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Abstract: This work presents the results of optimizing the physicochemical properties of composite
briquettes based on microsilica for metallurgical-grade silicon production. Microsilica, a waste
product of silicon production, contains a sufficiently high amount of silicon dioxide (96-97%). This
fact makes microsilica a promising composite material for metallurgical processing. However, its
granulometric composition limits its direct use. The method of briquetting on an industrial
briquetting press was used. The influence of the granulometric composition of the composite
mixture on the heat tolerance and strength of the finished briquettes was studied. The methods of
obtaining and testing the briquettes, their composition, and the briquetting and drying process are
described. The obtained briquettes were tested for the smelting of metallurgical silicon. The silicon
recovery rate in the metal with the standard charge was 71%, while the recovery rate with the
briquetted monocharge was 85%. The results of silicon smelting from the briquettes demonstrated
the high quality of the obtained metal, corresponding to the standards of metallurgical-grade silicon.
The implementation of these technologies not only improves the quality of the final product but
also addresses environmental issues related to the disposal of microsilica, reducing its accumulation
and minimizing its impact on the environment.

Keywords: heat tolerance of briquettes; reactivity of briquettes; briquettes; silicon production; ore-
thermal melting; monocharged; composite monocharged.

1. Introduction

Waste generation, disposal, and utilization are currently among the most pressing issues in
ensuring environmental safety and protection worldwide. This is primarily due to the increasing
volumes of industrial waste and the insufficiently high level of development in the waste disposal
sector. One such example is silicon alloys (metallurgical grade silicon and ferrosilicon) [1,2], whose
production has remained at 9,000 metric tons per year for the past three years (2021-2023). In 2022,
production slightly decreased to 8,800 metric tons due to the consequences of COVID-19 and
geopolitical conflicts. In 2023, production volumes returned to previous levels [3,4].

During the production of 1 ton of metallurgical silicon, about 800 kg of microsilica is captured
by gas cleaning systems [5]. Annually, enterprises worldwide produce millions of tons of microsilica,
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a significant portion of which is stored in dumps, posing a serious threat to the environment. For
example, companies such as Elkem (Norway), Ferroglobe (USA), RW Silicium (Germany), and others
are major producers of silicon-containing alloys and products, accumulating significant volumes of
microsilica in the course of their activities.

Currently, there are no industries for the widespread application of this secondary technogenic
raw material. Primarily, microsilica can be used in the construction industry in areas such as concrete
[6,7], cement [8,9], refractory materials [10], and so on [11]. However, this market cannot fully absorb
all the microsilica produced annually. For example, in 2020, the volume of accumulated microsilica
exceeded 2.5 million tons, while the needs of the construction industry were significantly lower. Such
average annual technical and economic indicators significantly worsen the economics of production,
not only highlighting the problem of insufficient technological solutions for the processing/utilization
of microsilica but also creating an environmental problem associated with the storage of technogenic
waste [12].

A significant amount of dust from gas cleaning systems of electric arc furnaces is directed to
dumps, which worsens the environmental situation and requires additional material costs for the
transportation and storage of waste. The accumulation of microsilica in dumps leads to various
environmental problems, related to air and water pollution.

Microsilica, a by-product in the production of ferrosilicon alloys or industrial silicon products
[13], mainly consists of fine amorphous SiO2 together with other oxides present in only hundredths
of a percent, such as MgO, K20, Fe203, and ZnO [12,14].

Microsilica is a valuable raw material for silicon production, as it has a high silicon dioxide
content and extremely low levels of harmful components. This makes it a promising raw material
source for smelting silicon alloys, particularly metallurgical grade silicon. However, the problems of
processing microsilica are associated with its rather small particle size (0.1-0.2 microns), high specific
surface area, and moisture content. This requires its pre-treatment, such as by pelletizing, for
metallurgical processing.

The ongoing research aims to develop technologies for the co-briquetting of microsilica with
carbon reducers, obtaining briquetted monocharge, and smelting technical silicon from them.
Achieving close contact between silicon oxides of microsilica and solid carbon of carbon reducers in
the briquette provides the most favorable conditions for reduction and silicon smelting. At the same
time, it becomes possible to use small fractions of scarce low-ash carbon reducers (such as special
coke) as reducers.

The use of microsilica in the production of metallurgical silicon will not only find a new
application for this material but also reduce the environmental impact by reducing the volume of its
accumulation. The development and implementation of this technology will not only solve the
environmental problems associated with silicon waste generation and storage in the form of
microsilica but also increase the overall silicon recovery to 90-92%, whereas currently, the recovery
rate is 65-70%. Additionally, the silicon obtained from microsilica will be of the highest purity.

In this work, a series of studies were carried out to determine the physicochemical properties
(heat tolerance, briquette reactivity, briquetting force) of composite briquettes depending on their
different particle size distribution. The factors of heat tolerance and reactivity of briquettes were
studied for the first time. The briquettes consisted of microsilica, small fractions of carbonaceous
reducing agents (special coke, charcoal), as well as quartz screenings. The compositions of the
briquettes were optimal for the complete reduction of silicon, that is, the optimal amount of solid
carbon.
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2. Materials and Methods

1

The In the present work, samples of microsilica from the production of LLP "Tau-Ken Temir'
(Kazakhstan) were used. The samples of microsilica used in the work were studied using a dispersion
analysis method with the PSH-10A device. Experiments conducted with this device allowed for the
calculation of the specific surface area and the average particle size of microsilica. The absorbent
capacity of the material's particles depends on the specific surface area. The principle of operation is
based on the gas adsorption method, where the amount of gas adsorbed on the surface of the powder
particles is analyzed. The average particle size was determined based on the gas adsorption
distribution, and the specific surface area was calculated based on the total amount of adsorbed gas.

Briquettes, which included screenings of coking oxidation coke, wood charcoal screenings,
condensed microsilica, and quartz screenings, are shown in Figure 1.

Figure 1. Briquettes.

These briquettes were produced on the large laboratory briquetting press ZZXM-4 (Figure 2).

Figure 2. Roller press ZZXM-4 model.

Four variations of the particle size distribution of the briquettes were studied:
1) Fraction 0-1 mm — 15%;

Fraction 1-3 mm — 50%;

Fraction 3-5 mm - 35%.

2) Fraction 0-1 mm — 35%;
Fraction 1-3 mm - 35%;
Fraction 3-5 mm - 30%.

3) Fraction 0-1 mm - 60%;
Fraction 1-3 mm - 25%;
Fraction 3-5 mm - 15%.

4) Fraction 0-1 mm — 100%;
Fraction 1-3 mm — 0%j;
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Fraction 3-5 mm — 0%.

The composition of the briquettes was based on considerations of silicon recovery during
smelting. The consumption of coke was determined based on the stoichiometric amount of carbon
required for the reduction of silicon oxide with an excess coefficient of 1.05. The ratio of fractions 0-
1, 1-3, and 3-5 mm was 60:25:15. In subsequent experiments, to adjust the granulometric composition
of the briquetting charge, additional quartz screenings of 0-5 mm fraction were introduced. The
average chemical and granulometric compositions of the raw materials, as well as bulk densities,
were as follows:

o Microsilica:  95.5% SiO, (amorphous), 4% C (carbon), 0.5% total impurities
(CaO+ALOstFe;Os) on a dry weight basis.

J Quartz screenings: 99.85% SiO,, the remainder being total impurities (CaO+AlLOs+Fe;O3).

. Coke screenings: Ash 4-5%, volatiles 6-7%, fixed carbon 88%, moisture 1%.
Bulk density:

. Microsilica: 0.5 g/cm?,

. Coke screenings: 0.4-0.5 g/cm?,

. Quartz screenings: 1.2-1.3 g/cm?3.

Moisture content:

. Microsilica: 1-2%,

. Coke screenings: 1%,

. Quartz screenings: 2-4%.

At the same time, the optimal consumption of the binder was determined. Liquid glass was used
as a binder, which provides standard indicators for the briquetted charge. Liquid glass consumption
was 0.067 t/t, and charge moisture content was 8%.

The influence of briquetting conditions on the heat tolerance of briquettes was further studied.
In practice, over a long period of using briquetted raw materials not only in silicon production but
also in other electrothermal industries, researchers have only qualitatively described the
disintegration of briquettes when they hit the top of the electric arc furnace due to a sharp change in
temperature. Hence, the term " heat tolerance

"

was coined to qualitatively describe the most
important physical property of the briquettes. Here, for the first time, a methodology for the
quantitative description of this property was proposed. In this paper, for heat tolerance evaluation
the methodology of SMS Demag company was used [1,2,15].

To determine heat tolerance samples of material of various fractions are placed in a heating
crucible. Next, it is heated to 1300-1500 °C and held at these temperatures for an hour and cooled to
room temperature. Samples of the +20 mm fraction are rolled in a steel drum 100 times at a speed of
40 rpm. After, based on the total number of sifted fractions (20, 10, 4, and 2 mm), a standard curve
for assessing thermal drainage is constructed (Figure 3).
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Figure 3. Heat tolerance evaluation dependence.
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To determine the heat tolerance of the briquettes under study, the assessment was carried out
by evaluation the proportion of fine fractions after experiments (Figure 4). It is also worth noting
that for these briquettes their mechanical strength has not been studied. Since the connection between
high rates of heat tolerance and mechanical strength is known. The thermal resistance of a briquette
is defined as the ratio of the weight of the main body of the briquette after abrasion tests in a drum
to the sum of the weight of the main body and the destroyed material.

¢

(a) (b)

Figure 4. Drum for testing abrasion of briquettes subjected to thermal shock.

The work also assessed the effect of drying briquettes on the heat tolerance. The briquettes were
dried in two ways. The first involved natural drying during the day, during which the briquettes lose
up to 50% moisture. Then the briquettes are kept in a chamber oven for 8-10 hours. At this stage,
briquettes lose about 10% moisture. Afterwards, the briquettes were completely dried in air for 3-5
days. The second consisted of quick drying in an oven for 40 minutes with intensive air blowing at
temperatures of 280-300 °C.

The reactive activity of the briquettes concerning the carbothermic reduction process was also
evaluated. According to experimental data, in the production of technical silicon, the activity of the
briquettes should be at least 40 units. The activity of the briquettes was determined by the degree of
reduction of SiO? as a result of heating for 30 minutes at 1700°C. The degree of reduction was
determined by volumetric and gravimetric methods. Heating to the required temperature was carried
out in a Tamman furnace in the reducing atmosphere of a sealed graphite crucible.

3. Results and Discussion

The results of measurements of the specific surface area and average particle size of microsilica
are presented in Table 1.

Table 1. Results of measurements of specific surface area and average particle size of microsilica.

No. of

S, cm¥/g d, mkm

measurement

1 12002 2,1

2 12017 2,1

3 12021 2,1

4 11585 2,2

5 11300 2,3

6 11459 2,2
Average value 11730,67 2,16

The obtained specific surface area (11730.67 cm?/g) is quite high for bulk materials used in
metallurgical processing. At the same time, the high specific surface area indicates its fine dispersion,
high absorptive, and reactive capacity. Based on measurements from the dispersion analysis
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instrument, it can be concluded that the specific surface area of microsilica is the sum of the surface
areas of all its particles, and the smaller the size of these particles, the greater the total specific surface
area.

Next, experiments of briquettes heat tolerance evaluation were conducted. Figure 5 shows a
photo of the briquette before the thermal shock (a) and immediately after it (b).

(b)

Figure 5. Briquette before thermal shock (a), immediately after it (b).

As can be seen from Figure 5, the briquettes after thermal shock were covered with a white layer
of silicon dioxide. In this layer, the carbon component burned out. As a result, the packing density of
the particles was disrupted. Therefore, the oxidized layer is not mechanically strong and falls off from
the surface of the briquette during the subsequent abrasion test.

Figure 6 presents the results of the briquettes heat tolerance of various compositions at various
stages of the drying process.
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Figure 6. Heat tolerance of briquettes, % at various stages of the drying.

The graph shows the heat tolerance of briquettes of different fractional compositions at various
stages of drying. The highest heat tolerance (82%) was achieved with natural drying for 5-7 days for
briquettes with a fractional composition of 35/35/30% (0-1; 1-3; 3-5 mm). Quick drying for 30 minutes
in an oven gave the lowest results in terms of heat tolerance for all fractional compositions. In general,
longer natural drying times result in better heat tolerance.

Figure 7 shows graphs of the dependence of the heat tolerance of briquettes for different types
of granulometric composition of the composite briquetting charge.
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Figure 7. Dependence of the heat tolerance of briquettes on the briquetting force and their
granulometric composition.

The graph illustrates the impact of briquetting force and particle size distribution on the heat
tolerance of briquettes made from a composite mixture of microsilica and carbon reducing agents. It
was found that heat tolerance increases with the briquetting force up to a certain optimum, which
varies depending on the particle size distribution. The optimal briquetting force for achieving
maximum heat tolerance is in the range of 400 to 500 kgf/cm?, with compositions that have a more
balanced particle size distribution showing the most consistent results. Reducing the fine fraction
content to 15% results in poorer briquetting conditions and necessitates an increase in pressure to
700-800 kgf/cm? to achieve optimal heat resistance, which is reduced to 60-65%. Further increasing
the force (up to 900 kgf/cm?) leads to a decrease in heat tolerance for most compositions, indicating
potential structural changes in the briquettes. To ensure optimal heat tolerance, it is recommended to
use a briquetting pressure of approximately 370-400 kgf/cm? and a particle size distribution ratio of
0-1; 1-3; 3-5 mm in the proportion 35/35/30. However, briquettes with a high fine fraction content (0-
1 mm) maintain or even improve their heat tolerance at maximum force, making them promising for
use under conditions of high thermal load. These findings underscore the importance of selecting
both the particle size distribution and briquetting force to optimize briquette properties in
metallurgical silicon production.

Figure 8 shows graphs of the dependence of the reactive activity of the briquettes on the
briquetting pressure and the granulometric composition of the briquetting mix.
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Figure 8. Dependence of the briquettes reactivity on the briquetting force and the granulometric
composition of the briquetting charge.

Obviously, for all studied variants of briquettes, with increasing briquetting force, the reactivity
decreases. At the same time, there is a direct proportional dependence of the briquette's reactivity on
the granulometric composition.

With an increase in the proportion of particles with sizes of 1-3 and 3-5 mm, the reactivity of the
briquettes increases. This indirectly confirms the mechanism of the silicon reduction process through
the gas phase involving silicon monoxide and silicon carbide. Despite the highly developed reactivity
of the fine-dispersed component of the briquettes, increasing its share does not lead to an acceleration
of the reduction. On the contrary, the over-compaction of the fine-dispersed phase leads to increased
diffusion inhibition during the movement of silicon monoxide and carbon within the briquette. The
presence of particles of different diameters in the briquette helps to improve the gas permeability of
the reaction products layer due to the formation of macropores within the briquette during the
gasification of carbon inclusions.

This type of briquette visually differs from briquettes made using other types of reducers, which
allows it to be identified by external signs. Based on graph-analytical analysis, it was assumed that
to achieve full heat tolerance of the briquette, the briquetting force should be 800-900 kgf/cm? (80-90
MPa), which corresponds to the literature data [1,2]. However, this did not happen. Briquetting at a
pressure of 570 kgf/cm? led to significant delamination of the briquette and a decrease in heat
tolerance to 65%. Delamination refers to cracks developing perpendicular to the force application
vector during briquetting, encircling the briquette around its perimeter. The cracks are mainly
surface-level, penetrating the briquette body to a depth of 1-3 mm as shown in Figure 9.

Girdle
transverse
cracks

Figure 9. Delamination of a briquette formed from pure microsilica at a force of 570 kgf/cm?

However, there are cracks that penetrate through the entire body of the briquette, leading to
transverse rupture either during the briquetting process with clogging of the working surface of the
press, or to the rupture of the finished briquette when a slight force is applied in the corresponding
direction. Thus, anisotropy of mechanical and thermomechanical properties is observed.

It has been established that heat tolerance depends on the specific pressing force and the
granulometric composition of the charge. The dependence of the heat tolerance and reactivity of the
briquettes on the briquetting force is shown in Figure 10.
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Figure 10. Dependence of the heat tolerance and reactivity of the briquette on the briquetting force at
a fraction ratio of 0-1, 1-3 and 3-5 mm 60:25:15.

The graph shows that with increasing briquetting force, the heat tolerance of the briquettes goes
through a maximum in the range of 250-350 kgf/cm?. Simultaneously, with the increase in briquetting
force, a decrease in the reactivity of the briquettes is observed. At the optimal force in terms of heat
tolerance, the reactivity of the briquette is at critical values, around 40 %. To explore the possibility
of increasing the reactivity in combination with high heat tolerance, experiments were conducted at
lower briquetting forces but with a higher degree of variability in the granulometric composition.
This assumption was based on the fact that polydisperse materials typically create a denser packing
during briquetting without the presence of macropores within the briquette. Due to the naturally
high packing density of the particles, on the one hand, the briquetting force required to ensure high
heat tolerance and mechanical strength is reduced. On the other hand, the reduction in briquetting
force ensures the presence of micropores, facilitating the removal of gaseous reaction products from
the briquette body.

Next, batches of briquettes with the optimal raw material composition were tested as raw
material for the production of metallurgical-grade silicon in a submerged arc furnace with a
transformer power of 200 kVA (Figure 11).

Figure 11. Smelting of metallurgical grade silicon using briquettes.

Silicon smelting began using a standard traditional charge mixture consisting of quartzite and
reducing agents in the form of coal and charcoal, special coke, and the charge also additionally
contains wood chips. The ratio of the presented components in the composition of the charge is
presented in Table 2.
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Table 2. Ratio of components of the standard composition of the charge mixture.

Name of material Consumption, %
Coal 20,59
Charcoal 18,46
Quartzite 48,69
Specialcox 1,47
Wood chips 10,78
TOTAL 100

Theoretically, the process of smelting metallurgical silicon can be described by the following
reaction equation:
25i02 + 3C — Si + SiOgg) + 3COg) 1)
Where silica (5iO;) is reduced by carbon to elemental silicon (Si) and silicon oxide (SiO) in the
gaseous state:
SiO2+ C— SiO) + CO) (2)
The gaseous silicon oxide is then reduced to elemental silicon:

. , ®)
Si0g + C — Si+ COg
It is worth noting that silicon carbide (SiC) also forms in the high-temperature zone of the
furnace:

, , @)
Si02+3C — SiC +2COg)

Silicon carbide interacts with silicon oxide, leading to its decomposition and the formation of
additional elemental silicon:

e . ®)
SiC + Si0O2 — 2S5i+ COgy

In these tests, a 30% replacement of the traditional charge mixture with briquettes was tested.
The negative influence of the amorphous phase composition of microsilica on the process of smelting
technical silicon has not been established. There was no shock destruction of briquettes under the
influence of thermal and current loads on the fire pit. As a result, a batch of metallurgical silicon was
obtained. The fracture of the silicon ingots (Figure 12) had a steel-gray color with pronounced crystal
plates. The structure of the alloy is dense, without shells and foreign inclusions.

Figure 12. Fracture of a technical silicon ingot.

The average chemical composition of silicon samples obtained as a result of testing is presented
in Table 3.
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Table 3. Average chemical composition of silicon.

Chemical composition, %

No Period Ratio,%

Si Fe Al Ca P
. Stand.ard charge 100 95,5 31 21 0,30 0,004
Briquettes 0
) Stand.ard charge 70 98,1 2.9 0,6 0,07 0,006
Briquettes 30

At the same time, the extraction of silicon into metal using a standard charge was 71%, and the
extraction using a briquetted monocharge was 85%. The results of trial tests have proven the
possibility of using briquetted monocharge as a raw material for the smelting of metallurgical grade
silicon.

4. Conclusions

The article presents data on the optimization of the physicochemical properties of briquettes
based on microsilica depends their composite charge. The studies showed that the granulometric
composition of the charge mixture significantly affects the heat tolerance and reactivity. The most
optimal composition was found to be 60% of the 0-1 mm fraction, 25% of the 1-3 mm fraction, and
15% of the 3-5 mm fraction.

The conducted tests proved the fundamental possibility of using composite briquettes,
consisting of silicon production waste — microsilica and a carbon reducer, for the production of
metallurgical-grade silicon. During the smelting of metallurgical silicon, it was possible to improve
the smelting process through the use of composite briquettes.

The obtained data suggest the possible economic and technological feasibility of producing
metallurgical-grade silicon using briquettes made from microsilica and a carbon reducer. To establish
the economic and technological efficiency of using composite briquettes, a series of technological tests
is necessary to fully replace the traditional charge mixture.

Thus, the presented technology will allow for the processing of both accumulated and newly
formed volumes of silicon wastes (microsilica), resulting in highly liquid products. At the same time,
the accumulated volumes of microsilica, which present a serious environmental problem, can be
considered a reliable raw material base for the production of high-purity technical silicon.

The results showed that the briquettes maintained their integrity at high temperatures with
minimal material loss, indicating excellent thermal and mechanical stability. These results highlight
the potential of these briquettes for use in high-temperature metallurgical processes where heat
tolerance and mechanical strength are critical. 6. Patents

This section is not mandatory but may be added if there are patents resulting from the work
reported in this manuscript.
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