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Abstract. The paper presents theoretical substantiation of the feasibility of applying high-
frequency demagnetization before separation to obtain iron ore concentrates with close to the
theoretically possible quality. It was determined that the length of magnetite floccules under the
influence of a constant magnetic field with an induction of 0.25 T reaches 0.3 mm, while the
average particle size amounts to 0.015 mm. Under the action of the magnetic field with a
decreasing strength amplitude at a frequency of 70 kHz, complete destruction of magnetite
floccules into individual particles was achieved. A comparative analysis of the flocculation rate
showed that with a decrease in the size of the magnetite particles, it is necessary to increase the
frequency of the alternating magnetic field in order to prevent flocculation. Thus, the flocculation
rate is directly related to the size of the magnetite particles. To achieve 95% of the theoretically
possible quality of the concentrate, ten steps of high-frequency demagnetization with decreasing
amplitude of magnetic field strength with a subsequent magnetic re-cleaning separation are
required. In such a way, the intensity of the magnetic product purification increases 14 times due
to the release of non-magnetic particles from the body of the floccules.

1. Introduction

It is known from the practice of magnetic separation that induced magnetic flocculation prevents the
successful separation of minerals due to the presence of non-magnetic phase particles in the concentrate.
Also, magnetic flocculation caused by residual induction significantly affects the processes of fine
sedimentation, flotation, thickening, filtration and grinding of strongly magnetic materials [1-8].

A floccule formed in a magnetic field, moving relative to the pulp flow, can partially increase the
content of valuable minerals by washing away non-magnetic particles located on its surface. Since these
non-magnetic particles are not affected by magnetic forces in the pulp, they are held due to the force of
friction.

Suppose the floccules in the pulp are reshaped, for example, by an alternating magnetic field. In that
case, a new surface is formed after each reshaping, and the release of non-magnetic particles increases.
Suppose this magnetic product is subjected to high-frequency demagnetization. In that case, a
homogeneous mass will first form, and floccules will appear again after falling into a magnetic field.
Still, the distance between non-magnetic particles will be more significant than in the previous
separation step. As a result, the body of the floccule will contain fewer non-magnetic particles. That is,
the separation performance should improve [9-13]. Thus, it is advisable to apply high-frequency
demagnetization not only before a non-magnetic separation but also before a magnetic one, during re-
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cleaning or control operations; that is, high-frequency demagnetization is advisable before any operation
of separation [14-21].

An experimental study of the sedimentation of particles of a magnetite suspension speaks in favour
of the thesis about the expediency of demagnetization. As a result of high-frequency demagnetisation,
the sedimentation rate of the suspension decreases by almost three times, indicating that the floccules
were wholly destroyed to the size of individual particles. At the same time, there is a sharp boundary
between the layers of magnetic mass (lower dark layer) and non-magnetic mass (upper light layer), i.e.,
as it should be: heavy magnetite-containing particles settle first and faster, and then light, released non-
ore grains continue settling [22-31]. The study of the classification of finely dispersed magnetite in an
upward laminar flow also confirmed the effect of demagnetization on the efficiency of the classification
process. The presence of floccules significantly distorts the solid phase's granulometric composition,
making hydraulic classification practically impossible since a significant number of fine particles are
trapped in the underflow product. However, in cases when magnetite floccules are completely broken
after applying a high-frequency magnetic field with a decreasing strength amplitude, the classification
of demagnetized particles becomes about five times more effective [32].

Based on the results of experimental studies, it was suggested that high-frequency demagnetization
of the magnetite suspension before each subsequent separation step should increase the efficiency of the
process, particularly before a non-magnetic separation and a magnetic one.

The work aims to substantiate the possibility of obtaining iron ore concentrates with a quality close
to the theoretically possible due to the application of high-frequency demagnetization before each
separation step.

2. Methods
The magnetite concentrate from the PJSC Northern Mining and Processing Plant, obtained after three
stages of magnetic separation and four stages of grinding to a particle size of less than 0.04 mm, was
used as the object of the study on the degree of floccule destruction. The research was carried out based
on the Center for the processing of mineral and man-made raw materials of the Dnipro University of
Technology.

The degree of floccules destruction was determined by microscopic studies. Since finely dispersed
magnetite particles have a significant residual magnetization and begin to aggregate even under the
influence of the Earth's magnetic field, a magnetite suspension in liquid paraffin, which solidified over
time, was used for research. This made it possible to fix the particles in space and prevent the side
magnetic field from affecting them. At the same time, the density and viscosity of paraffin in a liquid
state do not hinder the movement of magnetite particles under the influence of an applied magnetic field
or when using a demagnetizing device.

Demagnetization was carried out using the laboratory device developed by the authors for magnetite
suspension degaussing, which has a design of a typical solenoid where damped oscillations are excited
[33]. Magnetite suspension passes through this solenoid. The apparatus generates high-frequency
electromagnetic oscillations with a frequency of 20-70 kHz with decreasing amplitude of the magnetic
field strength [33,34].

The value of non-magnetic particles trapping during flocculation was determined analytically,
according to the discrete probability distribution, which is the number of events occurring in a fixed
interval of time if these events occur with a known constant mean rate and independently of each other

(Poisson distribution):
k

p(k)zP(Y:k)z%-e‘ﬂ“, @

where k — the number of events; 1 — the expectation value of a random variable (mean number of
events in a fixed interval).

The dependence of the flocculation rate on the frequency of the external magnetic field was
determined using a mathematical model of the movement of magnetite-containing particles under the
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action of secondary magnetic fields at different from 0 initial field strength H, =var, taking into

account the change of the magnetic field in time. The equation of the movement of a particle taking into
account the change of magnetic field in time has the form [35]:

_ A - (B-sin(wt) — w- cos(wt) + w)

U
B? + @’

)
where A, B — coefficients characterizing the size, shape, density and magnetic permeability of
particles; w —frequency of the external magnetic field, Hz; t —the time during which the magnetization
axis of the particle will have time to orient itself according to the direction of the external magnetic field,
S.

2 3 3
A:/lo (H, (31 d,) 3k1 kz_ 14 k,-dy |1+ k,-d; -, 3)
7-(6,-d7 +0,-d3)-1, (d,+1,) (d, +1,)

where 1, =1.26 10° - magnetic constant, Hn/m; H, —the strength of the external magnetic field, A/m;
d,, d, — particles size, m; k,, k, —volumetric magnetic susceptibility of solid phase particles, SI units;
é,, 8,—density of solid phase particles, kg/m?; r,, —the distance between the particles of the solid phase
in the suspension, m.

18- u
ra @
where u — relative magnetic permeability, dimensionless; & — density of solid phase particles, kg/m?;
d — particles size, m.

B

3. Results and discussion

In the course of research, it became necessary to visually estimate the size of floccules from magnetite
particles formed due to the action of a primary or secondary magnetic field. The magnetite concentrate
from PJSC Northern Mining and Processing Plant was used for the study. This concentrate is the raw
material for further flotation. It is ground to a grain size of less than 0.04 mm in order to ensure the
maximum release of the ore grains and extraction of magnetite-containing particles. During the study of
the granulometric composition, it was determined that the average particle size of magnetite amounts to
0.015 mm.

Visual assessment of floccular size was performed by photographing magnetite suspension in
solidified paraffin with a 56-fold magnification and superimposing a measuring ruler with a dimension
value of 0.01 mm on the image.

The results of the study are shown in Figure 1. Initially, the suspension was magnetized under a
constant magnetic field with an induction of 0.25 T, corresponding to the standard induction value in
commonly used wet magnetic separation. Under the action of this field, the magnetite particles formed
floccules up to 0.3 mm in size (Figure 1, a).

It is worth noting that the termination of the external magnetic field action does not lead to the
destruction of floccules due to the fact that the magnetite particles have a high residual magnetization.
That is, they remember the influence of the magnetic field. This is the reason for the phenomenon of
secondary magnetic flocculation, which occurs when the action of the magnetic field has stopped, but
the magnetite particles have not been demagnetized.

At the next stage of the study, this pre-magnetized suspension was exposed to a high-frequency
magnetic field with a decreasing strength amplitude at a frequency of 70 kHz. As a result of such
influence, it was possible to obtain completely demagnetized magnetite particles separated from each
other (Figure 1, b). At the same time, the sample was shielded from the Earth's magnetic field. The study
of particle sizes gives reason to conclude that almost all particles have a size of less than 0.02 mm.
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Therefore, complete demagnetization of magnetite particles was achieved. This will have a significant
impact on the parameters of the further magnetic separation of the demagnetized suspension, in
particular the extraction and quality of the magnetite concentrate, as it allows the release of an additional
amount of non-magnetic fraction that was trapped inside the floccules and led to the impurity of the
magnetic separation concentrate.

uh j;}n.ll.ns e
le

Figure 1. Microphotographs of magnetite pulp x56, division value of 0.01 mm:
a — pulp particles magnetized by a permanent magnetic field with an induction of 0.25 T;
b — pulp particles after demagnetization by an alternating field with a frequency of 70 kHz

Evaluate the number of non-magnetic particles that can theoretically be released from floccules due
to the application of high-frequency demagnetization. Non-magnetic particles fall into floccules
randomly. Therefore, their trapping can be characterized by a certain probability. Flocculation occurs
due to the intensive movement of magnetic particles towards each other. On their way, they can meet a
non-magnetic particle, and the likelihood of such an appointment depends on the concentration of non-
magnetic particles. The distribution of particles in the pulp is subject to Poisson's law and can be
described by an exponential function:

Papp =1- exp(_n) ' (5)

where n —the number of non-magnetic particles in the path of movement of magnetic ones.
A non-magnetic particle will be trapped in a floccule if enough quantity of magnetic particles K
collide with it. In this case, the probability of trapping will be:

P, =1-PX (6)

app *

The value K depends on the ratio of the number of magnetic n,, and non-magnetic particles in the

pulp in a sphere of a certain radius r from the surface of the flocculation centre.

Consider the patterns of non-metallic particle trapping in case the material is subjected to
demagnetization before the subsequent separation step.

The volume of the floccule is:

V=%.n-b2-a, )

and the surface at a>b is:

(8)
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The distance between non-metallic particles is:

0.65
r:d.[gfppn _1} ©)

The use of high-frequency demagnetization ensures that all non-magnetic particles are released from
the body of the floccule and without demagnetization — only from its surface. Estimate the number of
released particles in both cases, provided that b=a/2:

\Y 4.7-3° r-a

nV :F: 3 = 7 (10)
12-d3-(3/ 0.65 —]J 12-d3-[3’ 0.65 —l}
p'Pn an

where p — content of solid in the pulp; P, — content of non-metallic grains in the pulp; a, b — size of
the floccule; d — size of particles

Suppose that p=0.35; P, =0.1; a=3 mm; d =0.05 mm.

Then the amount of free non-magnetic particles that can be released into the waste product is:
— in case of high-frequency demagnetization:

3
n, =%= 73 - =51000, (11)
3.0.05%-| 3 ﬂ -1
\/0.35-0.1
— without demagnetization:
2
n = - 73 _=3700. (12)

r.2
3.0.052-| 3 ﬂ -1
\/0.35-0.1

Thus, the intensity of separation increases by 14 times. In the case of using preliminary high-
frequency demagnetization, the intensity of purification of the magnetic product depends on the ratio of
the sizes of floccules and individual particles. Accordingly, the greater this ratio is, the more productive
the demagnetization effect will be.

Consider the case of re-cleaning operations taking place in distinct separators — steps. The action of
the magnetic field leads to repeated flocculation. However, there will be less and less non-magnetic
material in the further separation steps.

After the first separation step, the enriched product will contain the amount of non-magnetic fraction
equal to:

Ptr:Pm'pn:Pm'Pn'p' (13)

Therefore, the further process of high-frequency demagnetization and subsequent separation steps
will be an iterative one:

Frii = Pry “(P,-p), (14)

that is, the change in the content of non-metallic grains trapped in the floccules is proportional to the
concentration of particles in the pulp, which is determined by an exponential relationship:

Priy = Fro -exp(—i By p)- (15)
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The required number of high-frequency demagnetization and subsequent separation steps i can be
found as:

In( Ptr(k) J
P
AN (16)
_Pm . p
For commonly used conditions of magnetic separation, the number of steps will be about 10. The
calculation was made for conditions when the content of solid in the pulp is p =0.3, the content of the
magnetic fraction in the concentrate will amount P, =0.95.

Therefore, it is possible to obtain high-quality magnetite concentrate by using high-frequency
demagnetization before each subsequent step of magnetic separation, and the number of re-cleaning
operations can be realized in practice.

Since the values of P, and P, are related to each other by a ratio:

P,+P =1, @17

the product of these values represents the probability of non-magnetic particles trapping. Since this
probability asymptotically tends to the abscissa but never crosses it, there will always be a non-zero
probability of non-magnetic particles trapping, and obtaining pure concentrates using only magnetic
separation is theoretically impossible.

Therefore, it is necessary to exclude the effect of particles on each other, that is, to demagnetize them.
This means it is possible to achieve high concentrate quality using magnetic separation together with
high-frequency demagnetization, and the number of re-cleaning steps can be realized in practice.

Since the demagnetized magnetite will form floccules again under the action of the field of magnetic
separator with a commonly used magnetic system, it is proposed to apply magnetic separation in an
alternating magnetic field. This will contribute to improving separation indicators by reducing the
flocculation rate of fine magnetite particles.

Considering the fact that it is not possible to measure experimentally the rate of movement of finely
dispersed particles in the magnetic separator bath, we will carry out an analytical assessment of the
dependence of the flocculation rate on the frequency of the external magnetic field using a mathematical
model of the movement of magnetite-containing particles under the action of secondary magnetic fields
[35].

It was assumed that the range of use of the mathematical model proposed by the author in [35] is
from 0 to 1000 Hz since, at the time of publication, the capabilities of electrical components were quite
limited and did not allow the creation of devices for generating electromagnetic oscillations with a
frequency of tens of kHz. However, suppose a decrease in the flocculation rate occurs under the
influence of an external field of relatively low frequency. In that case, it is logical to assume that in case
of a significant increase in the frequency, the flocculation rate should also notably decrease.

The characteristics of the magnetic separation concentrate from PJSC Northern Mining and
Processing Plant were taken as initial data for the modelling. Consider the movement of two magnetite-

containing particles of d,=d,=1-10", and 4-10° m in size, with magnetic susceptibility of
k, =k, =5 Sl units, densities of &, =5, =5000 kg/m?3, the distance between them of r,, =d, located in
a field with a strength of H, =10* A/m. These particles interact through the secondary magnetic fields.

Plot the dependences of the flocculation rate on the frequency of the external magnetic field.
Considering that the mean values of the components sin(wt) and cos(wt) are equal to 0, the dependence

(2) is plotted based on the averaged values.

At a low frequency of the external magnetic field (200 Hz for a grain size of 0.1 mm and 400 Hz for
a grain size of 0.04 mm), a sharp increase in the flocculation rate is observed, and its decrease begins
only with the further increasing of the magnetic field frequency. This can be explained by the fact that
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under the action of a low-frequency electromagnetic field, magnetite particles manage to orient their
axes of easy magnetization along the magnetic field. That is, the already existing floccules begin to be
reformatted due to the movement of their particles along the magnetic field.

4

0.4

0.2

o 10000 20000 20000 40000 50000 a 10000 20000 20000 40000 50000 S0000 70OOOD
w w

a b

Figure 2. Dependence of the flocculation rate on the frequency of the external magnetic field:
a — for particles with a size of 0.1 mm; b — for particles with a size of 0.04 mm

Analyzing the obtained plots (Figure 2), it can be concluded that the dependences of the flocculation
rate on the frequency of the external magnetic field vary according to the equations:

2649-
o360+

6623- w
0% 2250+ @ 19)
However, with an increase in the external magnetic field frequency, the final destruction of magnetite
floccules begins since the particles no longer have time to orient themselves along the imposed magnetic
field. It can also be concluded from Figure 2 that the flocculation rate directly relates to the size of the
solid phase particles. Thus, for particles with a size of 0.1 mm, the flocculation rate values are in the
range of 3.65-0.1 m/s, and for particles with a size of 0.04 mm in the range of 1.45-0.1 m/s. The
frequency required for complete demagnetization of magnetite particles depends on their size. In
particular, a decrease in the flocculation rate to 0.1 m/s for particles with a size of 0.1 mm takes place
at an external field frequency of 50 kHz, while for particles with a size of 0.04 mm — at a frequency of
70 kHz. It should be noted that the rate of particle flocculation depends not only on their size but also
on their shape, magnetic permeability, density, and inertia force. In more detail, the authors describe the
method of determining the frequency of the external magnetic field for demagnetising thin
ferromagnetic particles in [34].
The study results show that with an increase in magnetic field frequency, the flocculation rate
decreases and asymptotically tends to zero. This again indicates that separation in a high-frequency
magnetic field is a high-potential task, as it contributes to obtaining pure concentrates.

(18)

4. Conclusions

The length of magnetite floccules under the influence of a constant magnetic field with an induction of
0.25 T reaches 0.3 mm, while the average particle size amounts to 0.015 mm. Under the action of a high-
frequency magnetic field with a decreasing strength amplitude at a frequency of 70 kHz, complete
destruction of magnetite floccules into individual particles was achieved.
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A comparative analysis of the dependence of the flocculation rate on the frequency of the external
magnetic field showed that with a decrease in the size of the magnetite particles, it is necessary to
increase the frequency of the alternating magnetic field in order to achieve similar indicators of the
reduction in the flocculation rate. In particular, a decrease in the flocculation rate to 0.1 m/s for particles
with a size of 0.1 mm takes place at an external field frequency of 50 kHz, while for particles with a size
of 0.04 mm — at a frequency of 70 kHz. The flocculation rate is directly related to the size of the
magnetite particles. For particles with a size of 0.1 mm, the flocculation rate values are in the range of
3.65-0.1 m/s, and for particles with a size of 0.04 mm in the range of 1.45-0.1 m/s.

Thus, the application of demagnetization by a high-frequency magnetic field with decreasing strength
amplitude followed by magnetic separation in an alternating magnetic field is justified since this method
of separation contributes to the improvement of separation indicators by reducing the rate of particle
flocculation.

Demagnetization of magnetite concentrate before subsequent magnetic re-cleaning steps increases
the intensity of the magnetic product purification by 14 times due to the release of non-magnetic particles
from the body of the floccules. It also reduces the number of re-cleaning operations to obtain the required
concentrate quality to 10, simultaneously allowing to obtain 95% of the theoretically possible
concentrate quality. This means that it is possible to achieve high quality of magnetite concentrate using
high-frequency demagnetization together with magnetic separation in an alternating field, and the
number of re-cleaning steps can be realized in practice.
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