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Abstract: Rough processing of iron ore employs dry methods which means that equipment is tuned
to process large particles, but fine magnetic material less than a few tenths of a millimeter in size is
not separated as efficiently. The relevance of this study is determined by the fact that dry beneficiation
waste contains recoverable iron-bearing magnetite of commercial value. Commercial justification
of waste beneficiation is associated with mining and grinding costs that are already included in
the prime cost of the commercial concentrate. The future of tailings retreatment prospects depends
on technology and efficiency of the employed equipment, the development of which is the subject
of this paper. At first stage, fine iron is recovered by air sizing, with pitched curtain air classifiers
embedding simple design and high performance. Powder materials were magnetically separated by
a manufactured drum-type separator in which, to increase the separation efficiency, the process was
performed at increased drum rotation speeds using Nd-Fe-B magnets and a drum made of electrically
non-conductive materials. The separator performance was determined for various rotation speeds of
the drum. Research has proven that a multi-stage magnetic separation with a consequent increase in
drum rpm is reasonable. A new cascade separator was manufactured and tested for this purpose. It
is shown that iron-containing ore tailings beneficiation is optimal without any additional grinding.

Keywords: air classification; magnetic separation; drum separator; beneficiation tailings; fractional
recovery; magnetite; beneficiation

1. Introduction

Iron-containing ore beneficiation includes several stages. For example: crushing to
−30 mm size class and rough magnetic separation, further crushing of the recovered
magnetic product to −10 mm size class and final magnetic metal content upgrading. All
operations use dry methods. Such an approach will concentrate relatively large particles
of the material for which magnetic separators are fitted, while smaller magnetic particles,
e.g., 0.3–0.5 mm, are separated less efficiently. Therefore, dry beneficiation waste-tailings
contain fine magnetite particles of commercial value. It is commercially feasible to recover
iron from process waste, because ore mining and processing costs are already included
in the commercial concentrate cost. Efficient classification methods for large quantities of
tailings to recover fine particles mechanically and efficient magnetic beneficiation machines
for such products with low magnetic product grade will be a practical solution. Total iron
recovery can be increased without additional grinding and large financial costs. Opportu-
nities in this area are defined by the process equipment. As already noted, the first stage
will be fine grain separation from a large quantity of tailings. Ore processing employs
screening as the main classification method [1–6]. It involves dispersing ore materials over
classification sieves and screens with sized holes. However, screening of particles below 1
mm is unreasonable because their specific output would be very low. Such fine dry materi-
als are more reasonably separated with air classification equipment [7–15]. For example,
20 t/hm2 specific load for gravity air screens can be achieved, but it would be 0.2 t/hm2 for
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the near-mesh size of 0.1 mm [15]. Among air classification equipment, the pitched curtain
air classifier has applicative interest [14]. They embed high performance and material
advantages in manufacturing and application. The present study uses these classifiers to
isolate fine grain from wastes of magnetic separation of magnetite ores. After separation of
fine-grained material, further beneficiation is restricted to the procedure of dry magnetic
separation. Studies [16,17] propose that magnetic separators should be used for benefi-
ciation of such materials. Conventional drum separation technology involves magnetic
particles being gravitated to the drum and non-magnetic particles being discarded as waste
by centrifugal force. The separator [16] works in the opposite way: magnetic parties are
removed from the belt bent around the rotating drum and are gravitated to the drum while
the waste rock is left on the belt. The advantage is that with conventional option, fine
magnetic particles are prone to magnetic flocculation catch and gravitate the non-magnetic
particles to the drum, which aggregates impurifying the concentrate. The effect when
the original product is initially on the belt and iron-bearing particles are gravitated to
the drum in the magnetic field making some distance is considerably reduced. Another
offered method [17] employs air and magnetic separation to separate particles by their
magnetic properties. Here, the fine material is loosened and dispersed to make the dust
mixture. The dust mixture blown with constant speed into an inhomogeneous magnetic
field is used for magnetic separation. This paper searches for ways to minimize production
costs. One of the oldest types of magnetic separator is a magnetic drum separator which
is unconditionally widely used for industrial purposes [18]. It is simpler in design and
manufacture compared to the previously proposed separators [16,17] for beneficiation of
crushed magnetite ores. Therefore, here, we consider the use of less costly drum magnetic
separators, modernized to work with waste from the dry processing of such ores. Cas-
caded drum magnetic separators are proposed, which allow to achieve comparable results
with [16,17] on the beneficiation of iron-containing ore magnetic separation waste.

2. Materials and Methods

The following material was used for research: iron concentrate from the Bapy mine
(Kazakhstan) with 52 percent average iron grade, 2.65 g/cm3 quartzite and tailings—
dry process waste of the same mine. Fine and rough particles were separated with air
classification. The tailings screening laboratory unit is shown in Figure 1A. The laboratory
gravitational air classifier (1) is geometrically similar to that described in [14] and is shown
in Figure 1B. Each of the six inlet channels is 50 mm wide. The curtain thickness is 0.5 mm,
the gap between curtain blades is 25 mm. The equipment operation principle is as follows.
The material is fed with the material feeder (2) on the top curtain blade. Air flow is produced
by the high-pressure ventilator (7). Rough particles are rolled down from pitched curtain
surfaces and fine particles are blown with air to the classifier (1). Rougher particles of this
product fall on the fine particle collector (4) and the remaining particles are deposited in
the cyclone (3) and dust particles are collected by the hose filter (5). The magnetic separator
was built for beneficiation research. The particle with m mass on the rotating drum surface
is exposed to two main forces: attraction forces from magnets:

Fm = mµ0χ× H × gradH (1)

where χ—coefficient of magnetization (m3/kg), µ0—magnetic constant equal to
1.256 × 10−6 hn/m and the centrifugal force proportional to the drum rpm ω and R radius:

Fc = mω2R. (2)

Particles are kept on the drum when Fm > Fc. Separation is done at the breaking point
of this condition. As it has already been noted, waste rock particles impurify the final
concentrate during dry processing of fine magnetic particles. The situation is worsened
when the magnetite grade in powder is low. The situation can be improved by increasing
the separator drum speed, sufficiently increasing the centrifugal and improving removal
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of the waste rock. To satisfy this condition, Nd-Fe-B magnets were used in the separator.
With 0.1 m drum radius, the rotation speed is above 1000 rpm. To manufacture the drum, it
was proposed [16] that those non-conducting materials should be used to avoid Foucault
currents while rotating a conducting material in a high-variable magnetic field.

Figure 1. Layout of the laboratory tailings screening equipment (A) pitched curtain air classifier
design (B): 1—air classifier; 2—material feeder; 3—air cyclone; 4—fine particle collector; 5—hose
filter; 6—flowmeter; 7—high pressure ventilator.

These currents resist rotation and heat a conducting drum reducing magnetic forces ap-
plied to the particles. This study uses a plastic drum coated with rubber to reduce abrasion.
This drum, when used, sufficiently reduces power consumption as a low-power electric
motor can be used. High rotation speed makes the drum physically rigid. It is desirable for
fine particle magnetic separation to have a small layer of separated fine particles on the
drum. Then, all particles in the magnetic field will be subjected to approximately the same
average magnetic force. Separation quality will improve. The equipment performance is
not reduced sufficiently thanks to high drum speed. The material size distribution was
determined by screen test using the available screen set with mesh size: 0.063; 0.125; 0.250;
0.5; 1; 2; 4 mm.

3. Results and Discussion

The study in [16] used the artificial magnetite concentrate and quartzite mix to deter-
mine the magnetic separator specification experimentally. This method was used in this
study as well. The required mix was obtained as follows. The processed ore of −10 mm
size with 52 percent average iron grade was crushed and ground to (−0.1) mm size. The
required quantity of 60 percent iron concentrate was produced by a multi-stage cleaner
separation using the laboratory magnetic separator being studied. We note that this ore
is difficult to process, and a finer grinding is required to increase Fe grade. The mix was
prepared using the produced concentrate and the quartzite powder. The original quartzite
was ground with a jaw crusher and fine particles were recovered with the pitched curtain
air classifier (Figure 1) at 2 m/s air flow rate. The product size distribution n(xi) recovered
with the air classifier can be determined if the original material size distribution N(xi) is
known by the size xi and the fine size recovery rate ΦS(xi):

n(xi) = ΦS(xi)× N(xi) (3)
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The above-mentioned study of the pitched curtain air classifiers obtained the fine
size recovery rate ΦS(xi) experimentally for quartzite separation approximated by Plitt
theoretical distribution [15]:

ΦS(x) =
1

1 + (x/x50)p . (4)

where the Euler–Mayer criterion can be used to calculate the separation efficiency factor p [14]:

p =
ln (1/9)

ln x75/x25
. (5)

Here, x25, x50, x75 are average close-cut particle sizes mixed with fine-size product
of 25 percent, 50 percent, 75 percent, correspondingly. The parameter p determines the
separation sharpness. This approach can characterize the fine size recovery rate ΦS(xi) of
the powder air separation with experimental values x25, x50, x75 or x50 and parameter p
(5). Table 1 provides parameters of this function for 2 m/s; 2.5 m/s; 3 m/s air speeds and
various flow concentrations µ (kg/m3) of the powder mass per volume unit of air. The air
speed was calculated using the air flow rate, i.e., using the flow meter 6 (Figure 1) and total
cross section area of inlet channels (75 cm2).

Table 1. Fine size recovery rate.

Air speed, m/s 2 2.5 3 3 3 3

Flow concentration µ, kg/m3 0.66 0.52 0.44 2.4 4.3 6.3

x50, mm 0.129 0.167 0.227 0.178 0.158 0.147

p 3.22 3.21 3.15 2.73 3.30 4.73

To study the characteristics of the drum magnetic separator, an artificial mixture was
produced. In a multi-stage mode, 60.6 percent Fe concentrate with a grain size of less than
0.1 mm was produced from refractory ore of the Bapy mine (Kazakhstan). An artificial
mixture was prepared from concentrate and fine quartzite of the same class by thorough
mixing in the following proportion of concentrate: quartzite = 1:9. The parameters of the
mixture magnetic separation are presented in Table 2.

Table 2. Artificial mix–magnetic separation parameters.

Rotation, rpm Speed, m/s Fe Concentration,
Percent Recovery

775 8.1 58.5 99.7
1000 10.8 59.3 99.4
1300 13.5 59.6 99.3

Tailings magnetic recovery research was completed for magnetite particles using mag-
netic separation tailings waste for size below 10–12 mm without any additional grinding.
Figure 2 shows relative distribution N(x) of these particles by size x:
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Figure 2. Relative distribution N(x) of particles by size x in tailings.

Table 3 shows Fe grade in various size classes.

Table 3. Fe grade in various size classes.

Particle Size in the Class, mm
Fe Grade, Percent

min max

0.125 0 14.4
0.250 0.125 8.5
0.5 0.25 7.2
1 0.5 6.8
4 1 7.7
10 4 7.0

During the work, the research of tailings air classification was completed. Fine size
recovery parameters were received and approximated by Plitt theoretical distribution (4).
Data are shown in Table 4, where V represents air speed at the classifier inlet.

Table 4. Fine size recovery parameters for magnetic separation waste.

V , m/s 4 5 6

µ, kg/m3 12.9 9.2 7.5

x50, mm 0.23 0.30 0.43

p 2.78 2.68 2.70

A fine size was used for the magnetic separation experiment with V = 6 m/s air speed
at the classifier inlet. Table 5 shows examples of the fine class processing at various drum
speeds. The material feed rate was above 50 t/h per drum meter in length.

Table 5. Fine size processing parameters.

Rotation, rpm Belt Speed, m/s

Magnetic
Particle

Recovery,
Percent

Fe Grade,
Percent

Concentrate
Recovery from

Tailings,
Percent

520 5.4 22.8 34.4 2.5
780 8.1 16.6 46.0 1.9

1040 10.8 14.3 52.0 1.6
1300 13.5 13.5 52.5 1.5
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Magnetic particles in experiments No. 1, 2 and 3 (Table 5) were reseparated, i.e., the
cleaner separation was completed at 1300 rpm drum speed. Results are shown in Table 6
with the experiment number corresponding the number of the first magnetic separation
product (Table 5).

Table 6. Magnetic cleaner separation parameters.

Rotation, rpm Belt Speed, m/s

Magnetic
Particle

Recovery,
Percent

Fe Grade,
Percent

Concentrate
Recovery from

Tailings,
Percent

1300 13.5 55.0 55.9 1.4
1300 13.5 74.9 55.9 1.4
1300 13.5 76.8 57.8 1.2

Magnetic separation research was completed for the tailings shown in Table 3 and
ground to (−0.125) mm size class. The data obtained with 1300 rpm drum speed are shown
in Table 7.

Table 7. Magnetic separation of various size particles ground to −0.125 mm size class.

Particle Size in the Class, mm Fe Grade in Concentrate,
Percent Recovery, Percent

min max

0.125 0 52.4 22.9
0.250 0.125 47.4 10
0.5 0.25 40.0 8.3
1 0.5 35.1 9.0
4 1 35.2 9.2
10 4 33.1 8.6

When determining the magnetic separator properties (Table 2), the artificial mix load
was 30 t/h per meter of the drum length at 1.33 g/cm3 bulk density. With drum speed
increasing from 775 to 1300 rpm, the recovery was reduced slightly, but it exceeded 99
percent. In this case, the dust content of the concentrate was significantly reduced. This
is achieved apparently due to the mix layer thickness on the drum being reduced by 40
percent and the centrifugal force being increased 2.8 times. It can be concluded that this
magnetic separator has high rates of extraction of small particles of magnetite less than 0.1
mm from the powder at their content of 10 percent.

Let us recap the tested magnetic separation waste produced during iron ore beneficia-
tion. In the mining region, there are no adequate water supply sources, and the concentrate
is produced by dry method only according to the following pattern. The extracted ore is
crushed to a size below 30 mm and it undergoes the first stage of magnetic separation to
42–45 percent Fe grade. This is followed by another operation of crushing the selected
magnetic product to 10 mm size and the second magnetic separation stage. The final
product of the mining and processing plant is 52 percent Fe grade concentrate.

Therefore, such Fe concentration is the goal for processing of the tailings, i.e., the
waste of the second magnetic separation stage. Magnetic separation tailings process-
ing technology begins with grading using the pitched curtain air classifier at the inlet
air speed V = 6 m/s. Fine product percentage was 14 percent at the flow concentration
µ = 7.5 kg/m3. Magnetic separation of the recovered size (Table 5) showed that Fe con-
centration in the processed material depends on the drum speed. Fe concentration varies
between 34.4 percent and 52.5 percent in the 520–1300 rpm range. The concentrate which
produced 1040 and 1300 rpm (Table 5) has satisfactory quality. High drum speed of
1040 rpm and 1300 rpm corresponds to 10.8 m/s and 13.5 m/s surface linear speed. Mate-
rial movement speed along the magnetic separator feeder tray is a dozen times lower. When
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such product contacts the drum surface, the drum experiences a strong physical impact
appearing as higher abrasion. This effect can be reduced by decreasing the speed difference
between the product and the drum. Experiments were completed at a significantly lower
drum speeds for this purpose. These results are shown in Table 5. As we can see, Fe grade
is reduced to 34.4 and 46 percent, thus being below the requirements. Therefore, one more
magnetic separation run was completed for these products with the parameters shown in
Table 6. The process products were fed to the cleaner separation at speeds below 1300 rpm.
Concentrates with 55.9 and 57.8 percent Fe grade were recovered. This is significantly
higher than the set requirements. These results show that additional cleaner separation is
required to optimize and achieve good results in powder material beneficiation with a low
content of magnetic particles. For this purpose, a cascade separator was designed, with
its layout shown in Figure 3. In the shown cascade separator, the top drum speed can be
decreased, and the abrasion will decrease. When magnetic particles hit the bottom drum,
they will have the top drum speed and the speed difference will be significantly reduced.

Figure 3. Cascade separator layout.

In addition, load from the material on the bottom drum will decrease dramatically.
Another advantage is that this layout is compact. Separators with more than two cascades
can be designed. Let us explore the interaction area of two separators where they come
closer to each other as shown on Figure 4.

Figure 4. Separator magnets interaction area.

Such a magnetic system can be calculated by solving the field problem of magnetostat-
ics. Magnetic potential is equivalent to the effect of volume and surface magnetic charges.
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Magnets with a high anisotropy constant including strong magnets can be assumed to
have a constant magnetization vector over the magnet volume which is equivalent to zero
volume charge [19]. Consequently, sources of the field for “strong” magnets are surface
charges. The magnetic system calculation is reduced to the problem of finding the potential
field of uniformly charged surfaces. Since the system axial length significantly exceeds the
magnetic system radius, the field can be considered as the plane parallel field. The magnetic
potential at the (x, y) coordinate point associated with the uniformly charged surface of
width 2a, with the center located at (xi, yi) point can be calculated as follows [19]:

U(x, y, xi, yi) = −
σm

2πµ0

∫ x−xi+a

x−xi−a
ln

√
(y− yi)2 + s2ds. (6)

A field generated by a set of charged plates can be calculated by the superposition
method. Then, the cumulative magnetic field intensity will be as follows:

H = −gradU (7)

Hx(x, y, xi, yi) =
σm

4πµ0
ln

(y− yi)
2 + (x− xi − a)2

y2 + (x− xi + a)
(8)

Hy(x, y, xi, yi) =
σm

2πµ0
[actg

(x− xi + a)
(y− yi)

− actg
(x− xi − a)
(y− yi)

], (9)

We consider the simplified calculation pattern shown in Figure 5 in order to provide a
qualitative assessment of the nature of the forces acting in the transition area between the
separators. Here, the magnets are located on flat magnetic circuits.

Figure 5. Magnets on flat magnetic circuits 1 and 2. Dashed lines are lines of charges of opposite sign
specularly reflected from isopotential surfaces.

Magnetic circuits are surfaces with the same potential, i.e., equipotential. To calculate
the field, we use the spatial mirror image method, namely, if there is an equipotential
surface, it causes another potential to appear, identified by the field of mirror-reflected
charges of the opposite sign [19]. Mirrored charges are indicated by a dashed line in Figure 5.
Red color indicates conditionally positive charges, and blue indicates conditionally negative
charges. If we turn to the real picture shown in Figure 4, we can see that those equipotential
surfaces, e.g., metal pipes with magnets, have the greatest effect on the nearest magnets
of neighboring separators. This feature is shown in Figure 5. Appearing mirror charges
from the neighboring equipotential surface is considered only for top and bottom system



Processes 2022, 10, 2212 9 of 11

magnets which are closest to each other, as shown in Figure 5. We will calculate the
magnetic system using the following formulas

H
′
x(x, y) =

n

∑
i=0

Hx(x, y, xi, yi), (10)

H
′
y(x, y) =

n

∑
i=0

Hy(x, y, xi, yi). (11)

Having found H
′
x and H

′
y, the magnetic force is calculated (1). This study includes a

qualitative analysis of particle motion in space between separators. In this case, relative
change in the magnetic force is interesting, therefore, the numeric value of constants is not
of crucial importance (1). Fmy vertical force determining the area where particles detach
from the drum surface area was calculated in order to understand the trajectory of particles
in space between separators while moving from top and bottom separator.

Fmy = C
d

dx
[H
′2
x + H

′2
y ], (12)

where constants are combined with C parameter equal to 1. Fmy force calculations were
completed during analysis of magnetic fields (12) for various magnet location and polarity
layouts. Figure 6 provides one of the calculation options we considered. It was accepted
for use in the equipment.

Figure 6. Distribution of Fmy (1–4) force vertically applied to magnetite particle in the system with
two separators. Horizontal line segments show location of 24 mm wide and 20 mm high magnets
with colors indicating their polarities. The distance between the magnets is 30 mm.

In this calculation, the residual magnetic induction of the uppermost left magnet is
assumed to be 3.5 times less than that of the remaining magnets, approximately corre-
sponding to replacement of a neodymium magnet with a ferrite one. Curve 1 in Figure 6
shows change in Fmy force applied on magnetite particles in the vertical direction at 7 mm
below the magnet surface. This value corresponds to distance from the separator magnetic
system to the drum surface. Curve 2 is Fmy force applied along the middle line between top
and bottom magnets. Curve 3 corresponds to Fmy force at 7 mm above the lower magnet
surfaces. This figure implies that the particle attraction force becomes zero approximately
at the midpoint of the ferrite magnet. The centrifugal force is active as well. Therefore,
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the particles detach from the top drum in the area where they cross the ferrite magnet.
The material is in suspension. Here, Fe particles are subject to the downward magnetic
force, and the waste rock particles move under own inertia. Such a transition section
improves the separation. Curve 4 is similar to curve 1 in the system with all neodymium
magnets. In this case, the attraction force of magnetite to the drum is such that the particle
is not detached from it even beyond the edge of the top magnet. The option to replace the
edge neodymium magnet with a ferrite magnet is preferable. Based on these calculations,
a laboratory cascade magnetic separator was manufactured and tested. We settled on the
option when the top drum rotates at 520 rpm, and the bottom drum is operated at 1020 rpm.
In the experiment, 53 percent Fe concentrate recovery was 1.6 percent. In this case, 19
percent material fed to the top separator reaches the second separator.

4. Conclusions

The study considered the issues of additional Fe recovery from beneficiation tailings
without additional costly crushing and grinding. To justify this approach, research was
conducted using these operations. Table 7 shows the magnetic separation results for various
size classes of tailings precrushed to the −0.125 mm size class. It follows from analysis of
the given data that grinding of tailings does not increase the concentrate recovery with
Fe grade of over 52 percent. Apparently, this is a consequence of the fact that such an
operation does not provide the necessary release of magnetite from the tailings of the
mine site being studied. Particles are clogged with waste rock inclusions. The explanation
seems to be that −0.125 mm size class (No. 1) is a crushing product of preconcentrated
iron ore to 42–45 percent Fe grade and it is caught in the tailings due to low efficiency of
magnetic separation. The remaining values No. 2 to 6 of Table 7 are the result of magnetic
separation of tailings powders ground to a size rougher than 0.125 mm with Fe grade below
10 percent. Therefore, it is impossible to concentrate such product when crushed to a size
below 0.125 mm. This requires finer milling.
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