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Abstract: This article presents the results of research aimed at optimizing the process of recovery
of valuable components from ash and slag waste from thermal power plants. In this work, both
experimental and theoretical studies were carried out to substantiate the use of magnetic separation
methods for ash and slag waste processing. Ash and slag wastes were chosen as an object of research
due to the presence of valuable components such as iron, aluminum, etc., in them. The research results
showed that the method of magnetic separation, including high-gradient magnetic separation, can be
effectively used in ash and slag waste processing. As a result, the topology of a magnetic beneficiation
technological scheme has been proposed to obtain high-value-added products such as high-magnetic
iron minerals, low-magnetic iron minerals, and aluminosilicate microspheres. By using magnetic
separation in a weak magnetic field, magnetic microspheres containing high-magnetic iron minerals
associated with intermetallics, ranging in size from 20 to 80 um, were recovered. In the second stage of
magnetic separation (high-gradient magnetic separation), an iron ore product with an iron content of
50% with a recovery of 92.07% could be obtained. By using scanning electron microscopy, it was found
that the main part of microspheres, which contain low-magnetic iron minerals and aluminosilicates,
with sizes from 2 to 15 microns, was recovered in the magnetic fraction. This paper proposes a new
approach to the enrichment of ash and slag materials using magnetic separation, which will increase
the efficiency of their processing and make the process environmentally sustainable.

Keywords: high-gradient magnetic separation; ash and slag waste from thermal power plants;
microspheres; intermetallics; iron; aluminum

1. Introduction

Due to the growth of the world population and its needs, the demand for electricity
is increasing [1,2]. Access to both energy resources and electricity itself is a necessary
condition for the growth of the world economy. The main sources of electricity can be
divided into three main groups: fossil fuels (oil, gas, coal, and oil shale), nuclear and
thermonuclear fusion energy, and renewable energy sources (water, wind, solar energy,
etc.) [3-7]. At present, a large portion of electricity generation is provided by fossil fuels,
while the portion of renewable energy sources is still insignificant [8,9]. In 2021, at the
26th UN Climate Change Conference (COP26), commitments were accepted to reduce the
carbon footprint and gradually reduce the use of coal energy [10].

Currently, coal power generation is one of the largest sources of electricity in the world,
accounting for 36% of global electricity generation in 2022 [11]. In the present conditions of
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the world economy, even considering the tendency to reduce the use of fossil fuels, coal
power will retain its leading position [12]. Consequently, there is a huge number of power
plants in the world that are operated by coal. At coal power plants, electricity is generated
by coal combustion. Which generates a huge amount of waste (ash and slag waste) [13-15].

Under these conditions, the involvement of ash and slag wastes in economic turnover
becomes a priority, which will allow us to obtain additional economic effects and reduce
the environmental impact in the regions of placement [16,17]. Depending on the deposit
and quality of coal, as well as the conditions of its combustion, the generated ash and slag
wastes have different compositions and different physical and chemical properties [18]. The
main directions of ash and slag waste processing can be highlighted as follows: production
of building materials, various fill materials, and soil stabilizers; road building; recultivation
of mined-out pits; as well as use as secondary raw materials for the recovery of valuable
components [19,20].

Critical reviews of previous studies have shown that in ash and slag wastes, elements
(Fe, Si, Ti, Al, Ni, Mo, V, and many others) are present in significant amounts, some of them
being strategic metals for a number of industries [21-25]. Various beneficiation processes
are used to recover these valuable components: flotation and gravity concentration [26,27],
magnetic separation [28-30], and leaching processes [31-33].

Magnetic and aluminosilicate microspheres are one of the components included in
ash and slag waste, which have unique technological properties, and they are of industrial
interest for recovery [34]. Magnetic and flotation methods are most often used for their
separation, but their efficiency is not high enough, which is due to the size of the material
(most of it is in the class of 40 um) [35]. A perspective direction for the recovery of magnetic
and aluminosilicate microspheres from fine classes is the use of high-gradient magnetic
separation [36—40].

Thus, the aim of this work was to determine and investigate the dependence of
magnetic separation process efficiency from the technological parameters of a high-gradient
magnetic separator for the recovery of valuable components in the processing of ash and
slag wastes as an additional commercial product.

2. Materials and Methods
2.1. Characteristics of Research Objects

Ash and slag waste (ASW) of coal heat power plants (CHPP) weighing 100 kg was
chosen as the object of research. For all investigations, representative samples of the
required mass were taken in the amount of three samples for each test. Representative
samples of 500 g were taken for sieve analysis. Sieve analysis was performed to determine
the particle size distribution of the sample. The sample of each size class was analyzed
using a Shimadzu EDX 700 X-ray fluorescence analyzer (Shimadzu Corporation, Kyoto,
Japan). The results of the analysis are presented in Table 1.

Table 1. Results of X-ray fluorescence analysis of size classes after sieve analysis of the sample.

Size Class,

Content, %

Yield, %
mm Fe Si S As Al Ca Sb K Mn Zn Cu Ni Sr

+0.800 0.13 31.55 1623 3.53 2.75 1.17 2.18 1.03 0.81 0.14 0.076 0.069 0.034 0.011
—0.800 + 0.425 0.14 30.82 15.84 3.24 3.05 1.44 3.19 1.41 1.02 0.18 0.073 0.121 0.039 0.014
—0.425 +0.212 1.16 2935 1643 258 3.38 1.65 3.48 2.22 0.77 0.18 0.076 0.068 0.038 0.013
—0.212 + 0.106 0.80 28.52 15.85 2.89 2.77 2.32 3.94 1.88 1.10 0.18 0.073 0.069 0.033 0.014
—0.106 + 0.045 4.40 2379 16.85 6.33 3.07 2.28 1.84 0.82 1.78 0.13 0.049 0.047 0.021 0.010
—0.045+0 93.37 2997 1580 245 3.44 2.31 3.37 2.02 0.83 0.19 0.074 0.074 0.037 0.012
Total 100 29.68 15.85 2.63 3.42 2.30 3.31 1.97 0.87 0.19 0.07 0.073 0.036 0.012

As shown in Table 1, ASW has a significant yield of fine grades, with 93.37% repre-
sented in the —45 pum fraction. When beneficiating material in this size range, it is very
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difficult to produce a concentrate of suitable quality. Analysis of the various size grades
was carried out using a Vega 3 LMH electron microscope (TESCAN, Brno, Czech Repub-
lic) equipped with an Oxford Instruments (Oxfordshire, UK) INCA Energy 250/X-max
20 energy-dispersive microanalyzer. Micrographs of the particles are shown in Figure 1.

500 um

Figure 1. Cont.
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Figure 1. Microphotographs of ASW by size grade (BSE): (a) + 0.8 mm; (b) -0.8 + 0.425 mm; (c) —0.425
+0.212 mm; (d) —0.212 + 0.106 mm; (e) —0.106 + 0.045 mm; (f) —0.045 +0 mm.

Analysis of the data presented in Figure 1 by size classes allows us to evaluate the
forms of aggregates in the studied material, as well as show the presence of microspheres
in fine classes. The main component of ash and slag composition is slag of black, gray, and
less often whitish-gray colors; porous, pumice, spongy, and dense textures; as well as slag
in the form of fragments.
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The particles in the ash composition are heterogeneous both in shape and surface
condition; the heterogeneity is preserved in different groups of size fractions. All particles
can be divided into two types:

e  Spheroids of various diameters formed as a result of the solidification of molten
particles suspended in the flue gas stream (several types depending on the composition
are fixed). It is established that in the fine class, there is a significant amount of particles
smaller than 5 microns;

e unmelted and partially melted.

In the composition of ash and slag, up to 20% is magnetic particles, and aluminosili-
cate particles are also present. Additionally, such elements as arsenic, sulfur, potassium,
manganese, titanium, copper, nickel, etc., are also present.

2.2. Magnetic Separation

Magnetic fractionation was carried out on a Davis Tube Tester 298 SE (NPK “Mekhanobr-
Tekhnika” (JSC), St. Petersburg, Russia) to evaluate the distribution of Fe into fractions
depending on the magnetic induction and to determine the possibility of using high-
gradient magnetic separation. The initial sample of size —0.5 + 0 mm weighing 50 g in pulp
form was separated at different current intensities (1, 2, 3, 4, 5, and 6 A, which correspond to
0.14, 0.25, 0.345, 0.422, 0.483, and 0.54 Tesla). In the first experiment (I = 1 A), magnetic and
non-magnetic fractions are separated. The feed of subsequent experiments (with increasing
current intensity) is the nonmagnetic fraction of the previous experiment. As a result,
7 products were obtained (6 magnetic fractions and 1 non-magnetic fraction), which were
dried and analyzed.

Experiments on high-gradient magnetic separation were carried out on a vertical
pulsation high-gradient magnetic separator SLon 100 (Outotec, Espoo, Finland) (Figure 2).
Samples of size -0.8 + 0 mm weighing 100 g were prepared.

Control module

The matrix

Shutoff
valve

Drive with
belt

Pulsation box transmission

Collection
of products

(b)

Figure 2. Vertical pulsation high-gradient magnetic separator SLon 100: (a) general view, (b) separator
scheme.

The separation of the magnetic fraction is carried out by passing the pulp through a
rod matrix (magnetic particles are retained) under a strong magnetic field (Figure 3). The
magnetic system of the SLon 100 separator uses a rod matrix made of rods with a diameter
of 1-6 mm for different feed material sizes. The rods are arranged perpendicular to the
magnetic field at an equal distance in order to ensure optimal field intensity and reduce the
possibility of particle entrapment.
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Figure 3. Matrices with rods arranged in staggered order.

The magnetic force (F,,) acting on the particle from the rod side (one of the main
factors of magnetic separation) in the cylindrical coordinate system can be calculated by

the following formula [41-43]:
Fn=1/F2+F2 (1)

where F, and F; are the radial and tangential components of the magnetic force F,.

1 a2 M a?
E = —EyOK,,V,,MHTB(cosza + ETZ) )
1 a .
Fr = —EyoKprMHﬁserZa 3)

where M is the induced magnetization of the particle; r is the distance from the axis of
the rod to the center of the particle; j is the permittivity of the media; a is the radius of
the rod; H is the value of magnetic field intensity; K, is the magnetic susceptibility of the
particle; V), is the volume of the particle; « is the angle between the direction of the radial
component of the magnetic force and the x-axis; and H is the magnetic field intensity.

For the simplest condition, the sample grain size is homogeneous, and the particles
differ only in composition; it is possible to denote the parameters characterizing the
particle by

Wy, = K,MV,, then W, = f(H) )

To understand the character of the dependence (WP = f(H)), studies have been carried
out based on the accumulated database of investigations of the action of magnetic forces
on a mineral particle in the working zone of a high-gradient magnetic separator (rods) and
using the given Equations (1)—(4) (Figure 4).

Investigations on magnetic separation were carried out in one stage by varying the
following parameters: magnetic induction (0.2, 0.5, 1.1 Tesla), diameter of matrix rods
(1, 3, 6 mm), and pulp pulsation (200, 250, 300 min~!). Also, to increase the separation
efficiency, Polypam and Flotfloc flocculants from Flotent Chemicals were used with varying
consumptions of 1, 10, and 100 g/t.

All experimental investigations were carried out at least three times to increase reli-
ability. The tables summarize the average results of the measurements of the elemental
composition of the samples.

All the obtained products were dried at 105 °C, weighed, and analyzed using a
Shimadzu EDX 700 X-ray fluorescence analyzer and a Vega 3 LMH scanning electron
microscope. To analyze the samples using X-ray fluorescence analysis, representative
samples for analysis were taken from the initial samples and from all beneficiation products
with a mass of 5 g. The samples were put into special cuvettes and covered with mylar film.
At least three samples were taken for each product. The obtained samples were analyzed
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at least three times. For the investigation of samples using scanning electron microscopy,
representative samples of 2 g were taken from the initial ash and beneficiation products.
The obtained samples were put on carbon tape and carburized to avoid sample lightening.
The obtained samples were placed in a microscope and analyzed by local XRF.

0.20
0.18

016 Wp = 0.0918H - 0.0045 o
=40 R2=0.9789
a0.14
= 0.12 *
L
3 0.10 v
£ 0.08 )
& 0.06 o
0.04 2
0.02 @
0.00 @
0 0.5 1 L5 2

Magnetic field intensity (H), T

Figure 4. Dependence of the parameter characterizing the particle property on the magnetic field
intensity (W, = f(H)).

3. Results

Magnetic fractionation was carried out on a Davis Tube Tester at different current
intensities. These investigations are necessary to assess the possibility and feasibility of the
recovery of valuable iron-containing components from ash and slag by magnetic methods.
The results are presented in Table 2 and Figure 5.

Table 2. Results of X-ray fluorescence analysis of magnetic fractionation products.

Fe Si S As Al Ca Sb K Mn Zn Cu Ni Sr
Product Yield, %
Content, %

Magnetic fraction (1 A) 1.04 2955 16.23 2.53 2.75 1.17 2.18 1.03 0.81 0.14 0.076 0.069 0.034 0.011
Magnetic fraction (2 A) 4.32 32.82 1584 3.29 3.05 1.44 3.19 141 1.02 0.21 0.073 0.121 0.039 0.014
Magnetic fraction (3 A) 2.02 3365 1643 258 338 161 348 222 077 025 0.071 0.068 0.038 0.013
Magnetic fraction (4 A) 3.68 30.52 15.85 2.89 2.77 2.32 3.94 1.88 1.05 0.19 0.073 0.069 0.033 0.014
Magnetic fraction (5 A) 4.96 23.79 1687 4.17 3.07 2.28 1.84 0.82 1.75 0.13  0.049 0.047 0.021 0.01
Magnetic fraction (6 A 12.6 2841 1459 3.13 3.21 1.94 2.06 1.61 0.84 0.17 0.084 0.08 0.032 0
Non-magnetic fraction 71.38 2997 1598 2.38 3.55 2.45 3.62 2.16 0.8 0.19 0.073 0.071 0.037 0.014

Total: 100 29.68 15.85 2.63 3.42 2.30 3.31 1.97 0.87 0.19 0.07 0.073 0.036 0.012

Product Yield, % Recovery, %

Magnetic fraction (1 A) 1.04 1.035 1.065 1.002 0.836 0529 0.685 0.543 0968 0.783 1.080 0.984 0.996 0.954
Magnetic fraction (2 A) 4.32 4777 4317 5410 3.851 2706 4.163 3.090 5.063 4.876 4309 7.166 4.745 5.046
Magnetic fraction (3 A) 2.02 2290 2094 1984 199 1415 2123 2275 1.787 2714 1960 1.883 2162 2.191
Magnetic fraction (4 A) 3.68 3.784 3.680 4.048 2979 3714 4380 3510 4440 3.758 3.671 3.481 3420 4.298
Magnetic fraction (5 A) 4.96 3976 5279 7.873 4451 4920 2757 2064 9973 3466 3321 3196 2934 4.138
Magnetic fraction (6 A) 12.6 12.061 11.598 15.013 11.822 10.634 7.840 10.292 12.160 11.512 14.462 13.818 11.356 0.000
Non-magnetic fraction 71.38 72.077 71.966 64.669 74.065 76.081 78.052 78.225 65.609 72.892 71.198 69.473 74.386 83.373

Total: 100 100 100 100 100 100 100 100 100 100 100 100 100 100

The magnetic fraction is represented by small crystals of iron-bearing minerals and
their fragments, often melted from the edges or pelletized, as well as small fragments
of flattened veins. Interpretation of the results presented in Figure 5 shows that the
microspheres observed in the concentrates consist mainly of Fe. Si, S, Ca (5a), and Si, S
(5b) are noted as impurities. The detected microspheres have a sufficiently large size of
20-80 microns. It is worth noting that at a current strength of 2 A, the recovery of larger
particles containing more iron occurs than at a current strength of 3 A.
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Spectrum 4

Siectrio Content, wt. %

No.

(0] Si S Ca Fe

Spectrum 4 | 23.03 | 0.59 | 6.24 | 0.46 | 69.68

Spectrum 10

Spectrum Content, wt. %
No. o Si S Fe

Spectrum 10 12.34 0.93 25.6 61.13

(b)

Figure 5. Electron image of magnetic microspheres in the separation products: (a) iron-containing sphere
associated with intermetallics in the magnetic fraction obtained at a current strength of 2 A, (b) iron-
containing sphere associated with intermetallics in the magnetic fraction obtained at a current of 3 A.

The obtained results showed that the distribution of iron is quite equal in all fractions,
but microspheres, which include high-magnetic iron minerals associated with intermetallics,
are mainly concentrated in the magnetic fractions obtained at current values of 2, 3, and 4 A
(0.25,0.345, and 0.422 Tesla, respectively). It can be supposed that iron in the compounds has
different valence forms and different magnetic properties [44]. At the same time, particles
containing low-magnetic iron and aluminum were not found in the separated magnetic
fractions. The iron content in the non-magnetic fraction is explained by the presence of
complex particles including Ca, Fe, K, Al, Si, S, and rare metals. These particles have a
reduced magnetic susceptibility. High-gradient magnetic separation has been proposed to
separate such particles (microspheres) from fine materials.

Investigations on the influence of different parameters and settings of the magnetic
separator (including matrix size, field strength, and pulsation frequency) on the charac-
teristics of recovery and concentration of the target component were carried out on a
high-gradient magnetic separator with variation of technological parameters and modes.

The I optimal experiment plan with additional central points was made (Table 3).
Plans of this type are best suited for determining the optimal parameters and initializing
the response surface. As a response was used, the recovery parameter was calculated as the
arithmetic mean of three measurements of the obtained concentrate (the obtained values
lie within three sigma).
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Table 3. Experimental design.

Factor 1 Factor 2 Factor 3 Response 1
Group Run  a: Field Density  b: Pulsation Mode C: Matrix Recovery
T 1/min %
1 1 0.2 200 Matrix 6 mm 71.82
1 2 0.2 200 Matrix 3 mm 66.81
1 3 0.2 200 Matrix 1.5 mm 61.38
2 4 1.1 200 Matrix 3 mm 76.81
2 5 1.1 200 Matrix 1.5 mm 74.52
3 6 1.2 250 Matrix 6 mm 77.04
3 7 1.2 250 Matrix 1.5 mm 75.62
4 8 0.2 300 Matrix 3 mm 7247
4 9 0.2 300 Matrix 6 mm 74.69
4 10 0.2 300 Matrix 1.5 mm 65.03
5 11 1.1 300 Matrix 6 mm 81.92
5 12 1.1 300 Matrix 3 mm 78.79
5 13 1.1 300 Matrix 1.5 mm 76.99
6 14 0.5 250 Matrix 1.5 mm 70.23
6 15 0.5 250 Matrix 3 mm 73.51
7 16 0.5 200 Matrix 6 mm 75.11
7 17 0.5 200 Matrix 1.5 mm 64.68
8 18 0.5 250 Matrix 3 mm 73.29
8 19 0.5 250 Matrix 6 mm 75.23

The Restricted Maximum Likelihood (REML) analysis and calculated Kenward-Roger
p-values are summarized in Table 4.

Table 4. Analyzing the significance of the model coefficients.

Source Term df Error df F-Value p-Value

Whole-plot 3 2.95 24.14 0.0140 significant

a-Field density 1 3.24 53.50 0.0040

b-Pulsation mode 1 3.28 10.25 0.0436

ab 1 3.15 0.0015 0.9713
Subplot 8 3.65 11.51 0.0208 significant

C-Matrix 2 4.29 26.06 0.0040

aC 2 4.10 8.00 0.0385

bC 2 4.02 0.0934 0.9127

abC 2 3.86 1.23 0.3855

p-values less than 0.0500 indicate that the model conditions are significant. In this case,
a, b, C, and aC are significant model terms. Values greater than 0.1000 indicate that the
model terms are not significant.

As a result, adequate process models are obtained:

- matrix rod diameter = 6 mm

Recovery = 71.906 — 11.396a + 0.0047b + 0.062a-b, )

rae a—field density, b—pulsation mode;

- matrix rod diameter = 3 mm

Recovery = 52.127 4+ 19.041a + 0.065b — 0.0401a-b, (6)

- matrix rod diameter = 1.5 mm

Recovery = 49.460 4- 17.179a + 0.047b — 0.017a-b. (7)
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Figure 6 shows the results of high-gradient magnetic separation with variations of

technological parameters.
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™ 260
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0.2 04 0.6 038 1.0 1.2
Matrix 6 mm Field density, T 61.38[Il81.92
(a)
300
280
g
z
g 260
<}
g
§
E
8 240
=]
&

220

200

0.2 04 0.6 0.8 1.0 12
Matrix 3 mm Field density, T 61.38|JS1.92

(b)

Pulsation mode, 1/min

220

200
0.2 0.4 0.6 0.8 1.0 1.2
Matrix .5mm  Field density, T 61.38[ 8192

()

Figure 6. Graphical interpretation of the obtained results of high-gradient magnetic separation:
(a) diameter of matrix rods = 6 mm; (b) diameter of matrix rods = 3 mm; (c) diameter of matrix rods =

1.5 mm.
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Recovery, %

61.38I31.92

85
80
75 —
70
65 —
P, 240 e 1‘ Recovery
% 06 qees’ 60 61385 1.92
B 50 04 pad T T T T l T
% 0.2 Matrix 6 mm 60 65 70 75 80 85
Std. Dev. | 1.58 R? 0.9692
Mean 72.94 Adjusted R* | 0.8891
CV.% 2.16
Figure 7. Three-dimensional response surface and statistical characteristics of the model.

The influence of technological parameters on iron recovery is presented in Figure 7.

The search for the largest response value was conducted using the Levenberg-Marquardt

method (Figure 8).
0.2 1.2 200 300
a:Field density = 1.10451 b:Pulsation mode = 300
. G :
| | |
1 2 3 61.38 81.92
Treatments
C:Matrix = Matrix 6 mm Recovery = 81.238
Solution | Predicted | Predicted | Total SE Error | 95% CI | 95% CI | 95% TI | 95% TI
Mean Median Std Mean df low for | high for | low for | high for
Dev Mean Mean 99% 99%
Pop Pop
Recovery 81.238 81.238 | 1.16814 | 1.04248 | 4.64673 | 78.4958 | 83.9802 | 72.5653 | 89.9107 |

Figure 8. Results of optimization of iron recovery process in high-gradient magnetic separation.
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The highest magnetic force can be obtained by using a 1.5 mm matrix, while the
highest gradient can be obtained by using a 6 mm matrix. In [45], it is shown that the use of
a larger matrix results in a purer concentrate in terms of the iron content of the concentrate,
which is particularly evident for particles smaller than 37 pm. This agrees well with the
obtained results, as the recovered microspheres are 2-15 pm in size.

According to the results of our investigation, iron recovery in the concentrate increases
with the increase in size due to the increase in content. The above beneficiation parameters
confirm that the unique design of the Slon separator, as well as the higher magnetic field
strength, allows us to significantly increase the recovery of iron in the concentrate. Thus,
because of this research, it was established that the best results are achieved with the
following parameters of operation of the high-gradient magnetic separator: magnetic
induction 1.1 Tesla, diameter of matrix rods 6 mm, pulsation frequency 300 min~!.

In order to increase the recovery of iron in the concentrate, another series of experi-
ments with the use of flocculants was performed. The analysis of previously published
works showed that during the magnetic separation of fine-grained ash and slag materials,
the addition of flocculants allows an increase in the recovery of valuable components
in the magnetic fraction [46]. When using flocculants and magnetic particles together,
the mechanism of heteroflocculation is intensified. This occurs because of the binding of
fine sludge by flocculant molecules, as well as the formation of “soft” flocculates around
magnetic centers due to the selective action of the reagent, which increases the rate of
coagulation [47]. Due to the increase in tension on additional particles of magnetite, there
is an increase in the degree of the magnetic susceptibility of magnetic particles in the initial
material. The flocculants Polypam and Flotfloc were chosen for this research because they
are universal and can be used in rather complex slurries (acidic, neutral, and alkaline
media). The consumption rate was varied to 1, 10, and 100 g/t. The results are presented in
Figure 9.

100

90

80

70

60

B Yield %
B Content, %
@ Recovery, %

50

40

30

20

10

1 10 100
Flocculant consumption, g/t

(a)

Figure 9. Cont.
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Figure 9. Investigation of the influence of flocculant addition: (a) Flotifloc; (b) Polypam.

The obtained results showed that the addition of the Flotifloc flocculant in an amount
of 100 g/t allows us to obtain an iron content in the concentrate of 50% with a recovery of
92%. The addition of the Polypam flocculant increases the yield of the magnetic fraction,
but the content decreases.

The conducted investigations made it possible to establish the optimal mode of mag-
netic concentrate production (Figure 10 and Table 5) on the high-gradient magnetic separa-
tor SLon.

Table 5. Results of elemental composition of ash after magnetic beneficiation (Figure 10).

Content, wt. %

(0] Al Si Ca Fe
Spectrum 1 32.34 9.2 21.31 3.13 34.02
Spectrum 2 30.83 6.62 16.91 22 43.44
Spectrum 3 33.05 9.84 16.17 0.85 40.09
Spectrum 4 30.12 69.88

Analysis of the data shown in Figure 10 shows that low-magnetic and aluminosilicate
iron-containing microspheres were detected in the concentrates obtained on the established
regime for high-gradient separation with the application of scanning electron microscopy.
The composition of the microspheres is summarized in Table 3. Interpretation of the results
shows that the detected microspheres are mainly composed of Al, Si, Ca, and Fe. At the
same time, microspheres representing iron oxides were detected (Figure 10, spectrum 4).
Thus, the presence of low-magnetic and aluminosilicate iron-containing microspheres is
confirmed, which agrees well with the results of earlier studies [22,48]. It is also worth
noting that the sizes of extracted particles of valuable components with low values of
magnetic susceptibility (less than 15 microns) are in good agreement with the work [49],
in which the application of a high-gradient separator for sludge beneficiation is justified.
The possibility of their extraction into the magnetic product using high-gradient magnetic
separation is also proven.
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Spectrum3 Spectrum 4

Figure 10. Results of research of ash and slag after magnetic beneficiation under optimal separation
conditions using scanning electron microscopy.

The concentrate contains magnetic (low-magnetic iron) and aluminosilicate micro-
spheres with sizes from 2 to 15 microns. It is practically impossible to recover such materials
by standard beneficiation methods [35]. As a result of this research, it was established that for
the beneficiation of ash and slag material by the method of high-gradient magnetic separation,
the optimal parameters are magnetic induction 1.1 Tesla, diameter of matrix rods 6 mm,
pulsation frequency 300 min !, and consumption of flocculant Flotifloc 100 g/t.

Thus, to recover microspheres of different compositions and sizes, a sequential scheme
of magnetic concentration is recommended: magnetic separation in a weak magnetic
field (concentrate contains high-magnetic iron-containing microspheres associated with
intermetallics) and high-gradient separation of tailings (concentrate contains low-magnetic
iron-containing and aluminosilicate microspheres ranging in size from 2 to 15 microns)
(Figure 11).

ASH AND SLAG WASTE OF CHPP

Magnetic separation High-gradient
in weak magnetic magnetic separation
field -

Magnetic fraction
(high-magnetic iron-containing
microspheres associated

with intermetallic (20 — 80 pum))

Non-magnetic fraction = Magnetic fraction
for further processing  (low-magnetic iron-containing and
alumosilicates microspheres
associated (2 - 15 pm))

Figure 11. Topology of the scheme of magnetic beneficiation of ash and slag waste from CHPP.

The materials obtained by this technology have unique properties and can serve as
raw materials to produce sorbents, magnetic carriers, etc.

4. Conclusions

This paper presents the research results aimed at substantiating the possibility of
using magnetic beneficiation methods (including high-gradient magnetic separation) in
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the processing of ash and slag wastes from CHPPs, as well as the optimization of the
parameters of the magnetic beneficiation process. Ash and slag wastes were chosen as
objects of research on the principle of the presence of valuable components such as iron,
aluminum, etc.

Based on magnetic fractioning studies on a Davis tube tester, it was found that iron
is present in all fractions in approximately the same amount, but only three fractions
obtained at current values of 2, 3, and 4 A (0.25, 0.345, and 0.422 Tesla, respectively),
concentrated magnetic microspheres, contained high-magnetic iron minerals associated
with intermetallics ranging in size from 20 to 80 microns.

This is due to the fact that iron is included in the compounds in different valence
forms and has different magnetic properties. The results of the conducted research proved
the principal possibility of using the pulsation high-gradient magnetic separator Slon. Its
unique design (high magnetic field intensity, pulsation of the pulp) allows us to separate
finely accumulated particles quite effectively. New features of magnetic and aluminosilicate
microsphere recovery were established during the complex study of the parameters of
operation of a high-gradient magnetic separator (joint influence of the size of matrix rods
and magnetic induction).

The proposed regime (magnetic induction 1.1 Tesla, diameter of matrix rods 6 mm, pul-
sation frequency 300 min !, Flotifloc 100 g/t flocculant consumption) allows for one stage
to obtain an iron ore product with an iron content of 50% and a recovery of 92%. With the
use of scanning electron microscopy, it was established that at these parameters, the main
portion of microspheres, which contain low-magnetic iron minerals and aluminosilicates
with sizes ranging from 2 to 15 microns, is recovered in the magnetic fraction.

As a result of the performed research, the topology of the technological scheme of
magnetic beneficiation for obtaining products with high added value (high- and low-
magnetic iron-containing and aluminosilicate microspheres) was proposed. The proposed
solution will not only allow us to obtain materials unique in their technological properties
but also to reduce the environmental load in areas of ash dumps.
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