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Abstract: Separation of chalcopyrite from molybdenite is currently mainly carried out by flotation,
but this process is costly because of the extensive use of inhibitors. This study briefly describes a
7.0T/100CGC low-temperature superconducting magnetic separator and discusses its separation
principle as well as the effect of magnetic induction on chalcopyrite separation from molybdenite.
A molybdenum (Mo) concentrate assaying 6.00% copper (Cu) and 19.01% Mo was magnetically
sorted using a diamond-shaped steel rod medium mesh at a feed concentration of 20% and a pulp
flow rate of 5 L/min from a Cu-Mo flotation concentrate with 88% of particles smaller than 23 µm
using the separator. A Mo concentrate assaying 0.46% Cu and 16.28% Mo was finally obtained
with a roughing (1.3 T)-cleaning (5 T) superconducting magnetic separation process. Similarly, the
superconducting magnetic separator was performed to separate a Cu-Mo bulk flotation concentrate,
and produced Cu concentrate assaying 19.64% Cu and 0.03% Mo from the bulk concentrate assaying
18.52% Cu and 0.39% Mo with a particle size of less than 0.074 mm. At a magnetic induction of
7 T, a pulp concentration of 20% and a feed velocity of 5 L/min, the grade and recovery of Cu in the
magnetic product were 19.64% and 81.59%, respectively, whereas the grade and recovery of Mo in the
non-magnetic product were 1.52% and 90.07%, respectively. Superconducting magnetic separation
has potential applications for removing Cu from Mo concentrates, and separating Cu and Mo from
Cu-Mo bulk flotation concentrates.

Keywords: superconductive magnetic separation; chalcopyrite; molybdenite; separation process

1. Introduction

About 50% of the world’s Mo is stored in porphyry Cu-Mo ores [1,2]. In common
practice, Cu-Mo ores are often recovered together from sulphide minerals (bulk flotation) [3],
followed by flotation to separate Cu from Mo. Satisfactory results are generally obtained in
bulk flotation processes. Chalcopyrite (CuFeS2) and molybdenite (MoS2) are difficult to
separate because of their high natural floatability [4,5]. Large quantities of reagents must
be added during flotation, resulting in high production and environmental costs [6,7].

Many studies have been carried out to explore more environment-friendly and effec-
tive methods for separating chalcopyrite from molybdenite, such as the development of
more environment-friendly and efficient organic inhibitors. Examples include dithiocar-
bamate chitosan, tiopronin, humic acids, tragacanth gum, etc. [3,8–10]. The high cost of
using these organic inhibitors limits their industrial application. Some researchers pretreat
the raw material prior to flotation by heating [11], electrocatalytic [12], and plasma wash-
ing [13] to increase the difference in floatability between chalcopyrite and molybdenite,
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which makes it easier to separate them during subsequent flotation. This method leads
to additional energy consumption and has not yet been used in industry. In addition,
there has been a separation of chalcopyrite from a fine Cu-Mo mixed flotation concen-
trate by a pulsing high gradient magnetic separation process [12]. The final recoveries
obtained are 30%–40% for Cu and 6%–10% for Mo in the magnetic product, whereas the
recoveries are 60%–70% and 90%–94% for Cu and Mo in the non-magnetic product. It is
theoretically feasible to use magnetic separation to separate chalcopyrite from molybden-
ite. The magnetic susceptibility of chalcopyrite is 0.840 × 10−6 m3/kg, whereas that of
molybdenite is −0.001 × 10−6 m3/kg. To obtain a better separation, a greater magnetic in-
duction is required during magnetic separation because of the smaller magnetic difference
between them.

Superconducting High Gradient Magnetic Separation (SHGMS) is a technology de-
veloped on the basis of the High Gradient Magnetic Separation (HGMS) technology of
the 1970s [14]. Its magnetic field strength reaches 3~7 T, which is several times that of
ordinary electromagnetic magnetic separators. The main advantages of SHGMS are high
separation efficiency, low operating costs, and a non-polluting separation process. The
technology therefore demonstrates great potential for treating wastewater and separating
weakly magnetic minerals [15]. To our knowledge, no one has reported the separation of
Cu and Mo using superconducting magnetic separation technology. In this study, a pilot
study on the separation of Cu and Mo from a mixed Cu-Mo concentrate produced from
a Mo mine was carried out using a superconducting magnetic separator. The theoretical
basis of the superconducting magnetic separation process was discussed, and the effect
of the ultra-high magnetic field strength of the superconducting magnetic separation on
the separation performance was explored using experimental data. These results will
provide theoretical support for the separation of chalcopyrite from molybdenite and create
economic and environmental benefits for companies.

2. Materials and Methods
2.1. Materials

The Cu-Mo material (Table 1) (Sample 1) with 19.01% Mo, 6.00% Cu, and 14.48% Fe
was obtained from the Jinduicheng Mo Group Co., Ltd. in Shaanxi Province, China. About
88% of the particles in this material are smaller than 23 µm

Table 1. Results of chemical multi-element analysis of materials/%.

Component SiO2 CaO S TFe Cu Mo Al2O3

Sample 1 21.40 4.79 16.92 14.48 6.00 19.01 8.40
Sample 2 13.26 0.25 29.86 26.13 18.52 0.39 0.70

Another bulk flotation concentrate (Sample 2) obtained from the Dexing Cu mine in
Jiangxi Province, China was attempted for Cu-Mo separation. Ferromagnetic minerals in the
material were removed using a 0.8 T magnetic bar. Then, a chemical multi-element analysis
revealed that the Cu content was 18.52% and the Mo content was 0.39% in this material. The
main non-magnetic gangues in the material are quartz (SiO2), mica (KAl2[Si3AlO10](OH)2),
and a small amount of the sulfide mineral pyrite (FeS2). Magnetic separation efficiency
may be reduced due to the interference from pyrite. In order to be closer to the actual
production site, this material was not subjected to secondary grinding. All particles in the
material are less than 0.074 mm.

2.2. Method and Evaluation

Separation of chalcopyrite and molybdenite was achieved using a 55-piece diamond-
shaped steel rod media mesh. The performance of the superconducting magnetic separator
was evaluated using Cu grades and recoveries from the magnetic product and Mo grades
and recoveries from the non-magnetic product. Grades of Cu and Mo in the product
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were obtained by chemical multi-element analysis. The recoveries are calculated based on
elemental balances as follows:

ε =
β× γ

α
× 100% (1)

where ε is the recovery of the target element, α is the grade of the target element in the raw
ore, β is the grade of Cu in the magnetic product or Mo in the non-magnetic product, and γ
is the yield of the magnetic or non-magnetic product.

2.3. Mechanism Analysis

A 7.0T/100CGC low-temperature superconducting magnetic separator produced by
Shandong Huate Co., Ltd. was used here (Figure 1). In this magnetic separator, the magnetic
induction can reach 7 T. The separation principle of the low temperature superconducting
magnetic separator is similar to that of an ordinary high-gradient magnetic separator [15,16].
The major difference is that the low-temperature superconducting magnetic separator has a
much higher magnetic flux. The overall structure of the low-temperature superconducting
magnetic separator is divided into three parts, as shown in Figure 2: the sorting system, the
magnet, and the drive system. The core system that achieves the separation of fine particles
of minerals is the sorting system.
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The separation system of the superconducting magnetic separator is shown in Figure 3.
In the ready state, the power excitation is applied to the superconducting coil and the
magnetic separator reaches a predetermined magnetic induction with an excitation time
of less than 1 h. Once the superconducting magnetic separator reaches the predetermined
magnetic induction, the power supply stops the excitation and maintains this magnetic
induction. Noticeably, the pre-set magnetic induction can be adjusted in real time between
0 and 7T. The closed-loop refrigeration technology is used to condense the vaporised
helium back into liquid helium so that the helium does not evaporate to the outside of the
magnet, ensuring that the total amount of liquid helium remains constant during magnetic
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separation. The liquid helium keeps the operating temperature of the superconducting
coil below the superconducting temperature of 4.2 K. At this point, the coil resistance is
zero and it is in a superconducting state. During this process, only the cryogenic chiller
(with a power of approx. 13 kW) remains in operation. This makes the energy-saving
advantages of the superconducting magnetic separator very obvious compared to the
high-gradient magnetic.
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When the superconducting coils complete their excitation, the sorting chamber within
the sorting system is in magnetic equilibrium. This allows the motor to use less force to
drive the magnets in a round-trip motion. As the pulp passes through the high gradient
magnetic field zone, the chalcopyrite particles with a large specific magnetization coefficient
will overcome fluid resistance and attach to the magnetic media mesh. The relatively
less magnetic particles of molybdenite are discharged from the outlet with the flow of
the pulp. After switching off the power, the chalcopyrite particles are taken out of the
magnetic medium by the water flow. The separation of chalcopyrite and molybdenite has
been achieved.

The potential energy possessed by a mineral particle in a magnetic field obeys the
following equation:

U = −1
2

BHV (2)

where U is the potential energy of a mineral particle in a magnetic field, B is the magnetic
induction, V is the volume of the particle, and H is the strength of the magnetic field.
Moreover, magnetic induction and magnetic field strength can be converted to each other
by Equation (3):

B = µH (3)

where µ is the magnetic permeability of the mineral particles. Combining Equations (2) and (3)
gives the following equation:

U = −1
2

µH2V (4)

All else being equal, Equation (4) indicates that the potential energy of a mineral
particle in a magnetic field is proportional to its magnetic permeability. The greater mag-
netic permeability means the potential energy is higher and it is more likely to be driven
by magnetic forces. The magnetic force on a mineral particle in a magnetic field obeys
Equation (5):

Fm = −∇U (5)

where Fm is the magnetic force acting on the mineral particles in the magnetic field and ∇
is the operator for the gradient. Combining Equations (4) and (5) yields Equation (6) [17]:

U =
1
2

µH2V∇ (6)
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If the mineral particles are treated as spheres, it is not difficult to obtain Equation (7):

Fm =
1
6

πxD3B∇B (7)

where D is the diameter of the mineral particle and is the volume magnetic susceptibility of
the mineral. Clearly, magnetic induction is proportional to the magnetic force on the mineral
particle in the magnetic field when all other conditions are constant. If the particle diameter
is too small, the magnetic force on the mineral particle is also substantially reduced. When
the volume and volume magnetic susceptibility of the mineral are small, the magnetic
induction needs to be increased in order to trap the fine, weakly magnetic mineral particles.
Superconducting magnetic separators benefit from their high magnetic induction and are
effective in separating weakly magnetic minerals.

In addition, the trapping of mineral particles in the magnetic field depends on the
amount of fluid resistance. Assume that the velocity and direction of pulp movement
during magnetic separation are constant and that the mineral particles are uniformly
distributed in the fluid. Then, the fluid resistance is represented as follows:

F = F1 + F2 + F3 (8)

where F is the fluid resistance to the mineral particle, F1 is the drag force to be overcome by
the mineral particle changing its motion in the fluid, F2 is the additional mass force of the
mineral particle moving towards the magnetic medium in the fluid, and F3 is the Basset
force due to the change in acceleration as the mineral particle moves towards the magnetic
medium. Equations (9)–(11) can be used to express F1, F2, and F3:

F1 =
1
8

πD2ρ(∆v)2CD (9)

where ρ is the density of the mineral particles, ∆v is the velocity difference between the
fluid and the mineral particles, and CD is the drag coefficient:

F2 =
1
6

πD3ρ(1 +
ρ f

2ρ
)

dv
dt

(10)

where ρ f is the density of the fluid and dv
dt is the acceleration of the mineral particles in

the fluid:

F3 =
3
2

D2
(

πρ f µ f

) 1
2
∫ t

t0

(t− t∗)−
1
2

d(∆v)dt·

dt
(11)

where µ f is the viscosity of the fluid, t0 is the initial moment at which the acceleration
change in the mineral particles occurs, and t* is the integration variable. When a mineral
particle moves in a fluid towards a magnetic medium, it is subjected to a magnetic force
greater than the fluid resistance. This process can be described in Equation (12):

Fm − F > 0 (12)

Combining Equations (7)–(12) gives the conditions under which mineral particles are
magnetically trapped in a magnetic field:

1
6

πD3B∇B− 1
8

πD2ρ(∆v)2CD −
1
6

πD3ρ

(
1 +

ρ f

2ρ

)
dv
dt
− 3

2
D2
(

πρ f µ f

) 1
2
∫ t

t0

(t− t·)−
1
2

d(∆v)dt·

dt
> 0 (13)

3. Results and Discussion
3.1. Separation of Mixed Ores with High Molybdenum Content

The maximum Cu content that can be accepted in a Mo concentrate is 0.5% [18]. Small
amounts of mixed chalcopyrite can be magnetically separated from high-grade molybdenite
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ores. This is because chalcopyrite is more magnetic than molybdenite. As the magnetic
field strength increases, chalcopyrite and molybdenite are concentrated in the magnetic
product and the non-magnetic product, respectively.

The experiment results with a 7.0T/100CGC low temperature superconducting mag-
netic separator to separate molybdenite and chalcopyrite from high-grade Mo bearing ores
are shown in Figure 4. The experiments were divided into two stages that were separated
using a superconducting magnetic separator and pulsed at a frequency of 45 Hz. In the
first stage, a magnetic induction of 1.3 T was used to remove the magnetic iron from the
material. In the second stage, a magnetic induction of 5 T was used to separate molybdenite
and chalcopyrite. If the superconducting magnetic separator is to be utilized industrially,
the processing capacity of the superconducting magnetic separator must be increased. As a
result, the feed velocity and concentration of the superconducting magnetic separator were
initially set at 5 L/min and 20%, which were much higher than the feed velocity and con-
centrations of the other superconducting magnetic separators employed in the study [19].
This improvement will significantly increase the daily throughput of the superconducting
magnetic separator if it can be used in industry. As shown in Figure 4, the 7.0T/100CGC
low temperature superconducting magnetic separator can reduce the Cu grade in the
non-magnetic product to 0.46% under neutral conditions, with a Cu removal rate of 92.33%.
At pH 4, the Cu grade in the non-magnetic product was 0.67% and the Cu removal was
88.83%. These results indicate that neutral conditions are more favourable for Cu and Mo
separation than acidic conditions. In addition, a high level of Mo is present in the magnetic
iron product. The reason may be that the high feed concentration and the presence of
abundant Cu-Mo inclusions result in a low recovery of Mo in the non-magnetic product. In
conclusion, the superconducting magnetic separator can produce Mo concentrates with less
than 0.5% Cu and has potential applications for the removal of Cu from Mo concentrates.
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3.2. Separation of Mixed Ores with High Copper Content
3.2.1. Effect of Magnetic Induction on the Separation of Copper and Molybdenum

The separation performance of the 7.0T/100CGC low-temperature superconducting
magnetic separator for mixed ores with high Cu content is shown in Figure 5. Clearly,
magnetic induction has a very strong influence on grade and recovery. A suitable magnetic
induction should maximally enrich Cu in the magnetic product and Mo in the non-magnetic
product during the separation process. The chalcopyrite is a direct band-gap p-type
semiconductor with a conductivity of 1 to 10 Ωm, and the orientation of the atomic magnetic
moment is altered by the magnetic field exerting a force on the moving charges in the
mineral particles. Free electrons are more plentiful in chalcopyrite, and charge movement
will be more likely to occur compared to molybdenite. The atomic magnetic moments of
chalcopyrite are more likely to be redirected when the particles are subjected to greater
external magnetic induction. Chalcopyrite particles in the pulp will be subjected to greater
magnetic forces in an inhomogeneous magnetic field. In the macroscopic manifestation,
more chalcopyrite particles are concentrated in the magnetic product.
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The recovery of Cu from the magnetic product increases substantially as the magnetic
induction increases (Figure 5). The reason is that when all other conditions are equal, the
magnetic force on a mineral particle in a magnetic field is proportional to the magnitude of
the magnetic induction. The higher magnetic induction results in a greater magnetic force
on the mineral particles and a higher recovery rate. In addition, the recovery and grade
of Mo in the non-magnetic product increases significantly with the increasing magnetic
induction. The increased magnetic induction is beneficial for Mo concentration in the non-
magnetic product. With all things considered, 7 T was chosen as the preferred condition.

Noticeably, there is a peak in Cu grade in the magnetic product at 5 T. This is identical
to another report [16], even if the composition of the ore used is inconsistent. This may
indicate that when the magnetic induction is 5 T, the magnitude of the magnetic force on
the chalcopyrite particles in the magnetic field is just greater than the fluid resistance, so
the chalcopyrite is adsorbed to the magnetic separation media. As the magnetic induction
continues to increase, pyrite, which is less magnetic than chalcopyrite in the pulp, is
similarly captured and frictional cross-linking between the two particles further leads to a
reduction in the grade of Cu in the magnetic product [20].

3.2.2. Effect of Pulp Concentration on Copper-Molybdenum Separation

Pulp concentration is an important factor affecting fluid resistance. When the slurry
concentration increases, the fluid resistance also increases, which facilitates an increase
in the grade of Cu in the magnetic product. With the increase in pulp concentration, the
grade of Cu in the magnetic product first increases and then decreases, and the recovery
of Cu continues to increase. The grade of Mo in the non-magnetic product decreases,
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and the recovery of Mo increases (Figure 6). This is because when the fluid resistance of
the pulp increases, the less magnetic Mo is subjected to a smaller trapping force from the
magnetic field, which makes the Mo particles more likely to be enriched in the non-magnetic
product. Gangue in the pulp is also enriched in the non-magnetic product, which results
in a reduction in Mo grade. In addition, when the pulp concentration is increased, more
chalcopyrite and molybdenite particles are present in the magnetic field, so chalcopyrite
particles are more likely to be captured. The Cu grade and recovery of the magnetic product
were improved. When the pulp concentration is excessive, the fluid resistance is overly
high and the magnetic force on the chalcopyrite particles is less than the fluid resistance, so
more chalcopyrite particles are lost in the non-magnetic product. As a result, the recovery
of chalcopyrite particles in the magnetic product decreases. On balance, a concentration of
20% was chosen as the preferred condition.
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When the pulp concentration is 10%, the grade of Cu peaks. The reason may be
that as the pulp concentration increases, the mechanical entrainment between the mineral
particles in the pulp becomes more intense [21,22]. Chalcopyrite particles are trapped along
with pyrite particles by magnetic induction of 7 T. Because of mechanical entrainment, the
recovery of pyrite is getting higher and higher, and the Cu grade is beginning to decrease.
Cu recovery peaked at 20% pulp concentration. The reason may be that when the pulp
concentration is too high, the chalcopyrite particles accumulate too quickly in the magnetic
medium, and the retained mineral particles on the magnetic medium collide with the high
concentration of pulp, which leads to the loss of Cu.

3.2.3. Effect of Feed Velocity on Copper-Molybdenum Separation

The feed velocity affects the residence time of the mineral particles in the magnetic
field. In general, at the faster feed velocity, the residence time of the mineral parti-
cles in the magnetic field is shorter. The effect of feed velocity on the Cu-Mo separa-
tion is shown in Figure 7, where the relatively more magnetic chalcopyrite particles in
the pulp are preferentially captured, which leads to an increase in the grade of Cu in
the magnetic product. Increasing the feed velocity makes fine chalcopyrite particles
enter the non-magnetic minerals, and the recovery of Cu in the magnetic product is
consistently reduced.
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pulp concentration of 20%. (a) Cu recovery from magnetic products; (b) Mo recovery from non-
magnetic products.

As the feed velocity increases, the grade of Mo in the non-magnetic product consis-
tently decreases and the recovery gradually increases. Noticeably, the reduction in Mo
grade is not significant, but the increase in recovery is noticeable. This is a result of the in-
creased kinetic energy of the fluid due to the increased feed rate and the greater drag forces
that need to be overcome for the mineral particles to change motion in the fluid, which
benefits the enrichment of the less magnetic mineral particles in the non-magnetic product.
On balance, 5 L/min was chosen as the preferred condition. At a magnetic induction of
7 T, a pulp concentration of 20%, and a feed velocity of 5 L/min, the grade and recovery of
Cu in the magnetic product were 19.64% and 81.59%, respectively; whereas, the grade and
recovery of Mo in the non-magnetic product were 1.52% and 90.07%, respectively. These
results indicate that Cu and Mo were effectively separated.

The peak grade of Cu occurs when the feed velocity is 5 L/min. The reason for this
may be that at a feed velocity of 5 L/min, the magnetic force is exactly equal to the fluid
resistance. When the feed velocity is less than 5 L/min, the magnetic force is greater
than the fluid resistance, and the chalcopyrite particles captured by the magnetic medium
cannot be flushed by the pulp into the non-magnetic product, at which time the grade of
Cu increases; when the feed velocity is greater than 5L/min, the magnetic force is less than
the fluid resistance, and the chalcopyrite particles on the magnetic medium are flushed by
the pulp into the non-magnetic product, resulting in a decrease in the recovery of Cu.

The calibration experiments were carried out under optimal conditions, and the
process and results are shown in Figure 8. After superconducting magnetic separation,
20.15% Cu and 0.04% Mo were assayed in the magnetic product, and 13.35% Cu and 1.51%
Mo were assayed in the non-magnetic product. The recoveries were 82.72% for Cu and
7.19% for Mo in the magnetic product, as well as 17.28% for Cu and 92.81% for Mo in the
non-magnetic product.
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The enrichment efficiency of superconducting magnetic separation was analysed
using the Hancock–Luyken formula [23]. Equation (14) is a specific form of the Hancock–
Luyken formula.

E = [(R − γ)/(100 − α)] × 100% (14)

where E is the enrichment efficiency, R is the recovery of the target element, γ is the yield of
the concentrate, and α is the content of the target element in the raw ore. Superconducting
magnetic separation will be compared with flotation and high gradient magnetic separation
to determine its level of enrichment efficiency.

A comparison of the enrichment efficiencies of the different methods [24,25] is shown
in Figure 9. The enrichment efficiency of superconducting magnetic separation was calcu-
lated under optimum conditions. The enrichment efficiency of Cu in the magnetic product
(Cu concentrate) from superconducting magnetic separation was only 8.21%, which was
lower than the 11.55% for high gradient magnetic separation and 19.54% for flotation. The
reason is that more pyrite in the raw ore is enriched in the magnetic product, and the
enrichment efficiency of Cu is reduced. It is worth noting that the enrichment efficiency
of Mo in the non-magnetic product (Mo concentrate) from superconducting magnetic
separation was 69.11%, higher than the 21.79% from high gradient magnetic separation
and lower than the 72.20% from flotation. This indicates that superconducting magnetic
separation relies heavily on the selective enrichment of Mo to separate Cu and Mo under
optimal conditions.
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Figure 9. Comparison of enrichment efficiency of different methods; superconducting magnetic
separation with magnetic induction of 7 T, pulp concentration of 20%, and feed velocity of 5 L/min;
high gradient magnetic separation [24] with magnetic induction of 1.8 T, pulp concentration of 11.17%
and feed velocity of 4 L/min; flotation [25] with kerogen 8 mg/L and terpenic oil 20 mg/L, pH 8.

4. Conclusions

Superconductivity tests on different Cu-Mo mixed minerals were conducted.
(1) Superconducting magnetic separation can effectively remove Cu from Mo concen-

trates. A non-magnetic product grading 0.46% Cu and 16.28% Mo was obtained from a Mo
concentrate with a Cu content of 6.0% after a magnetic induction of 0.3 T and a magnetic in-
duction of 5 T. In this process, the Cu removal rate was 92.33%. Superconducting magnetic
separation technology is potentially promising for removing Cu from Mo concentrates.

(2) Superconducting magnetic separation can effectively achieve the separation of Cu
and Mo. At a magnetic induction of 7 T, a pulp concentration of 20%, and a feed velocity of
5 L/min, the grade and recovery of Cu in the magnetic product were 19.64% and 81.59%,
respectively, whereas the grade and recovery of Mo in the non-magnetic product were
1.52% and 90.07%, respectively. Superconducting magnetic separation can completely
replace a part of the flotation process or reduce the flotation processing capacity, saving
costs and creating greater profit margins for enterprises.
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(3) The recovery of Cu in the magnetic product and Mo in the non-magnetic product
gradually increases with the increase in the magnetic induction. An increase in magnetic
induction will facilitate the recovery of Cu and Mo, but too much magnetic induction will
adversely affect the grade of Cu in the magnetic product, which is shown experimentally
to be a satisfactory condition at 7 T.
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