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Abstract

This study presents the results of an investigation into the carbothermic synthesis of silicon
carbide (SiC) from microsilica and petroleum coke. The research combines thermodynamic
modeling with experimental validation conducted in an ore-thermal furnace. Thermo-
dynamic calculations were performed using the HSC Chemistry 10 software package to
evaluate the influence of temperature and the SiO, /C ratio on phase formation and the
conditions of SiC synthesis. The results show that the synthesis process exhibits a strong
dependence on temperature and is largely governed by the carbon balance of the charge.
At an S5iO,/C ratio of 1, the system is carbon-rich, which promotes effective reduction of
silicon dioxide. However, at elevated temperatures, these conditions intensify gas-phase
reactions and lead to increased silicon losses. The most favorable conditions for silicon
carbide formation were achieved at an SiO, /C ratio of 1.5, which is close to the stoichiomet-
ric value. This conclusion is confirmed by the maximum degree of SiC recovery obtained
under experimental conditions. In contrast, at an SiO,/C ratio of 2, carbon deficiency
results in incomplete reduction in SiO; and a lower yield of the target product. The phase
composition of the synthesized samples was analyzed by X-ray diffraction, revealing (3-SiC
as the dominant crystalline phase. The morphology and structure of the materials were
examined using scanning electron microscopy, which confirmed the formation of SiC par-
ticles and aggregates with characteristic features. A comparison between calculated and
experimental results demonstrates that thermodynamic modeling adequately describes
the main trends of the process and can be effectively applied to optimize SiC synthesis
conditions during the processing of technogenic silica-containing waste.

Keywords: silicon carbide; microsilica; carbothermic synthesis; petroleum coke; ore-thermal
furnace; thermodynamic modeling; HSC Chemistry 10; briquetting

1. Introduction

The global production of electrical steel is characterized by increasingly stringent
requirements for impurity control and energy efficiency. These trends stimulate the growing
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demand for high-purity silicon-containing alloys [1-3]. As a result, the expansion of
electrical steel production is accompanied by a corresponding increase in the consumption
of silicon ferroalloys [4].

Silicon-containing ferroalloys are produced in ore-thermal furnaces through high-
temperature carbothermic reduction in silica. This process generates significant amounts
of dust-like technogenic waste, primarily in the form of microsilica, which is captured by
gas-cleaning systems [5-7]. Despite its high chemical reactivity and ultrafine particle size,
microsilica is currently utilized only to a limited extent and is often stockpiled.

At present, microsilica is widely used in construction materials, particularly as an
additive in concrete and asphalt composites [8—24]. In contrast, its application as a silicon
source for advanced ceramic materials has received considerably less attention. This
limitation is especially evident under conditions close to industrial practice.

Silicon carbide (SiC) is a strategically important material with extensive applications
in abrasives, refractories, metallurgy, and modern electronic technologies [25]. However,
industrial-scale SiC production in the Republic of Kazakhstan remains poorly developed.
This situation results in low export volumes and a strong dependence on imported prod-
ucts [26]. At the same time, Kazakhstan has a well-established high-silicon ferroalloy
industry that generates large quantities of microsilica as technogenic waste.

Several methods are used for SiC production, including the Acheson process, self-
propagating high-temperature synthesis (SHS), chemical vapor deposition (CVD), and
crystal growth techniques such as the Lely and LETI methods [27-29]. Among these
approaches, the Acheson process remains the dominant industrial route for producing
technical-grade SiC due to its simplicity and scalability. In recent years, increasing attention
has been focused on energy-efficient and sustainable technologies based on the utilization
of silicon-containing industrial waste, including microsilica.

Thermodynamic modeling is an effective tool for analyzing carbothermic reactions and
optimizing synthesis parameters. However, the strongly non-equilibrium conditions typical
of Acheson-type furnaces can lead to discrepancies between calculated equilibrium data and
experimental results [30]. Therefore, experimental validation remains essential, particularly
for assessing the influence of temperature and the SiO, /C ratio on SiC formation. The HSC
Chemistry software package enables equilibrium calculations that provide valuable insight
into phase formation and reaction pathways [31].

The present study aims to investigate the carbothermic synthesis of silicon carbide
from technogenic microsilica and petroleum coke under large laboratory-scale conditions.
The research combines thermodynamic modeling with experimental validation in an ore-
thermal furnace. The obtained results contribute to the development of a technological basis
for the utilization of silica-containing technogenic waste under conditions approaching
practical industrial implementation.

The scientific novelty of the present study can be summarized as follows:

- the use of technogenic microsilica generated during industrial silicon alloy production
as the primary silicon source for SiC synthesis;

- implementation of carbothermic synthesis under large laboratory-scale conditions,
exceeding conventional bench-scale experiments and approaching practical techno-
logical regimes;

- combined application of thermodynamic modeling and experimental validation to
analyze silicon carbide formation;

- systematic investigation of the influence of the SiO,/C ratio and temperature range
relevant to real carbothermic processing conditions.

https://doi.org/10.3390/pr14030539
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2. Experimental Procedure
2.1. Raw Materials

Technogenic microsilica and petroleum coke were used as the starting materials
for silicon carbide synthesis. The microsilica was supplied by «Tau-Ken Temir» LLP
(Karaganda, Kazakhstan), a producer of silicon-containing ferroalloys using carbothermic
reduction in ore-thermal furnaces. A by-product of this process—microsilica—represents a
valuable technogenic raw material containing no less than 96.85 wt.% SiO, [32].

The chemical composition of microsilica was determined using analytical chemistry
methods. The particle size distribution was analyzed using a Fritsch ANALYSETTE 22
MicroTec Plus laser diffraction analyzer (Fritsch GmbH, Idar-Oberstein, Germany).

Microsilica is collected from furnace off-gases by gas-cleaning systems and represents
an ultrafine silica-rich technogenic by-product. The chemical composition of the microsilica
is presented in Table 1. The material contains predominantly SiO, (above 94 wt.%), with
minor amounts of CaO, Al,O3, Fe;O3 and MgO originating from the impurity composition
of the initial raw materials and furnace charge.

Table 1. Chemical composition of microsilica, %.

Content, %

SiOz Alz 03 CaO F82 03 MgO
94.35 0.35 4.94 0.19 0.02

Petroleum coke was used as the carbonaceous reducing agent. Its technical com-
position is presented in Table 2, where A-represents ash content, W—moisture con-
tent, V-volatile matter, Csoig—fixed carbon, and Sgeperai—total sulfur. Petroleum coke
was selected due to its high fixed carbon content and widespread use in carbothermic
metallurgical processes.

Table 2. Technical composition of the reducing agent, %.

Content, %

A W N4 Csolid Sgeneral
0.12 0.70 4.68 91.20 3.30

2.2. Briquetting Procedure

To ensure stable furnace operation and reduce dust losses during high-temperature
processing, the initial charge materials were subjected to briquetting. Microsilica and
petroleum coke were mixed according to the compositions listed in Table 3, corresponding
to different SiO; /C ratios. Briquetting was carried out using a ZZXM-4 briquetting machine
(Zhengzhou Zhongzhou Briquette Machinery Plant, Gongyi, Henan, China). The width
and diameter of the briquetting rolls were 250 mm and 360 mm, respectively, and the total
pressing force of the briquetting machine, according to the technical specifications, was 15 t.

Table 3. Composition of the initial charge materials for briquetting.

Raw Materials, kg
Batch . . .
Batch Weight Microsilica Contains Petroleum Contains Ratio
Number kg ’ Si0, Coke C Si0,/C
1 10 491 4.63 5.09 4.63 1
2 10 5.93 5.59 4.07 3.71 1.5
3 10 6.67 6.29 3.33 3.04 2

https://doi.org/10.3390/pr14030539
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The briquettes were produced without the addition of an external binder. Sufficient
green strength was achieved through mechanical compaction and the fine particle size of
microsilica. The initial briquettes had characteristic sizes of 30-60 mm.

Based on the results of the first synthesis experiment, crushed briquettes with particle
sizes of 15-20 mm were prepared for subsequent runs. This modification was introduced
to increase the reactive surface area and improve the uniformity of carbothermic reactions.
The use of crushed briquettes enhanced the interaction between the silica and carbon
components and promoted more intensive SiC formation.

2.3. Furnace and Synthesis Conditions

Experimental studies were conducted in a laboratory ore-thermal furnace with a rated
power of 100 kVA. A schematic representation of the furnace is shown in Figure 1.

111

Figure 1. Schematic of a 100 kVA ore-thermal furnace. I—furnace casing (5 mm thick steel sheet);
II—graphite electrode (& 100 mm); Ill—electrode holder; IV—power supply busbar; V—drive motor;
VI—threaded rod for electrode positioning; VII—fireclay brick lining (working zone).

The furnace was equipped with a single graphite electrode with a diameter of 100 mm
and operated in electrical resistance heating mode. During synthesis, the electrode was
electrically connected to the bottom electrode. Heat generation occurred as a result of
electric current passing through the charge layer. The furnace lining was made of fireclay
bricks. The system was also equipped with an exhaust and dust collection unit.

Temperature control during carbothermic synthesis accounted for the non-uniform
thermal field typical of submerged-arc furnaces. Periodic temperature measurements were
performed in the reaction zone, primarily in regions adjacent to the electrode. A VR-5/20
thermocouple was used for these measurements. The recorded temperatures in these zones
ranged from 1950 to 2000 °C. Continuous temperature monitoring across the entire reaction
volume was not feasible due to harsh operating conditions and pronounced temperature
gradients. Therefore, the thermal regime was controlled indirectly by maintaining a sta-
ble electrical current of 90-95 A. This approach, combined with periodic thermocouple
measurements, ensured reproducible synthesis conditions.

https://doi.org/10.3390/pr14030539
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The charge was introduced stepwise, with approximately 2 kg added every hour.
Each synthesis experiment had a total duration of 7 h. This period included a loading
stage of 5 h followed by a holding time of 2 h under stable operating conditions. After
completion of the synthesis, the furnace was switched off and allowed to cool naturally to
room temperature. The furnace was then dismantled to recover the synthesized products
for further analysis.

2.4. Thermodynamic Modeling

Thermodynamic modeling was performed using the HSC Chemistry software, ver-
sion 10 (Outotec Oyj, Pori, Finland) package, which is based on the Gibbs free energy
minimization method. This approach determines the equilibrium composition of a system
by identifying the state with the minimum Gibbs free energy under specified conditions.
One of its main advantages is that only the quantitative composition of the reactants and
the temperature range are required as input parameters. A complete definition of all
possible chemical reactions is not necessary [33]. It should be noted that the modeling
results distinguish only between condensed and gaseous states. The software does not
differentiate between solid and liquid phases within the condensed state.

In the present study, phase analysis of the S5iO,—C system was carried out using
thermodynamic data from the HSC Chemistry 10 database. This database is part of
a comprehensive software package designed for modeling chemical and metallurgical
processes. It is regularly updated in accordance with the standards of SGTE (Scientific
Group Thermodata Europe). Thermodynamic modeling facilitates the selection of optimal
process conditions and supports the proper design of experiments [34].

To investigate the equilibrium composition during SiC synthesis, the «Equilibrium
Compositions» module was employed. This module enables the simulation of system
behavior under specified thermodynamic conditions. The GIBBS algorithm was used to
identify the minimum-energy state of the system. Equilibrium was determined by minimiz-
ing the total Gibbs free energy [35]. This approach provides a reliable assessment of phase
formation conditions and reaction pathways in high-temperature metallurgical processes.

For thermodynamic calculations of the SiO,—C system using petroleum coke as the
reducing agent, the following parameters were specified.

The temperature range was set from 1000 to 3000 °C. This interval allows comparative
analysis of element reduction and phase formation over a wide range of synthesis condi-
tions. The pressure was assumed to be 0.1 MPa in all calculations, reflecting the idealized
conditions used in thermodynamic modeling. The system volume was defined by the
component composition and the specified thermodynamic conditions. All substances were
assumed to be uniformly distributed among the phases. During modeling, the system was
considered closed, with no mass or energy exchange with the external environment. This
assumption allows focus on internal chemical and thermodynamic interactions.

The amount of reducing agent was selected based on extended thermodynamic mod-
eling of the 5i-C-O system. Calculations were carried out for a fixed amount of microsilica
(100 kg) while varying the amount of petroleum coke from 10 to 150 kg. This range allowed
evaluation of the system under carbon-deficient, near-stoichiometric, and carbon-rich con-
ditions. Based on this parametric analysis, three representative compositions were selected
for detailed discussion and experimental validation. These compositions corresponded to
100, 70, and 50 kg of petroleum coke per 100 kg of microsilica. They reflect SiO, /C ratios
of 1.0, 1.5, and 2.0, respectively, and represent technologically relevant charge conditions
commonly encountered in carbothermic SiC synthesis.

https://doi.org/10.3390/pr14030539
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2.5. Characterization Methods

The phase composition of the synthesized materials was determined by X-ray diffrac-
tion (XRD) analysis using an X'Pert Pro diffractometer (PANalytical B.V., Almelo, The
Netherlands) with Cu K« radiation. The diffraction patterns were used to identify crys-
talline phases and assess the formation of silicon carbide.

The morphology and microstructure of the synthesized products were examined
using scanning electron microscopy (SEM) with a ZepTools ZEM20 microscope (ZepTools
Technology Co., Ltd., Tongling, China). Elemental composition and distribution were
analyzed using an energy-dispersive X-ray spectroscopy (EDS) system (Oxford Instruments,
Abingdon, UK) attached to the SEM.

EDS analysis was applied in a semi-quantitative manner to identify the main elements
and impurity phases present in the samples. Due to the limitations associated with carbon
quantification by EDS, the technique was primarily used to confirm the presence of silicon
and carbon and to identify impurity-rich regions.

3. Results
3.1. Results of Granulometric Analysis of Microsilica

The particle size distribution of technogenic microsilica was determined by laser
diffraction using the Fraunhofer approximation. The obtained results confirm that the
microsilica is a finely dispersed material with a broad particle size distribution. The results
of the granulometric analysis are presented in Figure 2.
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Figure 2. Differential particle size distribution curve of microsilica.

According to the granulometric analysis in Figure 2, 10% of the particles have sizes
below 3.5 um (djp), while the median particle size (dsp) is 16.4 pum. The 90th percentile
(dgg) corresponds to a particle size of 49.3 um, and 99% of the particles are smaller than
91.8 um. The volume-weighted mean diameter D4 3) 22.39 um, and the modal particle size
is approximately 20.39 um.

The calculated span value ((dgg — di0)/dsp) of 2.77 indicates a relatively wide and
polydisperse particle size distribution, which is characteristic of technogenic microsilica
collected from gas-cleaning systems of ore-thermal furnaces.

The fine particle size and high dispersion of microsilica contribute to its high reactivity
during carbothermic reduction. At the same time, the broad size distribution and the
presence of ultrafine fractions explain the tendency of microsilica to agglomerate and form
dust during handling. These features justify the application of briquetting as a necessary

https:/ /doi.org/10.3390/pr14030539
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step to ensure stable furnace operation and effective interaction between silica and carbon
during silicon carbide synthesis.

3.2. Results of Briquetting of the Initial Raw Materials

Based on the results of the thermodynamic modeling, three large-scale laboratory
experiments on SiC synthesis were carried out. Briquettes prepared from microsilica and
petroleum coke with a size of 30-60 mm were used as the starting material (Figure 3). After
briquetting of the charge mixture using a briquetting machine, briquettes were obtained,
the appearance of which is shown in Figure 3a. Figure 3b shows crushed briquettes used to
intensify the SiC synthesis process.

Figure 3. Briquettes obtained for SiC synthesis: (a) initial large briquettes; (b) crushed briquettes.

3.3. Results of Thermodynamic Modeling

In the thermodynamic modeling of SiC synthesis from microsilica and petroleum coke,
the involved compounds were treated as associates: SiO,, SiC, C, CO(g), Si(g), SiO(g), and Si.

Based on the thermodynamic modeling results, plots describing SiC formation at an
SiO, /C ratio of 1 were constructed. The graphs illustrating the carbide formation process
are presented in Figure 4.

As shown in Figure 4, the results of thermodynamic modeling of the carbothermic
reduction process at an SiO, /C ratio of 1 demonstrate a pronounced temperature depen-
dence of the system’s phase composition. In the temperature range up to 1300-1400 °C, the
system is characterized by high thermodynamic stability of the initial components —silicon
dioxide and carbon—whose mass fractions remain nearly unchanged, while the formation
of reaction products is insignificant.

At temperatures of approximately 1400 °C, reduction reactions begin to proceed actively:

SiO, + C = SiO + CO 1)

SiO + 2C = SiC + CO ()

https://doi.org/10.3390/pr14030539
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Figure 4. Dependence of SiC formation on temperature at an SiO, /C ratio of 1.

With an increase in temperature above 1450-1500 °C, a sharp decrease in the con-
tents of SiO; and C is observed, accompanied by an intensive increase in the CO(g) gas
phase, indicating the activation of carbothermic reduction. In the temperature range of
1500-1700 °C, the maximum amount of solid SiC is formed, which corresponds to the most
favorable thermodynamic conditions for its formation in the system.

Further temperature increase leads to a decrease in SiC stability. At temperatures
above 1800-1900 °C, the SiC content decreases, which is associated with its partial de-
composition and the involvement of silicon in alternative reactions. Simultaneously, the
fraction of elemental silicon (Si), as well as gaseous silicon-containing species—primarily
SiO(g)—increases, indicating intensified silicon evaporation and the transfer of part of the
material into the gas phase.

In the high-temperature region (above 2200 °C), the system is characterized by the
predominance of the CO(y) gas phase and a significant content of metallic silicon, whereas
solid SiC becomes thermodynamically less stable. Thus, at an SiO,/C ratio of 1, the most
efficient formation of SiC is predicted in the temperature range of 1500-1700 °C, while at
higher temperatures, silicon losses to the gas phase increase and the yield of the target
product decreases. According to the thermodynamic modeling results, at a temperature of
1600 °C, the conversion of silicon into SiC reaches 87.95%.

It should be noted that at an SiO, /C ratio of 1, the system contains an excess amount
of carbon relative to that stoichiometrically required for the SiC formation reaction.

The next thermodynamic modeling calculation was performed at an SiO, /C ratio of
1.5. The obtained calculation results are shown in Figure 5.

As shown in Figure 5, the results of thermodynamic modeling of the carbothermic
reduction of silicon dioxide at an SiO,/C ratio of 1.5 indicate the formation of more
favorable conditions for SiC synthesis. This ratio is close to the stoichiometric value (1.66)
and provides an optimal carbon balance within the system.

https:/ /doi.org/10.3390/pr14030539
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Figure 5. Dependence of SiC formation on temperature at an SiO, /C ratio of 1.5.

In the temperature range up to 1400 °C, the system is characterized by the stability
of the initial components, with no significant changes observed in the phase composition.
When the temperature exceeds 1450-1500 °C, intensive carbothermic reduction in SiO,
begins, accompanied by a sharp increase in the COg) gas phase and a simultaneous decrease
in the concentrations of SiO, and carbon.

The maximum formation of solid SiC is observed in the temperature range of
1500-1800 °C, where its amount reaches the highest values compared to the other con-
sidered compositions. At the same time, the content of free carbon is minimal, indicating its
efficient participation in the carbide formation reaction. The presence of a balanced amount
of reducing agent promotes both solid-phase and gas-phase mechanisms of SiC formation,
including pathways involving the intermediate formation of SiO(g). At a temperature of
1600 °C, the maximum conversion of silicon into SiC reaches 94.52%.

With further temperature increase above 1900-2000 °C, a gradual decrease in SiC
content is observed, which is associated with an increasing fraction of elemental silicon and
gaseous silicon-containing species, primarily SiO(g) and Si(g). Nevertheless, compared with
carbon-excess and carbon-deficient compositions, at an SiO, /C ratio of 1.5 silicon losses to
the gas phase are less pronounced, and the temperature interval of stable SiC existence is
the widest.

Thus, an SiO, /C ratio of 1.5 can be considered thermodynamically the most favorable
due to its proximity to the stoichiometric value, providing the maximum predicted yield of
silicon carbide and stability of the target product over a wide temperature range.

The next thermodynamic modeling calculation was performed at an SiO, /C ratio of 2.
The modeling results are presented in Figure 6.

The results of thermodynamic modeling of the carbothermic reduction of silicon diox-
ide at an SiO, /C ratio of 2 indicate the formation of unfavorable conditions for SiC synthesis,
which is attributed to a pronounced carbon deficiency relative to the stoichiometrically
required amount.

https:/ /doi.org/10.3390/pr14030539


https://doi.org/10.3390/pr14030539

Processes 2026, 14, 539

10 of 22

100

90

Content, kg
M W A @ o N
S & © & & ©°©

-
(=]

0
1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Temperature, °C

Figure 6. Dependence of SiC formation on temperature at an SiO, /C ratio of 2.

In the temperature range up to 1400 °C, the phase composition of the system remains
nearly unchanged, with the initial components—primarily silicon dioxide—accounting
for the dominant fraction. When the temperature exceeds 1450-1500 °C, reduction in SiO,
begins, accompanied by an increase in the CO(g) gas phase. However, due to the lack of car-
bon, the process proceeds incompletely, thereby limiting the intensity of carbide formation.

The maximum amount of solid SiC is formed within a narrow temperature interval
of 1500-1700 °C and is significantly lower than the corresponding values obtained for
compositions close to stoichiometric. With further temperature increase, a sharp decrease
in SiC content is observed, which is associated with the inability of SiC to remain stable
under carbon-deficient conditions.

Simultaneously, the fraction of gaseous silicon-containing species, primarily SiO),
increases, indicating enhanced silicon evaporation and its transfer to the gas phase. At
temperatures above 2000 °C, a substantial portion of silicon is converted either to elemental
form or to the gas phase as Si(g), whereas solid SiC almost completely disappears from
the system.

Thus, at an SiO,/C ratio of 2, carbon deficiency leads to incomplete carbothermic
reduction of silicon dioxide and intensified silicon losses to the gas phase. The obtained re-
sults confirm that carbon-deficient compositions are unfavorable for efficient SiC synthesis.

Based on thermodynamic modeling of SiC synthesis at three different SiO, /C ratios,
the optimal synthesis behavior is observed at an SiO,/C ratio of 1.5. This is mainly ex-
plained by the proximity of this ratio to the stoichiometric value. However, thermodynamic
modeling does not account for a number of factors—such as reaction kinetics, diffusion,
impurity content, and others—that influence the actual SiC formation process. Therefore,
experimental validation is required.

3.4. Results of Large-Scale Laboratory Tests for SiC Synthesis

The first SiC synthesis variant using large briquettes from the first batch was conducted
at a stable current load of 90-95 A. The charge was introduced stepwise into the furnace,
followed by a holding stage under steady operating conditions. The synthesis process is
shown in Figure 7.

https:/ /doi.org/10.3390/pr14030539
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Figure 7. SiC synthesis process: view of the furnace throat.

During the synthesis process, intensive gas evolution was observed, which was caused
by the decomposition and interaction of the charge components. At the initial heating
stages, the removal of moisture and volatile compounds occurred, accompanied by gas
release. With further temperature increase, reduction reactions of silicon dioxide by carbon
proceeded with the formation of carbon monoxide (CO), which was also associated with
active gas evolution. This process contributed to the loosening of the briquette structure and
enhanced contact between the reactants. At the final stages, SiC formation occurred, as con-
firmed by both thermodynamic calculations and subsequent experimental investigations.

After completion of the experiment, the furnace was switched off and allowed to
cool naturally to room temperature (~24 h). Upon completion of cooling, the left side of
the furnace was dismantled to enable further investigations and visual assessment of the
process behavior. Figure 8 shows the dismantled furnace.

Figure 8. View of the dismantled furnace after synthesis.

After dismantling the furnace, all obtained products were weighed. In the first synthe-
sis variant, performed at an SiO,/C ratio of 1 using large briquettes, 2.23 kg of sintered
product was obtained from 10 kg of charged material, compared to a theoretically possible

https://doi.org/10.3390/pr14030539
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yield of 3.09 kg. Figure 9 shows the appearance of the obtained sintered material and the

charge located near the electrode.

Pmsaserssinzzacaseamizsateroom: naas

(@) - b)

Figure 9. Sintered materials around the electrode (a) and appearance of the materials (b) after the
first synthesis.

After completion of all operations related to dismantling the furnace materials at the
end of the synthesis, the furnace was reassembled to carry out the subsequent experiment
with the second batch of briquettes. The fireclay lining was restored, the furnace casing
was reassembled using bolted joints, and asbestos material was placed at the joints to
ensure sealing.

Based on the results of the first experiment, it was established that the obtained
briquettes did not react completely, which is attributed to their large size and limited
reactivity. In order to intensify the process, the subsequent two experiments were carried
out using crushed briquettes, which ensured a more uniform reaction progression and an
increased degree of interaction between the components. The size of the crushed charge
ranged from 15 to 20 mm. The synthesis process is shown in Figure 10.

Figure 10. SiC synthesis process: view of the furnace throat with crushed charge.

https://doi.org/10.3390/pr14030539
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When crushed briquettes were used, the synthesis process proceeded more intensively
and uniformly. The reduction in particle size provided a larger reactive surface area, which
promoted more active interaction between the charge components. As in the first variant,
at the initial stages moisture and volatile substances were removed, accompanied by gas
evolution. With further heating, reduction reactions of SiO, by carbon occurred with
the formation of carbon monoxide (CO); however, due to improved contact between
the reactants, gas evolution was more uniform, and loosening of the material structure
proceeded more rapidly.

At the final stages of synthesis, SiC formation was more pronounced, which is con-
firmed by the experimental results. Visually, a more uniform heating of the charge was
achieved, as clearly observed in Figure 10. In contrast, when large briquettes were used,
the heating of the charge was visually less uniform (Figure 7).

After completion of the full 7 h synthesis experiment, the furnace was switched off
and left to cool. Upon completion of cooling, the left side of the furnace was dismantled in
order to conduct further investigations and to visually assess the process behavior, similarly
to the first synthesis variant. Figure 11 shows the dismantled furnace with the synthesized
materials inside.

Eaaésnamugqamum,z“é

a

7SoPRT 234

(b)

Figure 11. Sintered materials around the electrode (a) and appearance of the materials (b) after the
second synthesis.

After dismantling the furnace, all obtained products were weighed. In the second synthesis
variant, performed at an 5iO, /C ratio of 1.5 using crushed briquettes, the actual yield was
2.98 kg compared to a theoretical yield of 3.73 kg.

The third synthesis variant was also conducted for 7 h under stable furnace operating
conditions. After dismantling the furnace, all obtained products were weighed. In the
third variant, performed at an SiO, /C ratio of 2, 1.97 kg of product was obtained from 10 kg
of the charge, compared to a theoretical yield of 3.38 kg. Figure 12 shows the appearance of
the obtained sintered material and the charge located near the electrode.
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@ (b)

Figure 12. Sintered materials around the electrode (a) and appearance of the materials (b) after the
third synthesis.

3.5. Results of Investigation of the Synthesized Products

The synthesized products obtained as a result of carbothermic reduction in microsilica
in an ore-thermal furnace were investigated using a combination of physicochemical charac-
terization methods. Particular attention was paid to the phase composition, morphological
features, and elemental distribution of the obtained materials.

The results of scanning electron microscopy of the first large-scale laboratory synthesis
are presented in Figure 13.

Spectrum 3

~ 100pm
(a) (b)

Figure 13. SEM image of the synthesized SiC product (a) and corresponding EDS elemental analysis
(b) after the first synthesis.
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The SEM image shows the synthesis product obtained from the first batch of briquettes
prepared from microsilica and petroleum coke at an SiO2/C ratio of 1. As can be seen
from Figure 13, the synthesized product is characterized by predominantly flat grains. The
micrograph reveals large, irregularly shaped crystals with characteristic angular facets, as
well as aggregates of sintered particles. The crystal surfaces exhibit both smooth regions and
areas with pronounced cracks and growth defects, indicating non-uniform crystallization
processes. The observed morphological heterogeneity suggests the coexistence of zones of
intensive crystal growth and local recrystallization. The overall structure of the material
confirms the formation of a solid SiC phase with well-defined crystalline facets.

Semi-quantitative results obtained by energy-dispersive spectroscopy (EDS) have lim-
ited applicability for carbon-containing compounds due to the high uncertainty associated
with carbon quantification. Nevertheless, EDS analysis of the main components revealed
the presence of only silicon and carbon. Analysis of the bright (white) impurity particles,
highlighted by yellow circles in Figure 13, indicated that they consist predominantly of iron,
with minor amounts of other impurity elements originating from the initial microsilica.
The EDS results are presented in Table 4.

Table 4. Semi-quantitative EDS analysis of the synthesized product after the first synthesis.

Element Line Type Weight % Weight % Sigma Atomic %
C K series 44.98 0.34 64.88
O K series 2.86 0.10 3.10
Si K series 51.67 0.32 31.87
Fe K series 0.48 0.06 0.15
Total 100.00 100.00

The EDS map sum spectrum confirms that the synthesized product is composed
predominantly of silicon and carbon. According to the semi-quantitative analysis, silicon
and carbon account for 51.67 wt.% and 44.98 wt.% of the material, respectively, which is
consistent with the formation of a silicon carbide phase. A minor oxygen content (2.86 wt.%)
is attributed to residual silica or surface oxidation of the particles. Trace amounts of
iron (0.48 wt.%) were also detected, likely originating from impurity components of the
initial microsilica or interaction with furnace materials. The low concentration of impurity
elements indicates a high degree of phase purity of the synthesized SiC.

Figure 14 presents SEM images of the particle morphology of the synthesized product
obtained from the second large-scale laboratory synthesis at an SiO, /C ratio of 1.5. SEM
analysis made it possible to visualize a clearly defined SiC crystal growth front formed as a
result of the interaction between silicon and carbon. Similarly to the first experiment, large
crystals exhibit irregular shapes with characteristic angular facets.

The EDS results of the second synthesis are presented in Table 5.

Table 5. Semi-quantitative EDS analysis of the synthesized product after the second synthesis.

Element Line Type Weight % Weight % Sigma Atomic %
C K series 50.30 0.34 58.87
O K series 4.60 0.12 4.73
Si K series 45.09 0.31 36.40
Total 100.00 100.00
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Figure 14. SEM image of the synthesized SiC product (a) and corresponding EDS elemental analysis

(b) after the second synthesis.

The semi-quantitative EDS analysis of the synthesized product obtained in the second
large-scale laboratory synthesis (SiO,/C = 1.5) indicates that the material is predominantly
composed of silicon and carbon (Table 5). According to the EDS results, carbon and silicon
account for 50.30 wt.% and 45.09 wt.% of the product, respectively, which is consistent
with the formation of a silicon carbide phase. The presence of a minor oxygen content
(4.60 wt.%) is attributed to residual silica or surface oxidation of the synthesized particles.
The absence of detectable metallic impurity elements suggests a relatively high purity of
the synthesized product under the selected synthesis conditions.

Figure 15 presents an SEM image of the particle morphology of the synthesized
product obtained after the third large-scale laboratory synthesis in an ore-thermal furnace
at an SiO,/C ratio of 2. The SiC crystals exhibit predominantly angular shapes with
well-defined facets.

The EDS results of the second synthesis are presented in Table 6.

Table 6. Semi-quantitative EDS analysis of the synthesized product after the third synthesis.

Element Line Type Weight % Weight % Sigma Atomic %
C K series 42.15 0.43 63.18
Al K series 0.19 0.02 0.13
Si K series 56.84 0.43 36.43
Fe K series 0.82 0.08 0.27
Total 100.00 100.00
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Figure 15. SEM image of the synthesized SiC product (a) and corresponding EDS elemental analysis
(b) after the third synthesis.

The semi-quantitative EDS analysis of the synthesized product obtained in the third
large-scale laboratory synthesis (S5iO,/C = 2) indicates that the material is composed
predominantly of silicon and carbon. According to the EDS data, silicon and carbon
account for 56.84 wt.% and 42.15 wt.% of the product, respectively, which confirms the
formation of a silicon carbide phase.

At the same time, trace amounts of aluminum (0.19 wt.%) and iron (0.82 wt.%) were
detected. These impurity elements are attributed to the impurity composition of the
initial microsilica and possible interaction with furnace structural components during
high-temperature processing. The increased relative silicon content and the presence of
metallic impurities are consistent with carbon-deficient synthesis conditions, which limit
complete carbothermic reduction of silicon dioxide. These results are in good agreement
with the XRD data, indicating less favorable conditions for efficient SiC formation at an
SiO, /C ratio of 2.

A more accurate method for determining the completeness of the SiC synthesis is
X-ray diffraction (XRD) analysis. Figures 1618 present the XRD results for the first, second,
and third batches of the synthesized product, respectively.

According to X-ray diffraction (XRD) analysis of the sample shown in Figure 16,
synthesized at an SiO,/C ratio of 1, a multiphase system was formed. Silicon carbide
was identified as the dominant phase. The diffraction pattern exhibits intense peaks
corresponding to 3-SiC, indicating successful carbothermic synthesis and the formation of
crystalline SiC.

In addition to the main SiC phase, diffraction peaks associated with residual car-
bon were detected. This observation indicates the carbon-excess nature of the charge at
the selected SiO, /C ratio. The presence of residual carbon is consistent with thermody-
namic modeling results, which predict excess reducing agent at SiO, /C = 1. Under these
conditions, part of the carbon remains in the solid phase after completion of the synthesis.
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Figure 16. X-ray diffraction pattern of the first synthesis batch.

98-060-3798; C1 Sil
96-900-6596; Fe2.00
98-016-4429; C1 Sil
98-002-9123; C1
98-024-0129; All
X 96-901-2231: C4.00
98-004-1446; O2 Sil
1 ¢ 98-002-4634; C1 Sil

+ <> o m

[°20] position (Cu Ka)

Figure 17. X-ray diffraction pattern of the second synthesis batch.

Weak diffraction maxima corresponding to iron-containing and aluminosilicide phases
(Fe, Fe—Al-Si) were also observed. These phases are most likely formed due to impurity
components present in the initial microsilica. The intensities of these peaks are signifi-
cantly lower than those of the SiC reflections, indicating that they represent secondary
impurity phases.
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Figure 18. X-ray diffraction pattern of the third synthesis batch.

Overall, the XRD results confirm that SiC is the predominant phase formed at an
5i0,/C ratio of 1. However, carbon-excess conditions promote the retention of residual
carbon and the formation of secondary phases. These effects may negatively influence the
degree of recovery and the purity of the target product.

Analysis of the peak positions and relative intensities shows that the main reflections
at 20 values of 35.6°, 41.4°, 60.0°, 71.8°, and 75.4° (Cu K« radiation) correspond to the
(111), (200), (220), (311), and (222) crystallographic planes of cubic silicon carbide, 3-5iC
(3C-SiC). The dominance of these reflections and the absence of peak splitting characteristic
of hexagonal x-SiC polytypes confirm that cubic SiC is the prevailing modification in the
synthesized samples.

Figure 17 presents the results of X-ray diffraction (XRD) analysis of the second
synthesis batch.

According to X-ray diffraction (XRD) analysis of the sample shown in Figure 17,
synthesized at an 5iO, /C ratio of 1.5, a predominantly carbide phase with a high degree of
crystallinity was formed. Silicon carbide was identified as the main phase. The diffraction
pattern shows intense and well-defined peaks corresponding to SiC, indicating efficient
carbothermic synthesis at the selected charge composition.

The main diffraction peaks at 20 values of 35.6°, 41.4°, 60.0°, 71.8°, and 75.4° (Cu K«
radiation) correspond to the (111), (200), (220), (311), and (222) crystallographic planes of
cubic silicon carbide. The relative intensities of these reflections are characteristic of 3-SiC
(3C-SiC). This confirms the predominant formation of the cubic SiC modification.

In addition to the main SiC phase, weak diffraction maxima associated with resid-
ual carbon were detected. Their low intensity indicates that only a limited amount
of reducing agent remained unreacted. This observation suggests that the selected
Si0O, /C ratio is close to the stoichiometric value. It is also consistent with the results
of thermodynamic modeling.

Minor traces of iron-containing and silicon-containing phases were also observed.
These phases are most likely related to impurity components in the initial raw materials or
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to interactions between the charge and furnace structural elements. Their contribution is
minimal and does not significantly influence the phase composition of the target product.

Overall, the XRD results confirm that an SiO, /C ratio of 1.5 provides the most favor-
able conditions for SiC synthesis. Under these conditions, the cubic 3-SiC modification is
formed predominantly.

Figure 18 presents the results of X-ray diffraction analysis of the third synthesis batch.

According to X-ray diffraction (XRD) analysis of the sample shown in Figure 18,
synthesized at an SiO,/C ratio of 2, a multiphase system was formed. Compared with
samples obtained at lower 5iO,/C ratios, the fraction of the carbide phase was significantly
reduced. Diffraction peaks corresponding to SiC are present; however, their intensity is
noticeably lower than that observed for the optimal composition (SiO,/C = 1.5). This
indicates less efficient carbothermic synthesis.

The main diffraction peaks at 20 values of 35.6°, 41.4°, 60.0°, 71.8°, and 75.4° (Cu K«
radiation) correspond to the (111), (200), (220), (311), and (222) crystallographic planes of
cubic silicon carbide. The relative intensities of these reflections confirm the presence of
-SiC (3C-SiC) as the carbide phase. However, its content is limited.

In addition to SiC, the diffraction pattern clearly reveals peaks associated with silicon
dioxide and residual carbon. This indicates incomplete reduction in SiO, due to carbon
deficiency in the charge. The presence of these phases confirms the unfavorable nature of
the selected SiO, /C ratio of 2. This observation is consistent with thermodynamic modeling
results, which predict reduced SiC stability under carbon-deficient conditions.

Overall, the XRD results demonstrate that SiC synthesis at an SiO,/C ratio of
2 proceeds incompletely. The predominantly cubic 3-SiC phase forms in limited amounts,
while a significant portion of silicon remains in oxide phases. These findings confirm that
this composition is unfavorable for efficient SiC production.

4. Conclusions

The present study demonstrates that the efficiency of carbothermic synthesis of silicon
carbide from microsilica and petroleum coke is not only controlled by the temperature
regime. To a decisive extent, it is governed by the carbon balance of the charge. Ther-
modynamic analysis revealed fundamental differences in phase formation mechanisms
associated with variations in the S5iO, /C ratio. These differences explain the discrepancies
observed between calculated and experimental results.

Carbon-excess compositions promote intensive reduction of silicon dioxide. However,
at elevated temperatures, they also intensify gas-phase reactions and increase silicon
losses, which limits the effective yield of SiC. In contrast, carbon-deficient compositions
are both thermodynamically and technologically unfavorable. Under these conditions, an
incomplete reduction in SiO; and reduced stability of the SiC phase are observed. The most
rational charge composition was found to be close to stoichiometric, with an SiO, /C ratio
of 1.5. At this ratio, an optimal balance is achieved between the rate of carbide formation
and the minimization of gas-phase silicon losses. This conclusion is confirmed by the
maximum degree of SiC recovery obtained under ore-thermal furnace conditions.

A comparison of thermodynamic modeling results with large-scale laboratory experi-
ments shows that computational methods adequately describe the general trends of the
carbothermic process. These methods can therefore be effectively applied for the prelim-
inary assessment and optimization of charge composition. At the same time, deviations
from equilibrium calculations highlight the important role of kinetic effects, heat and mass
transfer, and the structure of the briquetted charge under real furnace operating conditions.

Opverall, the obtained results confirm the feasibility of a scientifically substantiated ap-
proach to the development of silicon carbide production technologies based on technogenic
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silica-containing waste. They also demonstrate the effectiveness of combining thermo-
dynamic modeling with experimental validation for the design and adaptation of SiC
synthesis processes under conditions close to industrial practice.
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