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Abstract: Low flotation efficiency has always been a problem in the separation of low-grade molyb-
denum ores because of the finely disseminated nature and crystal anisotropy of molybdenite. In this
study, a novel kerosene–coal tar collector (KCTC) was prepared and used to explore the feasibility of
improving the recovery of fine molybdenite particles. The results showed that KCTC achieved better
attaching performance than that shown by kerosene, and the surface coverage and attaching rate
constant were improved significantly, especially for finer particles of −38 + 20 µm. Compared with
kerosene, KCTC showed more affinity for molybdenite particles and greater adsorbed amounts of
KCTC on molybdenite particles were achieved. Moreover, the composite collector was shown to float
single molybdenite particles of different sizes, and it was found that the recovery of molybdenite
particles of different sizes, particularly in the case of those at −20 µm, was improved dramatically by
KCTC. The flotation results of actual molybdenum ores further confirmed that KCTC was beneficial
to flotation recovery and the selectivity of molybdenite. This indicated that KCTC is a potential
collector for the effective flotation of low-grade deposits of molybdenum ores, and more studies
should be conducted on further use in industrial practice.

Keywords: molybdenite; attaching kinetics; coal tar; flotation

1. Introduction

Molybdenum is an important metal with a wide range of applications in metallurgy,
the chemical industry, etc. [1,2]. Molybdenite is the principal mineral in molybdenum ex-
traction, and it is recovered from Mo-Cu ores or molybdenum ores using the froth flotation
technique [3–5]. However, molybdenite is an anisotropic mineral with two types of surfaces.
The nonpolar and hydrophobic faces are generated by the breaking of van der Waals forces
between S-Mo-S layers, while the polar and hydrophilic edges are formed by the rupture
of strong covalent Mo-S bonds [6]. As high-grade ore deposits are depleted, it is becoming
ever more urgent to effectively process the low-grade deposits, where low-grade ores of a
finely disseminated nature require finer grinding for liberation, resulting in poor floatabil-
ity. Nonpolar hydrocarbon oils (saturated hydrocarbons) such as diesel oil, kerosene and
transformer oil are used as the most common collectors for molybdenite flotation [7–10].
Nevertheless, they have more affinity for the nonpolar faces of molybdenite, created by
van der Waals forces and hydrophobic forces [11–13], rather than for the polar edges. The
hydrophobicity of edge surfaces cannot be improved, which results in poor floatability.

As reported, mixed collectors have been widely used to enhance the flotation perfor-
mance of minerals [14–17]. A mixture of KAX and DDA was used to separate smithsonite

Minerals 2021, 11, 1439. https://doi.org/10.3390/min11121439 https://www.mdpi.com/journal/minerals

https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://doi.org/10.3390/min11121439
https://doi.org/10.3390/min11121439
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/min11121439
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min11121439?type=check_update&version=1


Minerals 2021, 11, 1439 2 of 12

and the recovery rate increased dramatically compared with either KAX or DDA in isola-
tion. The presence of KAX increased lateral tail-tail hydrophobic bonds, which resulted in
more hydrophobic smithsonite [14]. Excellent separation of lepidolite from quartz at a neu-
tral pH was achieved with a mixed collector of SOL/DDA, due to the larger contact angle
of lepidolite than quartz [18]. Additionally, a combination of aliphatic hydrocarbon oil and
liquid polycyclic aromatic hydrocarbon was prepared and enhanced the floatability of fine
molybdenite particles, especially for the finer particles [19]. Recently, methylnaphthalene
and naphthalene were used as auxiliary collectors with kerosene at a mass ratio of 5:95 to
improve the flotation performance of molybdenum ores; Mo recovery was increased by
3–4% due to the principle of similar compatibility of surface energy [1]. Hence, the mixed
collectors of aromatic and saturated hydrocarbons were beneficial to the flotation of fine
molybdenite particles. Recently, more attention has been paid to the comprehensive utiliza-
tion of coal tar as a result of the fast development of the coal chemical industry. It is well
known that coal tar is a complex mixture of aromatic hydrocarbons including polycyclic
and heterocyclic compounds and fused ring compounds [20] that has the potential to be a
candidate as a collector to enhance the flotation of fine-grained molybdenite. If coal tar
is applied as an auxiliary collector in the separation of molybdenite from Mo-Cu ores or
molybdenum ores, it can not only achieve the effective flotation of finely disseminated
molybdenite but also decrease the collector cost in flotation due to the higher price of
nonpolar hydrocarbon oils and lower price of coal tar. Moreover, a new strategy can be
proposed for the utilization of coal tar. However, few reports have been published on the
application of coal tar in flotation and more studies should be conducted for the flotation
of molybdenite [20]. Therefore, in this paper, the influence of coal tar on the flotation per-
formance of fine-grained molybdenite of different sizes was explored and the underlying
mechanism was revealed.

2. Materials and Methods
2.1. Materials

The molybdenite block raw ores of a high grade were obtained from a molybdenum
mine in Jiangxi Province, China. The samples were crushed into small pieces and then
purified using a shaking table. The concentrate was further crushed and then ground. As
shown in Table 1 and Figure 1, the molybdenite particles were relatively pure. Finally, the
ground-down molybdenite particles were screened to obtain samples with a size of −20 µm,
−38 + 20 µm and −74 + 38 µm, respectively. The actual molybdenum ores were obtained
from the tailings of rougher particle flotation processes, produced by the Luanchuan Xinxin
Mining Co. Ltd., Luoyang, Henan Province, China. As shown in Figure 2, the D50 was
20.19 µm and the D75 was 38.46 µm. This indicated that the molybdenum ores should be
ground down to finer particles to liberate the molybdenite. The chemical analysis of the
molybdenum ores is given in Table 2.
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Table 1. Element content analysis of molybdenite by XRF.

Elements Mo S SiO2 Fe2O3

Amount (%) 59.4 39.69 0.79 0.12

Table 2. Compositions of molybdenum ore, shown as a percentage.

Mo Fe S P Zn CaF2 CaO Al2O3

0.048 3.98 0.20 0.03 0.03 0.47 12.37 7.89
SiO2 K2O Na2O MnO2 TiO2 MgO Pb C
50.50 4.39 0.54 0.51 0.28 10.49 0.012 0.77

The coal tar used was taken from a coal coking company in Shanxi Province, China.
Kerosene and coal tar were mixed in a mass ratio of 1:1; the mixture was stirred using a
magnetic stirrer for 60 min, then the sample was allowed to settle and the upper liquid
was poured out as a kerosene-coal tar collector (KCTC), as shown in Figure 3. The mass
concentration of the extractive from the coal tar in the kerosene was about 15%. Reagent-
grade sodium hydroxide and hydrochloric acid, purchased from the Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China, were used to adjust the pH of the pulp. Kerosene and
No. 2 oil were used as another collector and a frother, respectively. All experiments were
conducted using deionized water, with a resistivity of 18.2 MΩ unless stated otherwise.
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2.2. Flotation Experiments

A micro-flotation machine with a 40 mL cell was used to carry out flotation exper-
iments of single molybdenite, and 2.0 g molybdenite particles were weighed for each
experiment. In the experiments, molybdenite particles were initially conditioned in deion-
ized water for 120 s with a stirring speed of 1800 rpm. Then, the pH of the suspension was
adjusted to 8.0 using NaOH or HCl stock solutions and kept under mixing conditions for
120 s, after which the collector was added; 180 s later, No. 2 oil was added to the suspension
for an additional 120 s of conditioning. Finally, the gas valve of the flotation machine was
opened to collect froth for 300 s at an airflow rate of 60 cm3/min. The flotation experiments
were performed in either duplicate or triplicate.

The actual molybdenum ores were floated using an XFD-1.5 flotation machine with a
1.5 L cell, and the mass concentration of the pulp was a fixed consistency at 30%. Kerosene
and KCTC were used as collectors to compare the flotation efficiency. The impeller speed
of the flotation machine was set at 2100 rpm and the airflow rate was maintained at
0.30 m3/(m2·min). The other flotation parameters were the same, with a flotation proce-
dure of single molybdenite particles.

2.3. Bubble-Particle Attachment Experiments

The bubble-particle attachment test system is shown in Figure 4. For each test, 4.0 g of
molybdenite particles were mixed with 200 mL deionized water in a square sample cell
made from organic glass. A magnetic stirrer was used to disperse the molybdenite particles
completely for 300 s at 400 rpm. Then, the liquid supernatant was poured out carefully
after 120 s of sedimentation. The remaining molybdenite particles were thoroughly washed
with deionized water thrice to make the suspension clear enough for photo collecting. In
the attaching process, an air bubble of 2.5 ± 0.1 mm in diameter was generated at the end
of a capillary tube on a syringe, which was placed 4 cm below the liquid level, and 250 rpm
was used to drive the molybdenite particles to attach to the bubble. The bubble photos
were recorded after 10, 30, 60, 120, 180, and 300 s. The attaching angle θ and bubble surface
coverage were both employed to evaluate the attaching behaviors of particles to the bubble,
which method is widely accepted [21–26]. Hence, the coverage surface area (Sp) was used
to evaluate the attaching behaviors of molybdenite particles on the bubble; it is calculated
approximatively using the following formula:

Sp ≈ πD2
(

sin
θ

4

)2
(1)

where Sp is the coverage surface area, namely, the surface area of a bubble coated with
molybdenite particles, D is the diameter of the bubble, and θ is the attaching angle.

Relative mineralization area (η) is defined as the ratio of the coverage area (Sp) to the
entire bubble surface area that could be coated by particles (S0) in the following formula:

η =
Sp

S0
× 100 (2)

.

2.4. X-ray Photoelectron Spectroscopy (XPS)

Freshly prepared molybdenite particles were used for X-ray photoelectron spec-
troscopy (XPS) measurement. Firstly, 2.0 g of −20 µm molybdenite particles were placed
into 100 mL of deionized water in a 250 mL beaker, with or without 500 mg/L kerosene
or KCTC, with a magnetic stirrer at a stirring speed of 500 rpm for 60 min. Secondly, the
treated sample was filtered and freeze-dried for the subsequent XPS analysis. Finally, the
prepared samples were measured using an XPS setup (ESCALAB 250Xi; Thermo Scientific,
Waltham, MA, USA) with an Al Kα monochromatic X-ray source. The detailed principles
of XPS measurement have been reported elsewhere [27–29]. All binding energy calibration



Minerals 2021, 11, 1439 5 of 12

was calibrated based on the neutral C1s peak at 284.8 eV and the surface charging effects
were analyzed using XPS Peak 4.1 software.
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2.5. Adsorption Measurement

The adsorption of kerosene and KCTC onto molybdenite particles of different sizes
was detected via a depletion technique. Briefly, 2.0 g molybdenite powders of the desired
sizes were mixed with 100 mL 300 mg/L collector solution or deionized water in a 250 mL
beaker for 2 h using a magnetic stirrer at 300 rpm, at 25 ◦C. Then, the suspension was
centrifuged for 25 min at 10,000 rpm in a centrifuge to create the supernatant. The residual
concentration of collectors in the supernatant was detected by determining total organic
carbon using a Total Organic Carbon Analyzer (Shimadzu, Japan). Equations (3) and (4)
were used to calculate adsorption amount per unit mass and per unit area, respectively:

Γm =
(C0 − Ce)V

m
(3)

ΓA =
(C0 − Ce)V

A
(4)

where Γm is the adsorption amount per unit mass (mg/g), ΓA is the adsorption amount per
unit area (mg/m2), C0 is the initial concentration of the collector solution (mg/L), C0 is the
equilibrium concentration of the collector solution (mg/L), V is the volume of collector
solution (L), and A is the specific surface area of molybdenite powders (m2).

3. Results and Discussion
3.1. Bubble-Particle Attachment Analysis

The attachment of molybdenite particles pretreated with or without collectors to a
bubble was measured, and variations in the coverage area over time are shown in Figure 5.
Due to the attachment to the wall of the cell and a lower settling velocity in the experiment
process, clear photos cannot be captured for molybdenite particles with a size of −20 µm.
Thus, here, the attaching tests were only performed using molybdenite particles with a
size of −74 + 38 µm and −38 + 20 µm. As shown in Figure 6, the surface coverage of
bubbles was shown to increase as a function of time, as more particles attached to the
bubble. Moreover, the surface coverage was improved for molybdenite powders pretreated
with kerosene or KCTC. The adsorption of kerosene or KCTC on molybdenite surfaces
enhanced molybdenite particle attachment to the bubbles. It should be noted that better
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attaching performance was obtained in molybdenite particles pretreated with KCTC than
in those pretreated with kerosene. Compared with kerosene, after pretreatment with KCTC,
the bubble was almost fully covered after 120 s with molybdenite powders with a size of
−38 + 20 µm, and more molybdenite particles with a size of −74 + 38 µm and −38 + 20 µm
were attached to the bubble. This meant that KCTC was beneficial in the attaching of
molybdenite particles of both sizes to the bubble, especially in the case of the finer size
of −38 + 20 µm. It was deduced that the attaching performance of molybdenite particles
with a size of −20 µm should also be improved by the use of KCTC. Molybdenite particles
(−74 + 38 µm) pretreated with 50 mg/L KCTC solution.
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Figure 6. Surface coverage of bubbles with different molybdenite powders, as the function of different collectors.

Attaching kinetics were used to analyze the attaching rate of molybdenite particles on
bubbles, which indicated the floatability of mineral particles [30]. The flotation kinetic mod-
els, the classical first-order model, and the first-order model with rectangular distribution
were employed to fit the attaching kinetics of molybdenite particles to the bubble [30,31].
The fitting curves of the coverage area and results are shown in Figures 7 and 8, and Table 3.
The fitting parameters, maximum coverage area Sp∞, and attaching rate constant ka were
used to evaluate the attaching behaviors of different molybdenite particles to the bubble
with or without collectors. It was concluded that both the classical first-order model and
the first-order model with rectangular distribution fitted the experimental results well,
as high R2 values indicated that the attaching experiments could offer evidence as to the
flotation behavior of molybdenite. Higher Sp∞ and ka values indicated better floatability
in the flotation process [31,32]. The addition of both kerosene and KCTC increased the
coverage area and attaching rates of molybdenite particles to bubbles. It should be noted
that the attaching performances were much better when using the KCTC than those of
kerosene. A more pronounced increase in coverage area and attaching rates was achieved
for finer molybdenite particles with a size of −38 + 20 µm, pretreated with 100 mg/L KCTC,
and the attaching equilibrium time was decreased from 300 s to around 120 s when fully
covered. This indicates that KCTC may have a greater affinity for the finer molybdenite,
which results in high attaching angles and rates.
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Table 3. Fitting results of the attaching kinetics of molybdenite particles to bubbles, with flotation kinetic models.

Model Samples Sp∞ ka R2

Classical first-order model
θ = θ∞(1 − exp(−kat)

−38 + 20 µm (No collector) 11.07 0.0051 0.9973
−38 + 20 µm (Kerosene) 11.66 0.0069 0.9986
−38 + 20 µm (KCTC) 15.31 0.0250 0.9935

−74 + 38 µm (No collector) 10.86 0.0087 0.9946
−74 + 38 µm (Kerosene) 12.60 0.0103 0.9951
−74 + 38 µm (KCTC) 14.65 0.0134 0.9852

First-order model with rectangular
distribution

θ = θ∞(1 − 1
kat (1 − exp(−kat)))

−38 + 20 µm (No collector) 13.71 0.0083 0.9970
−38 + 20 µm (Kerosene) 14.12 0.0117 0.9986
−38 + 20 µm (KCTC) 16.29 0.0526 0.9946

−74 + 38 µm (No collector) 12.85 0.0154 0.9960
−74 + 38 µm Kerosene) 14.73 0.0187 0.9964
−74 + 38 µm (KCTC) 16.02 0.0268 0.9870

3.2. Adsorption of Kerosene and KCTC on Molybdenite Particles

As reported, the differences in mineral surfaces before and after reagent adsorption can
be determined by XPS via semi-quantitative analysis [29]. To initially and rapidly identify
the surface-chemistry changes of samples in the absence and presence of collectors, XPS was
used to measure the molybdenite particles. The XPS wide-energy spectra of molybdenite
particles pretreated with deionized water (MD), molybdenite particles pretreated with
kerosene (MK), and molybdenite particles pretreated with KCTC (MKC) are shown in
Figure 9, and the semi-quantitative results of surface chemical composition are listed in
Table 4. Obviously, compared with MD, the organic carbon contents on the MK and MKC
surfaces were much higher, and the inorganic mineral element (Mo, S) contents decreased
to lower levels. A more pronounced increase in organic carbon was achieved by KCTC.
This indicated that the KCTC had more affinity for the molybdenite particles, which agreed
well with the results from the attaching tests.

Moreover, the adsorption amounts of kerosene and KCTC on molybdenite particles
were measured further using a depletion technique and the results are shown in Figure 10.
As the particle size decreased, the adsorption amount of kerosene and KCTC on molybden-
ite particle surfaces per unit of mass increased with the increase in the specific surface area.
It should be noted that the adsorption amount of kerosene per unit area decreased, while
the adsorption amount of KCTC per unit area increased slightly. As the molybdenite size
decreased, more polar edges were exposed and the edge/face ratio increased [1,33–35]. As
reported, there were more benzene rings in this composite collector [20], which adsorbed
molybdenite particles with a high edge/face ratio to a significant degree [19]. Thereby,
greater adsorption amounts of KCTC on fine-grained molybdenite were achieved. The
results showed good consistency with the XPS results.
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Figure 9. XPS wide-scan spectra of coal samples: (a) MD, (b) MK, (c) MKC.

Table 4. Surface chemical composition of coal samples (semiquantitative).

Samples C (%) O (%) Mo (%) S (%)

MN 21.04 15.19 20.05 43.72
MK 26.97 15.17 19.34 38.52

MKC 32.43 15.32 15.85 36.40
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3.3. Flotation Results

The flotation performance of molybdenite particles was investigated, using kerosene
and KCTC as collectors. As shown in Figure 11, the flotation recoveries of molybdenite
particles with a size of −74 + 38 µm and −38 + 20 µm were much higher than those with
a size of −20 µm, using both kerosene and KCTC as collectors. There were significant
improvements to the flotation of molybdenite particles of three different sizes with the
addition of KCTC. It should be noted that a more pronounced recovery enhancement for
molybdenite particles with a size of −20 µm was achieved. This conclusion is consistent
with the results of the attaching experiments and adsorption measurement. More particles
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attached to the bubbles due to greater KCTC adsorption, leading to better mineralization
of fine molybdenite particles, which resulted in a better flotation recovery rate [36].
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Figure 11. Flotation performance of kerosene and KCTC, regarding the flotation of molybdenite particles of different sizes.

The flotation performance of actual molybdenum ores was explored using kerosene
and KCTC as collectors, and the results are shown in Figure 12. It is easy to see that KCTC
improved the recovery rate of molybdenum. In addition, the flotation selectivity has been
improved. It can be concluded that KCTC is a potential collector in the separation of
low-grade molybdenum ores, and more studies should be conducted regarding the further
use of KCTC in industrial practice.
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4. Conclusions

The influence of KCTC on the flotation performance of fine particles of molybdenite of
different sizes was explored. It was found that KCTC significantly improved the coverage
area and attaching rates of molybdenite particles of different sizes on bubbles, especially
for a particle size of −38 + 20 µm. KCTC was more susceptible to adsorbing molybdenite
particles, and higher adsorption amounts of KCTC on molybdenite particles were achieved
than with the use of kerosene. The flotation results further proved that KCTC improved
the recovery of Mo from single molybdenite particles and actual molybdenum ores, and
the flotation selectivity of actual molybdenum ores was also enhanced. It was proved that
KCTC is an effective and potential collector for finely disseminated molybdenum ores.
Further studies on the component analysis of KCTC, the mix ratios of kerosene and coal
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bar, and the flotation of actual molybdenum ores should be conducted to optimize this
mixed collector system for industrial practice.
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