel oil or kerosene could significantly
improve the separation efficiency of selective flotation of chalcopyrite and molybdenite using MBS
treatment. A mechanism based on X-ray photoelectron spectroscopy analysis results is proposed
in this study to explain the selective depressing effect of MBS on the flotation of chalcopyrite
and molybdenite.
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1. Introduction

Molybdenum minerals are often associated with copper sulfide minerals [1]. It is
estimated that about 50% of the world’s molybdenum production comes from copper
and molybdenum (Cu-Mo) ores as a by-product [2,3]. Both copper and molybdenum
are important materials in various fields; therefore, the separation of both copper and
molybdenum minerals is important. Furthermore, molybdenum minerals play a very
important role in making the Cu-Mo processing plant economically viable [4].

Separation of copper and molybdenum sulfide minerals is often carried out in the
selective flotation stage by adding a copper depressant (i.e., sodium hydrosulfide (NaHS),
sodium sulfide (Na2S), sodium thiopropionate (HSCH2CH2COONa), sodium thioglycollate
(HSCH2COONa), or Nokes reagent (P2S5+NaOH)) [2,5–10]. Other reagents have been
developed to replace these toxic and dangerous copper depressants, for instance, by using
chitosan [11], lignosulphonate [12], dithiouracil [13], and rhodamine-3-acetic acid [14]
as copper depressants in the selective flotation of Cu-Mo sulfide minerals. In addition,
various oxidation treatments using plasma pre-treatment, ozone, electrolysis, hydrogen
peroxide, and Fenton-like reagent have been applied as selective chalcopyrite depressants
in the previous studies [15–19]. However, the effectiveness of these reagents in the Cu-Mo
flotation plant has not been reported.

Sulfoxy reagents (i.e., sulfite (SO3
2−), bisulfite (HSO3

−), metabisulfite (S2O5
2−), or sul-

fur dioxide (SO2)) have been used as depressants for various minerals [20–27]. These
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reagents have been commonly used in flotation plants. For instance, sodium sulfite
(Na2SO3) and sodium metabisulfite (Na2S2O5) are the most widely used compounds for
the depression of pyrite during the flotation of copper complex ores [2,21,28,29]. However,
these studies did not report the depression of copper minerals. The selective depressing
effect of Na2SO3 on the floatability of chalcopyrite has been investigated by Miki et al. [25]
for selective Cu-Mo flotation and by Suyantara et al. [30] for separation of chalcopyrite
and enargite using flotation. However, Miki et al. [25] showed that the depression of
chalcopyrite in the selective Cu-Mo flotation required a high concentration of Na2SO3
(i.e., 0.1 M) at pH 10.8, making this reagent practically and economically unattractive.

On the other hand, Castro et al. [31] showed that sodium metabisulfite has been used to
replace lime as a pyrite depressant in the rougher flotation stage of Cu-Mo-Fe ores in Chile.
Therefore, it might be more efficient to use sodium metabisulfite for the selective Cu-Mo
flotation stage. Chen et al. [32] studied the effect of sodium metabisulfite on the floatability
of molybdenite in fresh water and seawater. They reported that sodium metabisulfite
exhibited a depressing effect on the recovery of molybdenite in fresh water. However, the
effect of sodium metabisulfite on the depression of chalcopyrite in the selective Cu-Mo
flotation has been not reported.

The main objective of this study is to investigate the effect of sodium metabisulfite
(MBS) on the floatability of chalcopyrite and molybdenite. Furthermore, this work investi-
gated the possibility of using MBS for selective flotation of chalcopyrite and molybdenite.
In addition, X-ray photoelectron spectroscopy analysis was performed to assess the effect
of MBS on the chemical state on the surface of chalcopyrite and molybdenite.

2. Materials and Methods
2.1. Materials

A high-purity crystal sample of chalcopyrite (Acari Mine, Arequipa, Peru) and molyb-
denite powder sample supplied by Sumitomo Metal Mining Co., Ltd. (Tokyo, Japan) were
used in this study. The chalcopyrite sample was crushed and then hand sorted to minimize
the impurity. The chalcopyrite was ground using an agate mortar and pestle, and then dry
screened (passing 38 µm screener) prior to all tests. The mean particle sizes of chalcopyrite
and molybdenite were 16.1 µm and 10.6 µm, respectively. The chemical and mineralogical
compositions of chalcopyrite and molybdenite were measured using X-ray fluorescence
(XRF, ZSX Primus 2, Rigaku, Tokyo, Japan) and X-ray diffraction (XRD, Ultima 4, Rigaku,
Tokyo, Japan). The chemical and mineralogical analysis results of chalcopyrite and molyb-
denite are presented in Table 1 and Figure 1, respectively.

Analytical grade sodium metabisulfite (MBS) was employed as a copper depressant
in this study. Analytical grade potassium hydroxide (KOH) and hydrochloric acid (HCl)
were used as pH modifiers. Industrial grade kerosene and diesel oil were used as collectors.
Industrial grade pine oil was used as a frother. All employed reagents were supplied
by Wako Chemical Industries, Ltd. (Tokyo, Japan), except for the diesel oil, which was
provided by a gas station (ENEOS Co., Ltd., Tokyo, Japan). Millipore (Direct-Q, Merck,
Tokyo, Japan) ultra-pure water with a resistivity of 18.2 MΩ.cm was used in all experiments.

Table 1. Chemical compositions of chalcopyrite and molybdenite measured by XRF (%).

Elements Chalcopyrite Molybdenite

Al 0.12 0.07
Si 5.74 0.17
S 24.19 41.90

Fe 25.90 0.16
Cu 31.59 -
Zn - 0.18
Mo - 51.56
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Figure 1. X-ray diffraction patterns of chalcopyrite (A) and molybdenite (B).

2.2. Microflotation Test

The flotation tests were carried out using single and mixed minerals of chalcopyrite
and molybdenite. The mixing ratio was 50% chalcopyrite and 50% molybdenite. The
mineral powders (0.6 g) were added to 180 mL of ultra-pure water. The solution pH
was controlled at pH 9 for 2 min, and MBS treatment was carried out by adding MBS
powder into the suspension. The MBS treatment was performed for 5 min. The MBS
concentration varied from 0 mM to 5 mM. Pine oil (0.13 mM) was added to the suspension.
The conditioning time for the pine oil was 2 min. To improve the flotation selectivity, a
certain amount of emulsified diesel oil or kerosene was employed as collectors. These
collectors were added before the addition of MBS powder. The diesel oil or kerosene was
emulsified in a homogenizer (HG-200 Homogenizer, AS ONE, Tokyo, Japan) at 20,000 rpm
for 30 s. The conditioning time for diesel oil or kerosene was 3 min. The suspension pH was
controlled at pH 9 throughout the conditioning process by the addition of KOH or HCl.

The flotation tests were performed by transferring the suspension solution to a
Partridge–Smith microflotation device [18]. Flotation was conducted by injecting nitrogen
gas through a glass frit at a flow rate of 20 mL/min for 6 min. The float and tailing fractions
were collected separately. These fractions were dried in an oven at 110 ◦C for 12 h and then
weighed. The flotation tests were repeated twice, and the average value of recovery of each
mineral is reported in this work.

The recovery of the mineral in the flotation of a single mineral system was calculated
using Equation (1), where mfloat and msink are the mass of the mineral in the float and sink
fractions, respectively. Meanwhile, the recovery of chalcopyrite and molybdenite in the
flotation of mixed minerals system was calculated based on the assumption that copper
and molybdenum belong to chalcopyrite and molybdenite, respectively. The froth and
tailing fractions were analyzed by XRF, and the analysis results were used to calculate the
recovery of each mineral using Equation (1). Newton efficiency (η) was calculated using
Equation (2), where Rc is the recovery of molybdenite in the froth and Rt is the recovery of
chalcopyrite in the tailing.

Recovery (%) =
mfloat

mfloat + msink
×100 (1)

η (%) = Rc − (1− R t) (2)
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2.3. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopic analysis was performed to characterize the mineral
surface before and after the treatment. The mineral powders (0.1 g) were suspended in
30 mL ultra-pure water. The pH was then adjusted to pH 9. Afterward, the suspension
was treated with or without 5 mM MBS for 5 min at pH 9. After the treatment, the
mineral sample was filtered, freeze-dried, and stored under a vacuum bag to minimize
oxidation. XPS analysis was then carried out using an AXIS-ULTRA (Shimadzu-Kratos
Co., Ltd., Manchester, UK) with an Al Kα X-ray source operated at 5 mA and 15 kV.
The charge neutralizer was enabled during the analysis. The pressure in the analyzer
chamber was 3.1 × 10−7 torr. A survey scan and elemental region scan were performed to
extract information on the oxidation states of chemical species on the mineral surface. The
collected spectra were analyzed using Casa XPS software (Ver. 2.3.16). Shirley background
corrections [33] were used throughout the analyses for carbon (C) 1s, oxygen (O) 1s, iron
(Fe) 2p, sulfur (S) 2p, copper (Cu) 2p, and molybdenum (Mo) 3d spectra. The Gaussian–
Lorentzian (GL) function was used to deconvolute the spectra. The binding energy was
calibrated based on C 1s at a binding energy of 284.6 eV [15,25].

3. Results and Discussion
3.1. Microflotation of Single Mineral

Effects of MBS treatment on the flotation recovery of chalcopyrite and molybdenite
in the single mineral system are presented in Figure 2. It should be noted that the mi-
croflotation tests were performed in the absence of a collector. The recovery of chalcopyrite
significantly decreased from 65% in the absence of MBS to 15% after being treated in
0.5 mM MBS. The recovery of chalcopyrite gradually decreased with increasing concentra-
tion of MBS. The recovery of chalcopyrite was 5% after being treated in 5 mM MBS. These
microflotation results indicate that the MBS treatment exhibited a strong depressing effect
on the floatability of chalcopyrite.

Figure 2. Effects of sodium metabisulfite (MBS) on the recovery of chalcopyrite and molybdenite in
the absence of a collector at pH 9.

On the other hand, the addition of 0.5 mM MBS had an insignificant effect on the
recovery of molybdenite. However, the addition of a higher concentration of MBS could
reduce the recovery of molybdenite. For instance, the recovery of molybdenite slightly
decreased from 67% to 55% after being treated in 5 mM MBS. A similar depressing effect of
MBS on the floatability of molybdenite in deionized (DI) water has been reported by Chen
et al. [32]. Although these microflotation results indicate that MBS treatment slightly de-
pressed the floatability of molybdenite, the depressing effect was less significant compared
to that on the floatability of chalcopyrite. In addition, the microflotation results presented
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in Figure 2 show that MBS treatment has potential as a selective copper depressant in the
selective flotation of Cu-Mo.

3.2. XPS Analysis

XPS analysis was performed to explain the flotation results presented in Figure 2
by evaluating the oxidation states of chemical species on the surface of chalcopyrite and
molybdenite before and after the MBS treatment. Figure 3 shows the X-ray photoelectron
spectra of Cu 2p, S 2p, Fe 2p, and O 1s of chalcopyrite.

Minerals 2021, 11, x  5 of 13 
 

 

On the other hand, the addition of 0.5 mM MBS had an insignificant effect on the 

recovery of molybdenite. However, the addition of a higher concentration of MBS could 

reduce the recovery of molybdenite. For instance, the recovery of molybdenite slightly 

decreased from 67% to 55% after being treated in 5 mM MBS. A similar depressing effect 

of MBS on the floatability of molybdenite in deionized (DI) water has been reported by 

Chen et al. [32]. Although these microflotation results indicate that MBS treatment slightly 

depressed the floatability of molybdenite, the depressing effect was less significant com-

pared to that on the floatability of chalcopyrite. In addition, the microflotation results pre-

sented in Figure 2 show that MBS treatment has potential as a selective copper depressant 

in the selective flotation of Cu-Mo. 

3.2. XPS Analysis 

XPS analysis was performed to explain the flotation results presented in Figure 2 by 

evaluating the oxidation states of chemical species on the surface of chalcopyrite and mo-

lybdenite before and after the MBS treatment. Figure 3 shows the X-ray photoelectron 

spectra of Cu 2p, S 2p, Fe 2p, and O 1s of chalcopyrite. 

    

    

Figure 3. Cu 2p (A), Fe 2p (B), S 2p (C), O 1s (D) spectra of chalcopyrite without and with 5 mM MBS treatment at pH 9. 

In
te

n
s
it
y
, 

a
.u

.

960 955 950 945 940 935 930 925

Binding energy, eV

A.Chalcopyrite (Cu 2p)
 

pH 9

5 mM MBS

 Recorded data
 Fitted data

CuFeS2 (931.8 eV ± 0.2 eV)

Cu(OH)2 (934.2 eV ± 0.0 eV)

In
te

n
s
it
y
, 

a
.u

.

730 725 720 715 710 705

Binding energy, eV

B. Chalcopyrite (Fe 2p)

5 mM MBS

pH 9

 Recorded data
 Fitted data

CuFeS2(707.4 ± 0.2 eV)

FeOOH (710.6 ± 0.1 eV)
Fe2O3(711.0 ± 0.1 eV)

Fe2(SO4)3 (713.1 ± 0.2 eV)

 

In
te

n
s
it
y
, 

a
.u

.

172 170 168 166 164 162 160 158

Binding energy, eV

pH 9

 Recorded data
 Fitted data

CuFeS2(160.7 ± 0.1 eV)

S2

2-
(162.0 ± 0.2 eV)

Sn

2-
(163.8 ± 0.1 eV)

SO4

2-
(167.9 ± 0.0 eV)

 

5 mM MBS

C. Chalcopyrite (S 2p)

In
te

n
s
it
y
, 

a
.u

.

538 536 534 532 530 528 526

Binding energy, eV

D. Chalcopyrite (O 1s)
  Recorded data

 Fitted data
Oxide (529.9 ± 0.1 eV)
Hydroxide (531.5 ± 0.2 eV)
Sulfate (532.2 ± 0.0 eV)
Water (533.4 ± 0.2 eV)

5 mM MBS

pH 9

Figure 3. Cu 2p (A), Fe 2p (B), S 2p (C), O 1s (D) spectra of chalcopyrite without and with 5 mM MBS treatment at pH 9.

Two Gaussian–Lorentzian (GL) functions could best fit the Cu 2p spectrum of chal-
copyrite at pH 9 (Figure 3A). The first GL function shows a peak centered at ca. 931.8 eV,
which is in agreement with the Cu(I) of chalcopyrite [34]. The second GL function shows a
peak centered at higher binding energy (i.e., 934.2 eV). This peak is attributed to the Cu(II)
of Cu(OH)2 [35]. The presence of Cu(II) is confirmed by the formation of a weak satellite
peak located at binding energy 940–945 eV. The presence of Cu(II) on the chalcopyrite
surface indicates that the chalcopyrite surface was slightly oxidized at pH 9 in the absence
of MBS. In addition, the surface oxidation of chalcopyrite at pH 9 is confirmed by the Fe 2p
spectrum. The deconvolution of Fe 2p spectrum of chalcopyrite at pH 9 shown in Figure 3B
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indicates that in addition to the Fe of chalcopyrite located at 707.4 eV [36], the chalcopyrite
surface was covered by FeOOH and Fe2O3, as indicated by the peaks located at 710.6 eV
and 711.0 eV, respectively [37]. The deconvolution of S 2p spectrum of chalcopyrite at
pH 9 (Figure 3C) indicates various peaks located at ca. 160.7 eV, 162.0 eV, and 163.8 eV.
These peaks are attributed to chalcopyrite, disulfide (S2

2−), and polysulfide (Sn
2−), respec-

tively [36]. The presence of oxide and hydroxide on the chalcopyrite surface is confirmed
by the peak located at 529.9 eV [37] and 531.5 eV [38] in the O 1s spectrum of chalcopyrite
at pH 9 (Figure 3D). In addition, there is an indication of the presence of adsorbed water
on the surface of chalcopyrite, as shown by the peak located at 533.4 eV [39] in Figure 3D.

The MBS treatment reduced the Cu(II) to Cu(I) on the chalcopyrite surface, as indicated
by the absence of Cu(II) species in the Cu 2p spectrum of chalcopyrite (Figure 3A). Only the
Cu 2p peak of chalcopyrite was observed after the surface was treated in 5 mM MBS. The
Fe 2p spectrum in Figure 3B shows that the MBS treatment significantly improved the peak
intensity of FeOOH and formed a new peak located at 713.1 eV. This new peak is attributed
to Fe2(SO4)3 [37]. The formation of sulfate species is confirmed by the appearance of a
new peak located at 167.9 eV in the S 2p spectrum in Figure 3C and a new peak located at
532.2 eV in the O 1s spectrum in Figure 3D [36,37]. This sulfate species might be formed
as a result of the reaction between MBS and dissolved oxygen in the water, as shown by
Equations (3) and (4).

Na2S2O5 + H2O→ 2Na++ 2HSO−3 (3)

2HSO−3 + O2 → 2SO2−
4 + 2H+ (4)

Figure 4 presents the X-ray photoelectron spectra of Mo 3d, S 2p, and O 1s of molyb-
denite. The Mo 3d spectra of the molybdenite surface (Figure 4A) were best fitted with
three GL functions. The 3d5/2 peaks located at ca. 229.5 eV, 229.7 eV, and 232.2 eV are
attributed to molybdenum bulk (Mo(IV)) of molybdenite [40], Mo (IV) of molybdenum
dioxide (MoO2) [41], and Mo(VI) of molybdenum trioxide (MoO3) [42], respectively. The
S 2p spectrum of molybdenite shown in Figure 4B indicates a doublet peak with S 2p3/2
peaks located at 162.3 eV, which is attributed to the monosulfide of molybdenite [19,43].
Figure 4C shows the O 1s spectra of molybdenite. The presence of molybdenum diox-
ide and molybdenum trioxide is confirmed by the O 1s peaks located at 530.3 eV [44]
and 531.4 eV [45], respectively. In addition, there are other peaks located at 532.3 eV
and 533.7 eV, which are attributed to the hydroxide of the organic contaminants [30] and
adsorbed water (H2O) [39], respectively.

Similar spectra of Mo 3d, S 2p, and O 1s of molybdenite were obtained after the
molybdenite was treated in 5 mM MBS at pH 9. In addition, unlike the formation of sulfate
species on the S 2p of chalcopyrite after being treated in 5 mM MBS at pH 9, there was no
sulfate formation in the S 2p spectra of molybdenite.

3.3. Proposed Mechanism

Based on the XPS analysis results, a mechanism can be proposed to explain the
depressing effect of MBS on the floatability of chalcopyrite. The MBS treatment mainly
produces sulfate species as a reaction product when in contact with the dissolved oxygen in
water (Equations (3) and (4)). This sulfate species covered the chalcopyrite surface, forming
hydrophilic Fe2(SO4)3 species on the surface. Furthermore, the MBS treatment improved
the intensity of hydrophilic FeOOH and Fe2O3 species on the chalcopyrite surface. The
presence of these various hydrophilic species on the surface depresses the floatability
of chalcopyrite.



Minerals 2021, 11, 1377 7 of 13
Minerals 2021, 11, x  7 of 13 
 

 

    

  

Figure 4. Mo 3d (A), S 2p (B), O 1s (C) spectra of chalcopyrite without and with 5 mM MBS treatment at pH 9. 

Similar spectra of Mo 3d, S 2p, and O 1s of molybdenite were obtained after the mo-

lybdenite was treated in 5 mM MBS at pH 9. In addition, unlike the formation of sulfate 

species on the S 2p of chalcopyrite after being treated in 5 mM MBS at pH 9, there was no 

sulfate formation in the S 2p spectra of molybdenite. 

3.3. Proposed Mechanism 

Based on the XPS analysis results, a mechanism can be proposed to explain the de-

pressing effect of MBS on the floatability of chalcopyrite. The MBS treatment mainly pro-

duces sulfate species as a reaction product when in contact with the dissolved oxygen in 

water (Equations (3) and (4)). This sulfate species covered the chalcopyrite surface, form-

ing hydrophilic Fe2(SO4)3 species on the surface. Furthermore, the MBS treatment im-

proved the intensity of hydrophilic FeOOH and Fe2O3 species on the chalcopyrite surface. 

The presence of these various hydrophilic species on the surface depresses the floatability 

of chalcopyrite. 

The XPS results of molybdenite indicate that the MBS had an insignificant effect on 

the binding energy of chemical species on the surface of molybdenite. However, the flo-

tation results indicate that MBS treatment exhibited a slightly depressing effect on the 

In
te

n
s
it
y
, 

a
.u

.

240 235 230 225

Binding energy, eV

 Recorded data
 Fitted data

MoS2 (229.5 ± 0.0 eV)

MoO2 (229.7 ± 0.0 eV)

MoO3 (232.2 ± 0.0 eV)

A. Molybdenite (Mo 3d)

5 mM MBS

pH 9

In
te

n
s
it
y
, 

a
.u

.

168 166 164 162 160 158

Binding energy, eV

B. Molybdenite (S 2p)

 Recorded data
 Fitted data

MoS2(162.3 ± 0.0 eV)

 

5 mM MBS

pH 9

In
te

n
s
it
y
, 

a
.u

.

538 536 534 532 530 528 526

Binding energy, eV

 Recorded data
 Fitted data

MoO2 (530.3 ± 0.0 eV)

MoO3 (531.4 ± 0.1 eV)

Hydroxide (532.3 ± 0.1 eV)
H2O (533.7 ± 0.2 eV)

 

C. Molybdenite (O 1s)

pH 9

5 mM MBS

Figure 4. Mo 3d (A), S 2p (B), O 1s (C) spectra of chalcopyrite without and with 5 mM MBS treatment at pH 9.

The XPS results of molybdenite indicate that the MBS had an insignificant effect on the
binding energy of chemical species on the surface of molybdenite. However, the flotation
results indicate that MBS treatment exhibited a slightly depressing effect on the floatability
of molybdenite. This difference in XPS and flotation results could be caused by the crystal
structure of molybdenite. The crystal structure of molybdenite shows two types of surfaces:
(1) non-polar faces formed by the scission of S–S bonds and (2) polar edges generated by
the rupture of strong covalent Mo–S bonds. Based on these bonding types, the faces are
hydrophobic and the edges are hydrophilic [46]. These edges might be vulnerable to the
MBS treatment than the faces as shown by Chen et al. [32]. They reported that the MBS
treatment showed an insignificant effect in the spectra of molybdenite faces, however, it
formed sulfate and sulfite species in the S 2p spectra of molybdenite edges after being
treated in 1 mM MBS in DI water.

In this study, the molybdenite fine powder was used for flotation tests and XPS
analysis, which has a higher edges-to-faces ratio, thus the depressing effect of MBS on
the floatability of molybdenite became more apparent. Furthermore, the molybdenite
powder used for XPS analysis in this study was not differentiated between the faces and
edges of molybdenite, thus the XPS analysis could not identify the effect of MBS treatment
on the molybdenite edges. However, the presence of sulfate and sulfite species on the



Minerals 2021, 11, 1377 8 of 13

molybdenite edges, as reported by Chen et al. [32], could explain the slightly depressing
effect of MBS on the floatability of molybdenite presented in this study.

3.4. Microflotation of Mixed Minerals

The microflotation results of a single mineral, presented in Figure 2, show the pos-
sibility of using MBS treatment for selective separation of molybdenite and chalcopyrite.
Therefore, the microflotation tests were performed using mixed chalcopyrite and molyb-
denite. Figure 5 shows the effects of MBS treatment on the recovery of chalcopyrite and
molybdenite in the mixed minerals system.

Figure 5. Effect of sodium metabisulfite (MBS) on the recovery of mixed chalcopyrite and molybdenite
(1:1 ratio) in the absence of a collector at pH 9.

As expected, the microflotation results of mixed chalcopyrite and molybdenite show
a similar trend as shown in the microflotation of a single mineral (Figure 2). The MBS
treatment exhibited a strong depressing effect on the recovery of chalcopyrite and slightly
reduced the recovery of molybdenite. Furthermore, the depressing effect increased with an
increase in the concentration of MBS.

The Newton efficiency is presented in Figure 5 to assess the selectivity of the MBS
treatment on the separation of chalcopyrite and molybdenite using flotation. The Newton
efficiency increased from 25% before the MBS treatment to 43% after the addition of 0.5 mM
MBS. The Newton efficiency reached a maximum value (48%) after the addition of 1 mM
MBS and then slightly decreased to 46% after the addition of 5 mM MBS owing to the
decreasing recovery of molybdenite. These Newton efficiency results demonstrate that
the MBS treatment could be used as a selective depressant of chalcopyrite in the selective
flotation of chalcopyrite and molybdenite.

Emulsified kerosene and diesel oil were used as collectors to improve the separation
selectivity of chalcopyrite and molybdenite in the flotation of mixed minerals using MBS
treatment. These non-polar oil collectors were selected because they are known as selec-
tive collectors for molybdenite, owing to a higher affinity on the molybdenite non-polar
faces [2,47–50]. In these flotation tests, the concentration of MBS was fixed at 1 mM. This
concentration was selected based on the maximum Newton efficiency shown in Figure 5.

Figure 6 shows the effect of emulsified diesel oil and kerosene on the recovery of
mixed chalcopyrite and molybdenite after being treated in 1 mM MBS at pH 9. The
addition of various concentrations of emulsified diesel oil and kerosene significantly
improved the recovery of molybdenite compared to that of chalcopyrite. For instance,
the recovery of molybdenite significantly increased from 52% to 82% after the addition of
100 mg/L diesel oil, while the recovery of chalcopyrite slightly increased from 7% to 13%
under a similar condition. These results can be attributed to the selective adsorption of
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diesel oil and kerosene on the molybdenite surface, which was less affected by the MBS
treatment than the chalcopyrite surface, as shown by the XPS analysis and flotation results.
In addition, Suyantara et al. [48,51] showed that the molybdenite surface became more
hydrophobic after the addition of emulsified kerosene, thus molybdenite became more
floatable compared to that of chalcopyrite.

Figure 6. Effect of emulsified diesel oil (A) and kerosene (B) on the recovery of mixed chalcopyrite and molybdenite after
being treated in 1 mM MBS at pH 9.

Figure 6 demonstrates that emulsified diesel oil was more effective to improve the
recovery of molybdenite compared to that of emulsified kerosene. For instance, the recov-
ery of molybdenite improved from 52% to 82% after the addition of 100 mg/L emulsified
diesel oil, while the recovery of molybdenite increased from 52% to 73% after the addi-
tion of 100 mg/L emulsified kerosene. Diesel oil has a better dispersion capability in
water (i.e., forming finer and homogeneous emulsion) than kerosene [52]; thus, it is more
effectively adsorbed on the molybdenite surface.

Figure 6A indicates that the recovery of molybdenite reached an optimum condition
after the addition of 100 mg/L emulsified diesel oil. The addition of a higher concentration
(i.e., 200 mg/L) of emulsified diesel oil slightly reduced the recovery of molybdenite. One
of the possible reasons for this phenomenon is the addition of excess emulsified diesel oil
caused excessive agglomeration of molybdenite particles, causing the molybdenite particle
to become too heavy to be carried by the nitrogen bubbles to the froth zone. On the other
hand, this phenomenon was not observed if emulsified kerosene was used as a collector
(Figure 6B). The maximum recovery of molybdenite was observed after the addition of
200 mg/L emulsified kerosene.

The recovery of chalcopyrite slightly increased with an increase in the concentration
of emulsified diesel oil and kerosene (Figure 6). This phenomenon can be caused by
the physical adsorption of diesel oil and kerosene on the surface of chalcopyrite, owing
to the presence of sulfur species on the slightly oxidized chalcopyrite, as shown from
the XPS results. A similar phenomenon has been reported in previous studies [48,53].
In addition, this phenomenon might be caused by the interaction between molybdenite
and chalcopyrite (i.e., heterocoagulation and entrapment of chalcopyrite), which requires
further investigation. Indeed, Hornn et al. [54] showed that emulsified kerosene can
be used to agglomerate the fine particle chalcopyrite, improving its floatability in the
agglomeration-flotation.

Table 2 confirms the effectiveness of MBS treatment as a selective depressant of
chalcopyrite in the selective flotation of chalcopyrite and molybdenite with the addition of
diesel oil and kerosene. In the absence of MBS treatment, the recoveries of chalcopyrite
were 30.8% and 43.3% with the addition of 100 mg/L diesel oil and 200 mg/L kerosene,
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respectively. Meanwhile, the addition of diesel oil and kerosene significantly improved
the recoveries of molybdenite, from 61.1% in the absence of collector to 88.0% and 89.5%
with the addition of 100 mg/L diesel oil and 200 mg/L kerosene, respectively. With the
addition of 1 mM MBS, the recovery of chalcopyrite significantly depressed to 13.7% and
19.1% under similar conditions. On the other hand, the recovery of molybdenite slightly
decreased after the MBS treatment.

Table 2. Recovery of chalcopyrite (Cu) and molybdenite (Mo) and Newton efficiency (η) under the
optimal condition of diesel oil and kerosene.

No Collector Condition MBS Concentration
Recovery, %

η, %
Cu Mo

1 Without collector 0 mM MBS 35.9 61.1 25.2
2 100 mg/L diesel 0 mM MBS 30.8 88.0 57.3
3 100 mg/L diesel 1 mM MBS 13.7 84.2 70.5
4 200 mg/L kerosene 0 mM MBS 43.3 89.5 46.2
5 200 mg/L kerosene 1 mM MBS 19.1 81.7 62.6

Figure 7 shows the Newton efficiency of flotation of mixed chalcopyrite and molyb-
denite after being treated in various concentrations of emulsified diesel oil and kerosene
in 1 mM MBS at pH 9. The Newton efficiency gradually increased with an increase in
the concentration of emulsified diesel oil and kerosene. The Newton efficiency reached a
maximum value of 70% after the addition of 100 mg/L diesel oil in 1 mM MBS at pH 9.
Under a similar concentration, the addition of emulsified kerosene results in lower Newton
efficiency (i.e., 60%). Meanwhile, the Newton efficiency reached a maximum value of 62%
after the addition of 200 mg/L emulsified kerosene in 1 mM MBS at pH 9. This result
indicates that emulsified diesel oil is more effective in improving the selectivity of flotation
of chalcopyrite and molybdenite compared to kerosene. As discussed previously, diesel
has a higher effectivity owing to it having a better dispersion capability in water than
kerosene. Nevertheless, both emulsified diesel oil and kerosene could significantly improve
the separation selectivity of selective flotation of chalcopyrite and molybdenite using MBS
treatment.

Figure 7. Effects of diesel oil and kerosene addition on the Newton efficiency of selective flotation of
chalcopyrite and molybdenite in 1 mM MBS at pH 9.

4. Conclusions

In this study, the effects of MBS treatment on the floatability of chalcopyrite and
molybdenite were investigated. The microflotation results of a single mineral show that
MBS treatment exhibited a strong depressing effect on the floatability of chalcopyrite and
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slightly depressed the floatability of molybdenite. The XPS analysis results indicated that
the strong depressing effect of MBS on the floatability of chalcopyrite is caused by the
formation of hydrophilic species (i.e., sulfate, Fe2(SO4)3, FeOOH, and Fe2O3) on the surface.
On the other hand, MBS treatment showed an insignificant effect on the chemical species
on the molybdenite surface.

The microflotation of mixed minerals showed that MBS treatment could be used
as a selective depressant of chalcopyrite in the selective flotation of chalcopyrite and
molybdenite. Furthermore, the addition of diesel oil or kerosene as a molybdenite collector
could significantly improve the separation selectivity (i.e., Newton efficiency) of flotation
of chalcopyrite and molybdenite using MBS treatment. The addition of diesel oil could
effectively improve the Newton efficiency compared to that of kerosene.
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