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Abstract: In this study, enrichment methods for coal fly ash (CFA) from Omsk thermal power station
No. 4 (TPS-4) were investigated. The magnetite and unburned carbon concentrates were obtained by
magnetic separation and flotation methods. The wet magnetic separation used in the study increased
the magnetite content in the magnetic fraction from 10.48 to 12.72 wt % compared to dry magnetic
separation. The XRD analysis showed that the magnetic fraction primarily consists of magnetite,
mullite, and quartz. The SEM analysis demonstrated that magnetite is located primarily on the
surface of alumosilicate spheres and has three types of shape: dendritic structures, hexagonal bulk
agglomerates, and star-like structures. For the flotation tests, a low-price diesel was used as the
collector. It was found that, if CFA particles of 40–71 µm are used, ~99% of unburned carbon can be
recovered. It was also found by SEM that, if CFA particles of 71–100 µm are used, alumosilicates on
a carbon surface prevent complete interaction of diesel with carbon particles and decrease thereby
carbon recovery to 83%.
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1. Introduction

Annually ~230 thousand tons of coal fly ash (CFA) are generated at thermal power station No. 4
(TPS-4) in Omsk after burning coal from the Ekibastuz deposit, Republic of Kazakhstan [1]. Since this
CFA is not being utilized, it is stored on disposal sites near the Irtysh River. This river may be polluted
in summer time after dust storms when disposal sites become dry. Agricultural areas located near
the disposal sites can also be polluted, which makes them unsuitable for further use. CFA recycling,
in addition to reducing the anthropogenic impact on nature, will enable the use of this type of waste
as a raw material in the metallurgy, chemical, and construction industries for recovering valuable
materials [2,3].

The Omsk CFA mainly contains 20–35 wt % alumina, 50–65 wt % silica, 5–15 wt % magnetite,
and up to 6 wt % unburned carbon [1,2]. Previous research was aimed mainly at studying methods
for producing alumina [3–6], ceramics [7–10], coagulants [11,12], and the extraction of the rare-earth
elements [13–17]. Our previous research was about the leaching of alumosilicates with hydrochloric acid
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for further production of alumina [18]. Silicon oxide does not practically react with hydrochloric acid, but
90–95% of iron oxide goes into the solution if using the autoclave leaching method. Further purification
of the solution from FeCl3 to obtain pure aluminum oxide is a very complicated process [19–21].
Therefore, the maximum removal of magnetite from alumosilicate is an essential task.

Depending on the storage methods, CFA may be of the dry type that is caught immediately after
burning coal in special separators. CFA of the wet type is obtained after transporting the disposal
sites using water. Therefore, in this paper, two methods of magnetic separation of the Omsk CFA are
studied: dry and wet.

Unburned carbon is considered to be a harmful impurity if using CFA as an additive to cement [22].
Therefore, separation of carbon concentrate into a separate fraction will allow obtaining a product for
secondary use at TPS-4 and maximally purify the alumosilicate part of the CFA for further treatment.
One of the most promising methods for recovering unburned carbon from CFA is the froth flotation.
This method is based on the separation of hydrophobic materials from hydrophilic ones [23]. In this
study, the flotation process will be investigated using a diesel fuel as a collector.

The purpose of the present paper is to investigate the maximum separation of magnetite and
unburned carbon from the alumosilicate fraction of the Omsk CFA.

2. Materials and Methods

2.1. Materials

Raw CFA samples were collected from the Omsk TPS-4 ash residue storage (55.129231, 73.167497).
Diesel fuel (PJSC Lukoil Oil Company, Moscow, Russia) and methylisobutylcarbinol (C6H14O), CAS
No. 108-11-2, (Merck, Russia) were used in the present study. The chemical composition of the raw
CFA is presented in Table 1.

Table 1. Chemical composition (wt %) of raw coal fly ash (CFA) from the Omsk thermal power station
No. 4 (TPS-4).

Na2О MgО Al2О3 SiО2 K2О CaО TiО2 MnО2 Fe3О4

0.62 0.84 26.58 61.65 0.56 2.85 0.99 0.64 5.27

2.2. Analysis Methods

The X-ray diffraction (XRD) analysis of raw CFA (Figure 1) and non-magnetic fraction were
carried out using a Dron-3M diffractometer (Burevestnik, St. Petersburg, Russia) in a range of angles
2θ 10–110◦ at 0.1◦ intervals with a Cu-Kα radiation source. The operating mode of the X-ray source
was set to 50 kW/30 mA. The magnetic fraction XRD was carried out with a Co-Kα radiation source
in a range of angles 2θ 10–110◦ at 0.1◦ intervals. The operating mode of the X-ray source was set to
40 kW/30 mA.

The chemical composition of CFA samples was analyzed using X-ray fluorescence (XRF)
spectrometry on a ZXS Primus II (Rigaku, Tokyo, Japan) and using an atomic emission spectrometer
with inductively coupled plasma ICAP 6300 DUO (Thermo Scientific, St. Petersburg, Russia). Analysis
of surface morphology and microstructure of CFA samples was carried out using scanning electron
microscopy (SEM) with a JSM-6510LV microscope (JEOL, Tokyo, Japan).

The carbon content was determined by a gas analyzer CS-600 (LECO Corporation, Saint Joseph,
MI, USA). Samples (~0.1 g) were placed in ceramic crucibles with a mixture of tungsten, iron, and tin
metals as a flux and then loaded into an induction furnace. The carbon concentration was determined
by infrared absorption of gaseous CO2 during sample combustion in an oxygen atmosphere.
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2.3. Equipment

A roll-type dry PBSts 22/8 (Magnetit LLC, Russia) and wet MBS 150 × 125 (NPO Erga, Russia)
magnetic separators were used to separate the magnetic and non-magnetic fractions of CFA.

Carbon flotation tests were carried out in an 189FL flotation machine (REC
Mekhanobr-Tekhnika, Russia).

2.4. Magnetic Separation

For dry separation, 200 g of CFA was used for one test. The applied magnetic intensities were 0.13
and 0.26 T. For wet separation, CFA samples of 100 g were mixed up with water and loaded into the
separator. The applied magnetic intensities varied from 0.06 to 0.11 T.

2.5. Flotation

For flotation tests, methylisobutylcarbinol (MIBC) was used as a frother, and diesel fuel was used
as a collector. Typical amounts of the non-magnetic fraction and water volume were 100 g and 500 mL,
respectively. The particle size for flotation was selected to be within the 71–100 µm range. Preparation
of the collector water emulsion was carried out as follows: 4.1 mL of diesel (ρ = 0.82 g/cm3) was placed
in a 50 mL flask, topped up with distilled water, and mixed thoroughly by ultrasound for 5 min using
an Sonorex Digitec ultrasound bath (Bandelin Electronic, Germany). The diesel concentration was 100
g/L, and the volume of the emulsion added to the pulp was 0.5, 1.0, 3.0, 5.0, and 10.0 mL. Preparation
of the frother was carried out as follows: 0.93 mL of MIBC (ρ = 0.806 g/cm3) was placed in a 50 mL
flask and topped up with distilled water. The volume of the frother added to the pulp was 4 mL, while
the MIBC concentration in water during flotation was 0.33 g/L.

Flotation tests were carried out as follows: non-magnetic fractions and water were loaded into a
flotation chamber, mixed for 4 min, then mixed with the collector for 3 min, mixed with the frother for
3 min, and finally floated until the froth mineralization stopped (~4 min). Flotation tailings and the
carbon concentrate were first dried at T = 60 ◦C for 24 h and then weighed to determine the product
output, and the carbon content was then analyzed. For flotation kinetic tests, the concentrates were
collected at 30 s, 60 s, 90 s, 120 s, 180 s, and 240 s. The particle size for flotation was selected to be of
40–71 and 71–100 µm.

2.6. Equations

The recovery level (R) was calculated by following equation [24]:

R = [(γ × β)/α)] × 100% (1)
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where γ is the amount of the magnetite/carbon concentrate relative to the initial mass of the raw CFA;
β is the magnetite/carbon grade in concentrate; α is the magnetite/carbon content in the raw CFA.

The magnetic separation and flotation efficiency index (E) was employed as an efficiency
criterion [25]:

E = [(R − γ)/(100 − α)] × 100%. (2)

3. Results and Discussion

3.1. Dry Magnetic Separation

As shown in Figure 1, the major phases of the raw CFA are mullite (3Al2O3·2SiO2), quartz (SiO2),
and magnetite (Fe3O4). The SEM images of the raw CFA are shown in Figure 2. There were three
types of particles: spheres, agglomerates of irregular shape, and porous structures. In previous
research, it was shown that spheres consists of alumosilicates and magnetite crystals are located on its
surface [26,27]. Agglomerates of irregular shape consist only of alumosilicates. The porous structures
are carbon particles.
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The dry magnetic separation for magnetite concentrate obtained was studied first. In the tests, two
magnetic intensities (MI) were used: low-level (0.13 T) and high-level (0.26 T). As shown in Figure 3,
then low-level MI was used, the major part of the raw CFA concentrates into the non-magnetic fraction
(I). The yield of the magnetic fraction (I) was not more 0.54%. The recovery of magnetite did not exceed
0.47%. Magnetite content in the non-magnetic fraction decreased from 5.27 to 5.26 wt % (Table 2). Since
the use of the low-level MI does not provide the effective separation of the CFA fractions, a high-level
MI was used in further tests.Minerals 2019, 9, x FOR PEER REVIEW  5 of 14 
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Table 2. Chemical composition (wt %) of the fraction after dry magnetic separation of the raw CFA *.

Name of Fraction Na2О MgО Al2О3 SiО2 K2О CaО TiО2 MnО2 Fe3О4

Raw CFA 0.62 0.84 26.58 61.65 0.56 2.85 0.99 0.64 5.27
N-M (I) 0.53 0.70 26.94 62.25 0.51 2.73 1.08 - 5.26

M (I) 0.61 0.88 25.19 59.44 0.49 2.78 0.98 0.37 9.27
N-M (II) 0.58 0.58 28.92 63.03 0.48 2.80 1.22 - 2.39

M (II) 0.62 1.45 24.23 56.53 0.49 4.42 0.92 0.87 10.48
Alum. Concent. (III) 0.60 0.57 28.25 63.69 0.58 2.81 1.18 - 2.32
Mag. Concent. (IV) 0.64 1.32 24.62 55.36 0.52 4.19 0.99 0.98 11.37

* The average content of carbon in the samples was 2.7–3 wt %.

After first using a high-level MI, more than 35% of the raw CFA was separated to the magnetic
fraction. Magnetite content in the magnetic fraction (II) increased from 9.27 to 10.48 wt % compared
with the tests with the low-level MI. In the non-magnetic fraction (II), magnetite content decreased
to 2.39 wt %. Magnetite and alumosilicate concentrates were directed to the second dry magnetic
separation at a high-level MI. It can be seen that the alumina and silica content in the alumosilicate
concentrate increased in 2 wt % compared to the raw CFA. The iron oxide content decreased to
2.32 wt %. The magnetite concentrate consists of 11.37 wt % magnetite. MnO2 occurs mainly in
this fraction.

3.2. Wet Magnetic Separation

Wet magnetic separation was studied to increase magnetite content in the magnetic fraction. This
method can provide more efficient separation of magnetite and decrease the yield of the magnetic
fraction. As seen in Figure 4, increasing the magnetic intensity from 0.06 to 0.11 Тleads to an increase
in yield of the magnetic fraction from 25 to 30%. The chemical compositions of the magnetic and
non-magnetic fractions depending on magnetic intensity are shown in Table 3.
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Table 3. Chemical composition (wt %) of the magnetic and non-magnetic fractions after wet magnetic
separation of the raw CFA *.

Magnetic
Intensity, T Na2О MgО Al2О3 SiО2 K2О CaО TiО2 MnО2 Fe3О4 Yield (%)

Magnetic Fraction
0.06 0.49 1.59 24.50 55.70 0.41 5.11 0.77 0.66 10.77 24.95
0.07 0.67 1.65 24.17 54.39 0.42 5.68 0.60 1.17 11.24 25.74
0.08 0.52 1.78 23.92 55.12 0.33 5.14 0.62 1.01 11.56 26.26
0.09 0.38 1.92 24.18 54.22 0.41 5.36 0.57 1.01 11.95 28.09
0.10 0.65 1.84 24.21 53.92 0.41 4.92 0.48 1.12 12.44 29.02
0.11 0.52 2.05 23.17 53.71 0.46 5.38 0.63 1.35 12.72 30.32

Non-Magnetic Fraction
0.06 0.60 0.64 28.28 63.55 0.54 2.33 0.63 - 3.44 74.95
0.07 1.11 0.67 28.24 63.29 0.73 2.22 0.54 - 3.20 74.13
0.08 0.49 0.59 28.95 63.13 0.56 2.62 0.62 - 3.03 73.21
0.09 0.67 0.62 27.38 65.04 0.61 2.35 0.63 - 2.66 71.76
0.10 0.66 0.70 28.23 64.46 0.59 2.44 0.58 - 2.34 70.55
0.11 0.60 0.61 28.03 65.14 0.62 2.36 0.61 - 2.03 69.03

* The average content of carbon in the samples were 2.7–3 wt %.

The increase in the magnetic intensity from 0.06 to 0.11 Тprovided a significant increase in
magnetite content up to 12.72 wt %. The recovery level also increases with increasing magnetic
intensity. The maximum value of 73.16% was obtained at 0.11 T. Iron oxide content (2.03 wt %) was at
the same level as in the case of dry magnetic separation. At the same time, there was a decrease in the
content of alumina and silica from 26.58 and 61.65 wt % to 23.17 and 53.71 wt %, respectively. The
average content of alumina in the non-magnetic fraction was ~28 wt %, and that of silica was ~65 wt %.
Although the recovery level of magnetite by dry and wet separation is approximately the same (~73%),
the best method is the wet magnetic separation, because the yield of magnetic concentrate was ~5%
lower compared to the dry separation, and the magnetite content was up to 1 wt % higher.

According to the XRD analysis (Figure 5a), the non-magnetic fraction consists only of mullite and
quartz. The magnetic fraction mainly contains magnetite and small amounts of mullite and quartz
(Figure 5b).

The main part of magnetite is located on the surface of spheres with an average diameter of
60–80 µm (Figure 6). The form of magnetite agglomerates is very different. These can be dendritic
structures 10–20 µm in length (Figure 6a), hexagonal bulk agglomerates with an effective size from
5 to 20 µm (Figure 6b), or stars consisting of 4–6 rays (Figure 6c), with each ray consisting of 10–15
submicron pyramidal crystals (Figure 6d).
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3.3. Carbon Flotation of the Non-Magnetic Fraction of CFA

The non-magnetic fraction that was obtained after the wet magnetic separation and that contained
3 wt % carbon was used for the flotation tests. Yang et al. found that the most suitable particle size for
flotation should be more than 71 µm [28]. Thus, the non-magnetic fraction particles 71–100 µm in size
were used for flotation tests. Diesel was chosen as the collector of flotation due to its high effectivity
and low price [29]. MIBC was used in flotation tests to prevent coalescence of air bubbles, to increase
the force of adhesion of bubbles to floating carbon particles and to promote the formation of a stable
foam on the surface of the pulp. The results of flotation tests are shown in Figure 7.
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Figure 7. The effect of the collector volume on the yield of carbon concentrate, the grade of carbon,
recovery (R), and flotation efficiency (E) for the non-magnetic fraction of the CFA (diesel is the collector,
with a particle size 71–100 µm and a flotation duration of 240 s).

It can be seen that the yield of carbon concentrates was 10–14 wt %. The carbon content decreased
from 23 to 18 wt % at the increase in the collector volume from 0.5 to 10 mL. The recovery level and
efficiency index at carbon flotation was maximal if using 3 mL of diesel fuel. The recovery level was
92.27%, and the efficiency index was –80.59%. An increase in the diesel volume to 10 mL decreases the
E and R to 55.34% and 45.64%, respectively. Figure 8 shows the SEM images of the carbon concentrate
after flotation. There were two forms of carbon particles: porous spherical ones and non-hollow,
elongated rectangular ones.
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To investigate the effect of particle size to unburned carbon recovery, the flotation kinetics tests
were studied. There were two types of size fraction used: 40–71 µm and 71–100 µm. As shown in
Figure 9, after 120 s of flotation, the carbon recovery practically did not increase compared with the
value after 240 s. The use of a 40–71 µm fraction provided a ~99% recovery of unburned carbon, while
carbon recovery did not exceed 83% using larger particles of 71–100 µm.
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Figure 9. The effect of particle size and flotation time on the unburned carbon recovery.

This may be due to the fact that large particles of unburned carbon contain a large number of
alumosilicates on their surface, which prevents the complete interaction of diesel with the surface of
the carbon particle (Figure 10a). Fine particles practically do not contain alumosilicates on their surface
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(Figure 10b). They are completely covered by a collector and separate easily from the non-magnetic
fraction during flotation.
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After flotation kinetics tests, the unburned carbon concentrate contained ~20 wt % of carbon
(Table 4). The yield of the concentrate was 14.23%. The non-magnetic fraction after flotation contains
~1 wt % carbon. The yield of the non-magnetic fraction was 85.77 wt %. The carbon concentrate
can be reused for combustion in thermal power plants or as an additive in metallurgical processes,
for example, when replacing coal or hydrogen flow in the reductive roasting of magnetite pellets and
red mud at temperatures below 1000 ◦C [30–32].

Table 4. The chemical composition (wt %) of the unburned carbon concentrate and non-magnetic
fraction after flotation kinetics tests for 40–71 µm particle size of CFA.

Name of Fraction C Na2О MgО Al2О3 SiО2 K2О CaО TiО2 Fe3О4

Unburned carbon
concentrate 19.8 0.53 0.59 20.68 52.93 0.45 2.50 0.90 1.62

Non-magnetic fraction
after flotation 1.03 0.56 0.60 28.43 63.79 0.55 2.28 0.78 1.98

Based on the results of research, the following flowsheet of the CFA enrichment process using
wet magnetic separation and flotation is suggested (Figure 11). The flowsheet contains information
about the yield, grade, the recovery level of magnetite to concentrate and the efficiency index of wet
magnetic separation were 30.32 wt %, 12.72 wt %, 73.16 wt % and 45.22 wt %, respectively. The yield,
grade, the recovery level of carbon to concentrate and the efficiency index of flotation were 6.19 wt %,
19.80 wt %, 40.47 wt % and 35.30 wt %, respectively.
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4. Conclusions

This paper describes the Omsk CFA enrichment methods using the dry and wet magnetic
separation and flotation processes to recovery magnetite and unburned carbon concentrates. The
conclusions are as follows:

a. The dry magnetic separation of CFA with magnetic intensities at 0.26 T can provide a magnetite
concentrate with a magnetite content of ~10.48 wt %.

b. The magnetite content in the magnetic fraction after wet magnetic separation with magnetic
intensities at 0.11 T increases from 5.27 to 12.72 wt %. The alumina content in the non-magnetic
fraction increases from 26.5 to 28 wt %. The XRD analysis shows that magnetite concentrate
consists mainly of magnetite, mullite, and quartz. The SEM images demonstrated that the
magnetite crystals are located primarily on the surface of alumosilicate spheres and have three
types of shape: dendritic structures, hexagonal bulk agglomerates, and star-like structures.

c. The carbon content of the concentrate obtained after flotation using diesel as the collector reaches
~19.8 wt %. Using a particle size of 40–71 µm, a ~99% recovery of unburned carbon can be
provided after a 240 s flotation time. The microstructure investigation by SEM showed that
unburned carbon particles of 71–100 µm contain a large number of alumosilicates on the carbon
surface, and these prevent the complete interaction of diesel with the carbon particles and
decrease carbon recovery to 83%.
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