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Abstract: The recycling of hazardous industrial waste into high-tech materials with desired properties
is of considerable interest since it provides optimal alternatives for its final disposal. Coal fly ash,
the major waste generated by coal-fired power plants, contains significant quantities of dispersed
microspheres with a diameter smaller than 10 µm, which are anthropogenic atmospheric pollutants
PM10. Due to their composition and fine-grained powder morphology, they can be converted into
sintered products. In this study, dispersed microspheres from class C fly ash were directly sintered
without any additive to form high-strength glass-ceramics with magnetic properties. The optimum
processing conditions were achieved at a temperature of 1200 ◦C, at which samples with a compressive
strength of 100.6 MPa were obtained. Sintering reduces the quantity of the glass phase and promotes
the formation of larnite, Fe-spinel, ye’elimite, and ternesite. Mössbauer measurements show that
the relative concentration of the magnetic phase compared to the paramagnetic one rises almost in
order. The sintered sample demonstrates a narrower distribution of the hyperfine magnetic field
and a significantly lower value of the coercive field of 25 Oe, which allows proposing such materials
as soft magnetic materials. The presented results demonstrate promising industrial applications of
hazardous PM10 to minimize solid waste pollution.

Keywords: sintering; dispersed microspheres; fly ash; glass-ceramics; soft magnetic materials;
characterization; Mössbauer spectroscopy; magnetic measurements

1. Introduction

Currently, coal-fired power plants provide 37% of the world’s electricity. According to
the International Energy Agency, coal will remain the largest source of global electricity,
producing at least 22% until 2040 [1]. The main waste from coal combustion is fly ash (CFA),
which is recognized as a hazardous environmental pollutant that requires disposal, but the
production of CFA actually exceeds the real consumption. Specifically, about 750 million
tons of CFA are produced annually [2], while its total utilization rate in the world is only
25% [3].

Serious problems in the specification and subsequent utilization of CFAs are associated
with the variability of their granulometric, chemical, and mineral-phase compositions,
depending on the type of coal and combustion conditions. Therefore, on the industrial scale,
CFA is considered to be a raw material with unstable properties of a low technological level.

Magnetochemistry 2023, 9, 177. https://doi.org/10.3390/magnetochemistry9070177 https://www.mdpi.com/journal/magnetochemistry

https://doi.org/10.3390/magnetochemistry9070177
https://doi.org/10.3390/magnetochemistry9070177
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/magnetochemistry
https://www.mdpi.com
https://orcid.org/0000-0003-0929-807X
https://orcid.org/0000-0002-3078-0269
https://orcid.org/0000-0001-9379-4628
https://orcid.org/0000-0003-0010-6705
https://orcid.org/0000-0003-1407-1144
https://doi.org/10.3390/magnetochemistry9070177
https://www.mdpi.com/journal/magnetochemistry
https://www.mdpi.com/article/10.3390/magnetochemistry9070177?type=check_update&version=2


Magnetochemistry 2023, 9, 177 2 of 19

The traditional fields of the CFA application are the cement and concrete industry, road
construction, soil amelioration, and mine reclamation [2,4–6]. The ASTM C618 specification
standard declares the suitability of a CFA source for use in concrete, subdividing all ashes
into two classes based on the chemical composition [7]. Class F fly ash is typically produced
from the combustion of anthracite or bituminous coal, with the total content of SiO2, Al2O3,
and Fe2O3 being higher than 70%; this class of fly ash has pozzolanic properties. Class C fly
ash is produced from lignite or sub-bituminous coal burning, with the total of SiO2, Al2O3,
and Fe2O3 being at least 50%; this class of fly ash, in addition to its pozzolanic properties,
also has some cementitious properties. Class C has the total calcium content, expressed as
CaO, which is higher than in class F.

The most valuable information for identifying the potential application of CFA and
environmental concerns associated with CFAs is provided by the classification system based
on their origin, phase-mineral and chemical composition, properties, and behavior [8].
CFAs containing a large amount of CaO, SiO2, Al2O3, and glass phase, having fine-grained
powder morphology, can be a good raw material for manufacturing cost-effective sintered
products, such as glass and ceramics [9–12], light-weight aggregates [4,13,14], and filtration
membranes [15,16], as well as building ceramic [17] and ceramic mixtures [18], cementitious
composites [19], geopolymer [20–22], etc. From both an economic and an environmental
viewpoint, the production of sintered materials only from CFA without the addition of
natural raw materials, nucleating agents, various waste and organic binders is of particular
interest [10,23–28].

Glass-ceramics are fine-grained polycrystalline materials formed in suitable composi-
tions by controlled partial crystallization. DeGuire and Risbod [23] were among the first
to study the preparation, crystallization, and properties of glasses obtained by melting
and quenching CFA without any additives. Class F ash was melted at a temperature of
1500 ◦C to obtain the parent glass, followed by recrystallization studies. The highest degree
of crystallization, ~23 vol %, was found in the samples heat-treated at 1150 ◦C for 4 h;
ferroaugite and potassium melilite crystalline phases were identified.

Erol et al. [10] obtained glass, glass ceramics, and ceramic material by melting CFA
(class F, dav = 91 µm) at 1500 ◦C followed by annealing at 600, 1150, and 1125–1200 ◦C,
respectively. The crystalline phase-augite was detected in the glass-ceramic sample, while
enstatite and mullite phases were found in the ceramic samples. The microstructural,
physical, chemical, and mechanical properties of the obtained glass-ceramic samples are
better than those of the glass and ceramic samples. It is noted that the physical and
mechanical properties of the manufactured materials are consistent with the literature
values for commercial products obtained from non-waste sources.

Glass-ceramics were fabricated by controlled crystallization of glass vitrified from
class C CFA with d40 = 63 µm [24]. The processing route included melting, quenching,
crushing and milling, sieving, pressing, and sintering. Glass was obtained by melting fly
ash at 1450–1500 ◦C; the sintering temperatures varied from 800 to 1100 ◦C. The ratio of
the crystalline and amorphous phases was 68/32, and the major crystalline phases were
anorthite and hematite.

As compared with the widely used techniques of glass-ceramics preparation, includ-
ing melting raw materials at a high temperature (about 1500 ◦C) to obtain the parent
glass [10,23,24], direct sintering using a relatively low processing temperature is a way to
avoid high energy consumption; this is typical for the mass production of conventional
ceramic materials and reduces the production costs. Acar and Atalay [25] obtained glass-
ceramics from class F fly ash samples with dav 23 and 40 µm by direct sintering in the
temperature range of 1000–1150 ◦C. The best microcrystalline structures, high density and
splitting tensile strength, low porosity, and water absorption values were observed at a
smaller particle size and maximum sintering temperature.

The effect of the particle size of CFA on the properties of sintered glass-ceramics was
studied in [26]. The glass-ceramics were successfully produced from class F fly ash by
direct sintering at 1000–1200 ◦C. As compared with an ash sample with d50 = 12.6 µm,
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the sintered glass-ceramics from the ash sample with d50 7.5 and 4.9 µm had higher bulk
density and flexural strength and lower water absorption values.

In [27], class C fly ash with an average particle size of 82 µm, derived from lignite
combustion, was milled to an average particle size of 5.6 µm, compacted, and sintered
at temperatures between 1130 and 1190 ◦C to form monolithic ceramic materials with
low porosity. Sintering reduces the amount of glass, quartz, gehlenite, and anhydrite, but
enhances the formation of anorthite, mullite, hematite, and cristobalite.

The particle size of the initial raw material is a key technological variable in ceramic
production, which determines, along with the composition, the microstructure and prop-
erties of the resulting sintered materials. Depending on the type and conditions of coal
combustion, ash contains up to 40% of dispersed particles < 10 µm in size [28], which are
anthropogenic atmospheric pollutants, namely, particulate matter PM10, including highly
hazardous aerosol particles PM2.5. A significant reduction in the volume of environmentally
hazardous dispersed ash waste becomes possible due to the involvement of microspheres
< 10 µm in size in the processing, with an additional advantage being the perspective of
eliminating the energy-consuming grinding stage.

In the Krasnoyarsk Region (Russian Federation), where one of the world’s largest
coal basins, namely, the Kansk-Achinsk basin, is located, particulate matter is among the
major pollutants of the region, and the coal-fired power plants are included in the list of
the main sources of the PM emissions into the environment [29]. Fly ash from pulverized
combustion of lignite from the Kansk-Achinsk basin is classified as class C fly ash [7] and
has a wide potential for large-scale production of building materials: bricks [30], ceramic
tiles [17,31,32], wall ceramics [33], and geopolymer [20–22]. There is no information in the
literature on the preparation of magnetic ceramics from dispersed fly ash microspheres.

In this context, the present study is focused on obtaining glass-ceramic materials
based on dispersed microspheres from lignite fly ash without any additives by direct
sintering and determining their characteristics that are generally used in the ceramic
industry and magnetic properties. The conducted studies demonstrate that class C fly
ashes can successfully be used not only in traditional cement and building materials
production but also to obtain sintered glass-ceramics with better microcrystalline structure,
high density and strength, low porosity, and water absorption, containing a large amount
of magnetic phase.

2. Materials and Methods
2.1. Materials

A narrow fraction of dispersed microspheres was used as a raw material for sintering
glass-ceramics. The target fraction was isolated by aerodynamic classification implemented
on a centrifugal laboratory classifier 50 ATP (Hosokawa ALPINE, Augsburg, Germany)
from the class C fly ash produced during pulverized combustion of lignite from the Kansk-
Achinsk coal basin. The classifier scheme and the principle of its operation are described in
detail in [34]; the physicochemical characteristics of fly ash and the technological scheme for
extracting fine narrow fractions were reported in [35,36]. As a result, a fraction of dispersed
microspheres with narrow particle size distribution was isolated: d10 = 0.6 µm, d50 = 1.5 µm,
d90 = 3.8 µm, and d99 = 6.6 µm; the average microsphere diameter was dav = 1.9 µm. The
chemical and phase compositions of the fine narrow fraction are summarized in Table 1,
and the SEM images are shown in Figure 1.

2.2. Characterization Methods

The fine narrow fraction was characterized by the following parameters: bulk den-
sity, particle size distribution, average globule diameter, chemical and phase composition,
composition of individual microspheres, hyperfine field (isomer chemical shift from αFe,
quadrupole splitting, the spectral line width at half-height, hyperfine magnetic field, and
the relative population), and magnetic characteristics (coercivity, remanence, and satura-
tion magnetization).
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Table 1. Compositions of the fine narrow fraction.

Chemical Composition, wt %
LOI SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 TiO2
5.50 15.90 8.42 13.78 39.52 8.25 0.30 0.14 7.64 0.25

Phase Composition, wt %
Glass phase Ca4Al2Fe2O10 Ca3Al2O6 CaSO4 CaCO3 CaO Ca(OH)2 MgO Quartz Fe-spinel

40.7 12.9 10.2 11.2 0.7 2.0 11.5 6.8 2.0 2.0
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The bulk density was measured on an automated Autotap density analyzer (Quan-
tachrome Instruments, Boynton Beach, FL, USA), and the particle size distribution was
measured on a MicroTec 22 laser particle sizer (Fritsch, GmbH, Idar-Oberstein, Germany).
The chemical composition, including the content of silicon, aluminum, iron, calcium, mag-
nesium, and potassium oxides, was determined by the methods of chemical analysis [37].

The phase composition of the fine narrow fraction was determined using the quan-
titative X-ray powder diffraction analysis with the full-profile Rietveld method and the
derivative difference minimization according to the procedure [38]. The X-ray diffraction
data were obtained on an X’Pert Pro MPD powder diffractometer (PANalytical, Almelo, The
Netherlands) with a PIXcel solid-state detector. The weight percent of the X-ray amorphous
component was determined by the external standard method, with corundum used as
the standard. The absorption coefficients of the samples were calculated from the total
elemental composition, according to the chemical analysis data.

The composition of single microspheres located in the fine narrow fraction was studied
by SEM-EDS using a TM-3000 scanning electron microscope (High Technologies Corpo-
ration, Hitachi, Japan) equipped with a Quantax 70 microanalysis system with a Bruker
XFlash 430H energy dispersive X-ray spectrometer (EDS) at a magnification of ×10,000 and
an accelerating voltage of 15 kV. The powder samples were applied to a double-coated con-
ductive carbon adhesive tape (Ted Pella Inc., Altadena, CA, USA) attached to a flat substrate
(1–3 mm thick, 30 mm in diameter) fabricated from Duopur poly(methylmethacrylate) resin
(Adler, Schwaz, Austria). The data acquisition time was at least 10 min, which enabled
quantitative processing of the spectra. For each analyzed globule, the gross composition,
including the elemental content of Ca, Si, Al, Fe, Mg, S, Na, K, Ti, Mn, P, and Ba, was
determined. The elemental composition was converted to oxides and normalized to 100%.

Mössbauer spectra were measured using a standard MS1104Em spectrometer in the
constant acceleration mode with a 1024-channel detector. A mobile source of 57Co(Rh)
gamma-ray photons was at room temperature. Experimental samples were fixed in a poly-
mer iron-free holder so that the sample was perpendicular to the direction of propagation
of gamma rays. Interpretation of the spectra was performed in two stages. In the first stage,
we determined the probability distribution of quadrupole splitting P(QS) in the spectrum.
Such a calculation provides possible nonequivalent iron positions in the samples.
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To perform the P(QS) and P(H) calculations, the experimental spectrum was fulfilled
by a set of doublets and sextets with Lorentzian line and variable linewidth and with the
step of ∆ = 0.02 mm/s and ∆ = 1.3 kOe for QS and H, respectively. Then, the isomer shift
and intensity of spectral lines were varied. As a result, we obtained the set of intensities
corresponding to each doublet or sextet in our series. These data conform to the probability
of the existence of each doublet or sextet in the experimental spectrum.

Then, based on the mentioned calculations, we formed a preliminary spectrum for the
fitting procedure. It is contained a set of Mössbauer doublets and sextets, corresponding
to possible nonequivalent positions and modeling as a group of the analytical functions.
This group was fitted to the experimental spectrum by varying the entire set of hyper-
fine interaction parameters using the least-squares method in the linear approximation
(χ2 criterion).

Mössbauer absorption lines were represented by the pseudo-Voight function, in accor-
dance with the following equation:

I = I

(
k

(1 + xi)
2 + (1− k)·e− ln 2 · x2

i

)
(1)

Here, xi = 2 ·
(

IS−i
W

)
and i is a channel number. I, IS, and W are hyperfine inter-

action parameters (line intensity, isomer shift, and linewidth, respectively) and k is the
Lorentz–Gauss parameter, which determines the absorption line form. In our case, the
approximation of the Lorentz form was used, i.e., k = 1.

The magnetic measurements were performed on a LakeShore VSM 8604 vibrating
sample magnetometer at room temperature in a constant magnetic field of 0−15,000 Oe,
with an increment of 50 Oe.

2.3. Glass-Ceramic Preparation and Characterization

The simultaneous thermal analysis (DSC-TG) was performed to analyze the processes
that occur upon heating the fraction of dispersed microspheres to obtain glass-ceramic
materials. DSC-TG was performed in the dynamic gas mixture of 20% O2 + 80% Ar with
a total flow of 50 sccm, with the simultaneous registration of mass changes, heat flow,
and composition of gaseous products (in terms of molecular ions Ar+, O2

+, CO2
+, CO+,

SO2
+, and H2O+) on a Jupiter STA 449C synchronous thermal analysis unit with an Aëolos

QMS 403C mass spectral (MS) analyzer (Netzsch, Selb, Germany). Measurements were
performed in Pt-Rh crucibles without lids at a linear temperature rate of 10 ◦C/min in
the range of 40–1100 ◦C with a sample weight of 20 mg. The DSC sensor was heat flow
calibrated by measuring the heat capacity of the sapphire disc according to the method
DIN 51007:1994-06 Thermal analysis; differential thermal analysis principles. The primary
thermoanalytical data were processed using the licensed NETZSCH Proteus (ver. 4.8.4)
software package. Samples of glass-ceramics based on the narrow fraction of dispersed
fly ash microspheres were obtained by compacting the powder samples through cold
static uniaxial pressing in a closed rigid mold [39]. At a pressure of 50 MPa, cylindrical
tablets 16 mm in diameter and 8–12 mm high were obtained. Prior to sintering, the pressed
samples were dried at 90 ◦C for 2 h to remove moisture. Sintering was performed in a
muffle furnace at a temperature of 1000, 1100, and 1200 ◦C for 3 h.

For the sintered materials, the following characteristics were determined:

• Sintering coefficient: k = V2/V1 is a dimensionless value, which is determined by the
ratio of the sample volume after sintering (V2 = πr2

2h2) to the volume of the compacted
sample (V1 = πr1

2h1).
• Linear shrinkage (%): changes in the height (∆h) and diameter (∆d) of the as-compacted

sample resulting from drying and sintering.
• Apparent density (g/cm3): this is determined as the ratio of the sample weight (g) to

its total volume (cm3) [40].
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• Water absorption (%): this characterizes the ability of the material to absorb and
retain moisture in the pores of capillaries; it is determined by the ratio of the water
volume absorbed by the sample during vacuum pumping to the weight of the initial
sample [40].

• Open porosity (%): this is the ratio of the volume of available pores in the sample to
its total volume; the volume of available pores is determined by the water saturation
of the material [41].

• Compressive strength (MPa): σ = F/S is the compressive strength corresponding to
the compressive load at which the test sample is fractured; it is calculated as the ratio
of the breaking load F (H) to the cross-sectional area of the sample S (mm2) [42]. The
F value was determined on a laboratory hydraulic press #4350 (Carver, Wabash, IN,
USA), S = 2Rh.

The glass-ceramics sintered at 1200 ◦C were characterized by Mössbauer and magnetic
parameters compared to the initial fine narrow fraction.

3. Results and Discussion
3.1. Characterization of the Fine Narrow Fraction

According to the chemical analysis, the main component of the narrow fraction of
dispersed microspheres is CaO—39.5 wt %, while other components are found in a lower
amount (wt %): SiO2—15.9, Fe2O3—13.8, Al2O3—8.4, MgO—8.3, and SO3—7.6; with Na2O,
K2O, and TiO2 being present as admixtures (Table 1).

Figure 2 shows the experimental and calculated XRD patterns and their difference
from those for the initial fine narrow fraction. The halo at 2θ ~ 30–40◦ (line 3) indicates the
presence of an X-ray amorphous phase in the sample.
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According to the quantitative X-ray diffraction analysis (Table 1), Ca-bearing com-
pounds are the main crystalline phases. The compounds are the following: aluminum-
substituted ferrite (Ca4Al2Fe2O10—brownmillerite), tricalcium aluminate (Ca3Al2O6), and
calcium sulfate and carbonate; together with calcium hydroxide and oxide, this accounts
for 48.5 wt % of the gross composition of the fraction. The other crystalline phases of the
dispersed fraction are magnesium oxide (6.8 wt %), Fe-spinel (2 wt %), and quartz (2 wt %)
(Table 1). The content of the amorphous Ca-bearing glass phase is 40.7 wt %. As compared
to the gross chemical composition, the glass phase is characterized by a higher content of
SiO2, as well as Al2O3 (Figure 3).
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3.2. Single-Particle SEM-EDS Analysis

We performed a systematic study of the gross compositions of individual microspheres
in the fine narrow fraction. On the whole, 195 microspheres ranging in size from 0.6 to
2.4 µm were analyzed. According to the SEM-EDS data, the main macrocomponents of
the dispersed microspheres were found to be CaO, SiO2, Al2O3, Fe2O3, and MgO, with
their total amount for all the globules being from 75 to 95 wt %, while along with SO3,
it was equal to 87–99 wt %. Depending on the content of the main macrocomponents,
individual groups of microspheres can be distinguished that meet certain composition
criteria (Table 2). The compositions of the studied microspheres are shown in Figure 4 in a
triple diagram [CaO + MgO] − [SiO2 + Al2O3] − [Fe2O3], and they are superposed on the
phase diagram CaO–SiO2–Al2O3 [43].
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Figure 4. Chemical composition of the fine narrow fraction, its glass phase, and individual microspheres
of Group 1, Group 2, and Group 3 in the diagrams: (a) [CaO + MgO] − [SiO2 + Al2O3] − [Fe2O3];
(b) CaO–SiO2–Al2O3.

Table 2. Minimum and maximum values of the oxide content (wt %) in individual microspheres
(195 globules).

Group d, µm SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 MnO P2O5 SO3 BaO SiO2/
Al2O3

1 SiO2 + Al2O3 < 40 wt %; 129 microspheres
min 0.6 3.0 2.9 3.8 23.3 4.1 <0.01 <0.01 <0.01 <0.01 <0.01 1.6 <0.01 0.4
max 2.3 33.5 18.7 27.5 56.9 28.3 0.8 0.8 2.5 2.9 1.6 23.2 3.9 10.4

2 SiO2 + Al2O3 > 40 wt %; 51 microspheres
min 0.7 21.2 1.3 1.9 7.6 2.1 <0.01 <0.01 <0.01 <0.01 <0.01 1.9 0.00 1.08
max 2.4 70.1 33.5 17.8 36.4 9.1 8.1 3.61 1.9 0.83 0.9 13.2 2.7 55.2

4 Fe2O3 > 30 wt %; 15 microspheres
min 0.9 2.4 1.9 31.2 9.00 3.8 <0.01 <0.01 <0.01 <0.01 <0.01 2.1 <0.01 0.6
max 1.8 18.7 8.8 58.1 42.8 14.2 2.2 1.1 1.4 1.3 0.4 11.8 1.6 2.4

Group 1 includes 2/3 of the microspheres, which are characterized by the high con-
tent of [CaO + MgO]—from 30 to 60 wt %, [SiO2 + Al2O3] < 40 wt %. Group 2 accounts
for 1/4 of the microspheres with the increased content of the aluminosilicate component:
[SiO2 + Al2O3]—from 40 to 80 wt %, [CaO + MgO]—from 10 to 40 wt %. Group 3 in-
cludes about 8% of the microspheres with a high content of Fe2O3—from 31 to 59 wt %,
[CaO + MgO]—from 10 to 50 wt %, [SiO2 + Al2O3]—from 5 to 20 wt %.
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3.3. Thermochemical Transformations

It is difficult to directly synthesize glass-ceramics from fly ash without any additives.
The thermochemical transformations observed in the sample of dispersed microspheres
upon heating in the temperature range of 40–1100 ◦C were studied using the DSC-TG
method (Figure 5).

1. The endothermic effect in the temperature range of 40–244 ◦C corresponds to the de-
hydration of calcium compounds and/or thermal desorption of hygroscopic moisture,
accompanied by a weight loss of 0.50 wt %.

2. The endothermic effect in the temperature range of 244–435 ◦C with the maximum at
408 ◦C corresponds to the dissociation reaction Ca(OH)2 = CaO + H2O with a weight
loss of 2.74 wt.%.

3. The endothermic effect in the temperature range of 435–700 ◦C with the main max-
imum at 657 ◦C and the local one at 624 ◦C corresponds to the dissociation re-
action of calcium carbonate CaCO3 = CaO + CO2 (or that of the solid solution
Ca1−x−yMgxFeyCO3) with a weight loss of 2.01 wt %.

4. The endothermic effect expressed as a bimodal DSC peak with the main maximum
at 925 ◦C and the local one near 885 ◦C in the temperature range of 700–1050 ◦C
corresponds to the crystallization of a new phase, presumably, wollastonite, and it
is characterized by a slight weight loss of 0.21 wt %, which is due to the continuous
emission of CO2.

5. The endothermic effect in the temperature range of T > 1050 ◦C compensates for the
endothermic process of phase dissociation of anhydrite CaSO4 = CaO + SO2 and corre-
sponds to the onset of crystallization of new calcium silicate/aluminosilicate phases.
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The operational characteristics of ceramic materials are largely determined by their
mineral-phase composition. The XRD data show that the sintering of the dispersed mi-
crospheres at 1200 ◦C leads to the formation of new crystalline phases (Figures 6 and 7):
larnite Ca2SiO4—47%, ye’elimite Ca4(Al6O12)(SO4)—15%, and ternesite Ca5(SiO4)2SO4—4%,
where some elements can be replaced by other ones. It also leads to a noticeable increase
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in the content of Fe-spinel by up to 21%. A decrease in the content of MgO down to 5%,
and in those of CaSO4 to 6% and tricalcium aluminate to 2% is observed. Quartz and
Ca-containing crystalline phases, such as calcium aluminoferrite, hydroxide, oxide, and
carbonate, present in the initial fraction of microspheres were not detected after the heat
treatment; the glass phase disappeared almost completely (Figures 2 and 6).
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Figure 6. XRD patterns of the fine narrow fraction after heat treatment at 1200 ◦C: 1—experimental,
2—calculated, and 3—difference.
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The combination of the DSC-TG and XRD data allows one to conclude that the exother-
mic effect in the temperature range of 700–1050 ◦C corresponds to the recrystallization of
the glass phase with the molar ratio CaO/SiO2 = 0.94 with the formation of crystals of a new
phase, presumably wollastonite CaSiO3 (the molar ratio CaO/SiO2 = 1), with the maxima
at 885 ◦C and 925 ◦C (Figure 5). According to the literature data [44,45], the crystallization
of wollastonite from coal ash samples is manifested in the form of a complex exothermic
DSC peak with two maxima in the temperature range of 823–870 ◦C and 903–926 ◦C, with
the wollastonite formation being observed in the temperature range of 847–938 ◦C.

Among the crystalline phases of the narrow fraction annealed at 1200 ◦C, the wollas-
tonite phase is absent, while the phase of another calcium silicate, Ca2SiO4 larnite (47%),
is present in a significant amount. The analysis of both the total chemical composition
of the fraction and the composition of the glass phase in the coordinates of the ternary
system CaO–SiO2–Al2O3 (Figure 4b) shows that the total composition of the fraction is
found in the region of primary crystallization of the wollastonite phase CaSiO3, while
the composition of the glass phase is observed in the region of primary crystallization of
the larnite phase Ca2SiO4. The compositions of individual microspheres of Group 1 and
Group 2, respectively, are localized in the same areas. It can be assumed that the formation
of the wollastonite phase is an intermediate stage in the high-temperature formation of
such phases as larnite and other calcium silicates/aluminosilicates. Thus, during the syn-
thesis of glass-ceramic samples in the high-temperature region T > 700 ◦C, the following
thermochemical transformations occur in the dispersed microspheres:

• CaO (glass matrix) + SiO2 (glass matrix)→ CaSiO3;
• Fe2O3 (glass matrix) + Al2O3 (glass matrix) + MgO (glass matrix)→ Fe-spinel;
• Ca3(Al3+, Fe3+)O6 + CaSO4 → Ca4[(Al3+, Fe3+)3O12]SO4;
• Ca2(Al3+, Fe3+)O5 + CaSO4 + CaO (portlandite, calcite)→ Ca4[(Al3+, Fe3+)3O12]SO4;
• CaSiO3 + CaO (portlandite, calcite, anhydrite)→ Ca2SiO4;
• Ca2SiO4 + CaSO4 → Ca5(SiO4)2SO4.

3.4. Characterization of Glass-Ceramic Materials

Class C CFAs are much more suitable for synthesizing glass-ceramics of the CaO–
Al2O3–SiO2 system. These glass-ceramics have many excellent properties such as high
mechanical strength, excellent dimensional stability and abrasion, and corrosion resistance,
which demonstrate the potential for a wide range of applications in construction [9]. The
sintered materials based on the narrow fraction of dispersed microspheres from lignite fly
ash are characterized by physical and mechanical parameters generally used in the ceramic
industry. Figure 8 shows the images of the initial fly ash fraction and the samples obtained
after the sintering processes at 1000, 1100, and 1200 ◦C. The characterization results are
shown in Table 3. As is observed, with the increasing sintering temperature, the color of
the samples becomes saturated and darker, changing from gray-yellow in the initial ash to
black-brown after sintering at 1200 ◦C (Figure 8). The volume and geometric size of the
samples decreased noticeably, which is numerically confirmed by the sintering coefficient
and linear shrinkage (Table 3).

Direct sintering techniques for glass-ceramics can produce samples with a large pore
size, resulting in low density and high water absorption. In the case of the dispersed PM10
microspheres, the small particle size and homogeneity of the fraction made it possible to
obtain well-sintered samples with appropriate properties. The microstructure of the glass-
ceramics is presented in Figure 9. The sample annealed at 1000 ◦C was less sintered, while
the samples annealed at 1100 and 1200 ◦C appeared to be more consolidated: microspheres
coalesced, forming a significant number of interactions between particles, which led to more
compact products. With an increase in the sintering temperature, individual large-sized
grains were formed in the matrix.
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Table 3. Characteristics of the sintered samples.

Parameter
Thermal Treatment Temperature

1000 ◦C 1100 ◦C 1200 ◦C

Sintering coefficient 1.1 0.8 0.5
Linear shrinkage (%)

• height 0 −12.5 −25.0
• diameter 6.2 −6.3 −21.9
Apparent density
(g/cm3) 1.3 1.9 3.2

Water absorption (%) 42.5 22.1 1.8
Open porosity (%) 32.7 27.4 4.3
Compressive strength
(MPa) 7.2 46.7 100.6

The apparent density, water absorption, and porosity were analyzed as physical
measures of the sintering efficiency, as well as for evaluating the technological properties of
the glass-ceramics. With an increase in the sintering temperature, the value of the apparent
density increased from 1.3 g/cm3 at 1000 ◦C to 1.9 g/cm3 at 1100 ◦C and up to 3.2 g/cm3

at 1200 ◦C. As the density values increased, the water absorption values, as well as the
porosity, decreased (Table 3). The lowest water absorption of 1.8% and porosity of 4.3%
were observed in the glass-ceramic samples with the highest apparent density, sintered
at 1200 ◦C.

The most important data in this study are the results obtained in the compressive test.
The strength was observed to increase when increasing the heat-treatment temperature
from 7.2 MPa at 1000 ◦C to 46.7 MPa at 1100 ◦C. The maximum compressive strength of
100.6 MPa was shown in the glass-ceramic samples sintered at 1200 ◦C. The high strength is
associated with the formation of the main crystalline phases. Thus, larnite, Mohs hardness
6, is an important component of high-tech and ceramic materials [46,47], heat-resistant
coatings [48], and sulfoaluminate-belite cement [49]. Ye’elimite and ternesite are the main
components of calcium sulfoaluminate cement, which is currently being promoted as an
alternative to Portland cement [50].

The overall results show that it is possible to produce high-performance glass-ceramic
materials from fly ash by direct sintering without any additives. The physical and me-
chanical parameters obtained for the sintered samples based on PM10 microspheres from
lignite fly ash (Table 3) are comparable to those of commercially produced engineering
ceramics [51,52]. In addition, due to the presence of Fe-spinel, all the sintered samples have
magnetic properties.
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Figure 9. SEM images of the samples sintered at different temperatures: (a,b) 1000 ◦C; (c,d) 1100 ◦C;
and (e,f) 1200 ◦C.

3.5. Mössbauer Spectroscopy

The Mössbauer spectra of the initial and sintered (1200 ◦C) samples measured at 300
K, determined quadrupole splitting P(QS), and hyperfine magnetic field P(H) distributions
are shown in Figures 10 and 11, respectively.
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Figure 10. Mössbauer spectrum at 300 K of the initial sample with the partial components marked in
the colored areas (a). Quadrupole splitting distribution (b); hyperfine magnetic field distribution in
the experimental spectrum (c). The observable extremums were used in the preliminary spectrum in
the fitting procedure.
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distribution in the experimental spectrum (c). The observable extremums were used in the preliminary
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The probability distributions of quadrupole splitting P(QS) for both samples clearly
show two poorly separated doublets, which may correspond to the two paramagnetic iron
states in the samples. In contrast, the P(H) distributions show a series of maxima, which
correspond to the possible iron positions in a magnetically ordered state. We note that for
the initial sample, P(H) dependence demonstrates quite a wide distribution of the possible
iron magnetic states in the sample. This can be understood as a highly disordered magnetic
spinel phase.

Our analysis was taken as a basis for the fitting procedure with the variation of all
the hyperfine interactions’ parameters. The fitted parameters are shown in Table 4. The
obtained data show that iron is in the 3+ oxidation high spin state [53]. In addition, we can
distinguish the tetrahedral (designated as A in Table 4) and the octahedral (designated as
B in Table 4) coordination of iron atoms. According to our calculations, sextets S1 and S2
in the initial sample are iron atoms with octahedral coordination. Sextet S3 and both the
doublets have an isomer shift corresponding to the tetrahedral iron sites.

Table 4. Mössbauer parameters of the samples at 300 K. δ is the chemical shift relative to α-Fe, Hhf
is the hyperfine magnetic field on iron nuclei, ∆ is the quadrupole splitting, W is the spectral line
FWHM, dW is the broadening of the line, and A is the relative contribution of the component to the
whole spectrum.

δ, mm/s
±0.005

Hhf,
kOe, ±3

∆/2,
mm/s ±0.01

W,
mm/s ±0.01

dW,
mm/s ±0.01

A,
% ±3% Origin

Initial fine narrow fraction (χ2 = 1.128)

S1 0.312 480 −0.18 0.80 0.20 12 Fe3+(B)
S2 0.353 425 0 0.79 0.0 20 Fe3+(B)
S3 0.291 283 −0.37 0.53 0.33 21 Fe3+(A)
D1 0.232 -- 0.79 0.66 -- 20 Fe3+(A)
D2 0.274 -- 1.57 0.70 -- 27 Fe3+(A)

Sintered sample at 1200 ◦C fraction (χ2 = 1.346)

S1 0.302 264 0.00 0.16 2.20 29 Fe3+(B)
S2 0.300 396 0.14 0.39 0.60 20 Fe3+(B)
S3 0.284 359 0.00 0.39 0.63 31 Fe3+(A)
S4 0.239 320 −0.06 0.38 0.36 10 Fe3+(A)
D1 0.163 -- 0.73 0.71 -- 9 Fe3+(A)

In the same way, in the sintered sample, sextets S1 and S2 are devoted to the octahedral
(B) coordination of iron, whereas sextets S3 and S4 and the doublet D1 demonstrate the
isomer shift corresponding to the tetrahedral (A) iron coordination. The lower isomer shift
is observed for doublet D1 (0.163 mm/s); thus, these iron atoms may also be attributed to
the defective positions with the oxygen atom vacancy. A similar situation was observed
in a previous study of magnetic microspheres [54]. Our data for the magnetically split
sextets also show that iron atoms in the spinel structure are highly substituted with the
other atoms in the annealed sample. This is due to the significantly lower values of the
hyperfine magnetic field in comparison with the pure iron spinel [55]. In the initial sample,
the relative area of the magnetically split sextets was ~53%, which is much less than in the
sintered sample. Nevertheless, we should note that the average hyperfine magnetic field is
slightly lower for the sintered sample.

3.6. Magnetization Measurements

Field dependences of magnetization for initial fly ash fraction and the samples ob-
tained after the sintering at 1200 ◦C measured at room temperature are shown in Figure 12.
It can be seen that the hysteresis curves for these samples are different. The main pa-
rameters of the hysteresis loops are listed in Table 5. The sintered sample shows a lower
coercivity, HC = 25 Oe, compared to the initial fraction, for which HC = 125 Oe. The HCR
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value (the magnetic field after which the remanence magnetization value becomes zero)
and the HCR/HC ratio also decreased significantly for the sintered sample. The remanence
magnetization MR and saturation magnetization MS that were reduced to the mass of the
sample, on the contrary, increase after sintering, while the MR/MS ratio decreases. This
may be a consequence of a change in the domain state, as well as intergranular interaction
during sintering [56–58].
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Table 5. Magnetic parameters of the samples at 300 K. HC—coercivity, MR—remanence, MS—
saturation magnetization.

Parameter
Sample

Initial Fine Narrow Fraction Sintered Sample at 1200 ◦C

HC (Oe) 125 25
HCR (Oe) 1168 69
HCR/HC 9.344 2.76
MR (emu/g) 0.185 0.366
MS (emu/g) 1.136 3.450
MR/MS 0.163 0.106

Along with changes in the parameters of the hysteresis loop, the change in the shape
of the loop after sintering also draws attention. Thus, the shape of the hysteresis loop
of the initial fraction is characterized as a “wasp-waisted” hysteresis loop, which is not
observed for the sample after heat treatment. The performed sintering procedure led to an
improvement in the magnetic properties of the fly ash in terms of reducing the magnetic
hardness. This approach can be used to obtain inexpensive soft magnetic materials for
engineering applications.

4. Conclusions

A narrow fraction of dispersed microspheres with d10 = 0.6 µm, d50 = 1.5 µm, and
d90 = 3.8 µm from class C fly ash was directly sintered without any additives to form
glass-ceramics with several desirable properties. The best characteristics, such as density
of 3.2 g/cm3, water absorption of 1.8%, and compressive strength of 100.6 MPa, were
demonstrated by the samples sintered at 1200 ◦C. It is established that sintering reduces
the amount of glass phase and promotes the formation of larnite, Fe-spinel, ye’elimite,
and ternesite. The concentration of the magnetic phase increases by almost an order of
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magnitude, which makes it possible to obtain highly concentrated magnetic spinel glass-
ceramics with a remanence magnetization of 0.366 emu/g compared to the initial fly ash
narrow fraction with MR ~ 0.185 emu/g. Mössbauer measurements show that the sintered
sample demonstrates a narrower distribution of the hyperfine magnetic field. In addition,
we observed a significantly lower value of the coercive field in the sintered sample 25
Oe, which allows proposing such materials for industrial use as soft magnetic materials.
The presented results confirm the possibility of successfully using class C fly ash as a
potential raw material for obtaining glass-ceramics with enhanced features, which will
ensure the large-scale utilization of CFA with high efficiency and low energy consumption,
minimizing solid waste pollution.
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