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ABSTRACT

Microsilica dust generated during ferrosilicon production accumulates in substantial quantities, creating
significant environmental concerns. However, its compositional and structural features enable its consideration as
a valuable secondary raw material. In this study, technogenic microsilica obtained from ferrosilicon production
waste in Uzbekistan was comprehensively characterized for the first-time using X-ray fluorescence (XRF), X-ray
diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR), and transmission electron microscopy coupled
with energy-dispersive spectroscopy (TEM/EDS). Its potential application as a functional filler was also evaluated.
According to XRF analysis, silicon was identified as the dominant component, accounting for 50.6 wt. %. XRD results
revealed a broad diffuse maximum within the 20 range of 15-30°, indicating that the material predominantly exhibits
an amorphous structure. FT-IR spectra demonstrated intense absorption bands characteristic of Si-O-Si bonds. TEM
images showed that the particles possess a spherical morphology with sizes ranging from 50 to 200 nm and exhibit
a pronounced tendency toward aggregation. EDS analysis confirmed that Si and O are the prevailing elements in
the composition. The spherical morphology and nanoscale structure of the particles indicate that microsilica is
Jormed in the vapor phase during ferrosilicon smelting and subsequently undergoes rapid condensation. The results
demonstrate a clear relationship between the chemical composition of microsilica and its amorphous structural state,
highlighting distinctive features of technogenic microsilica generated under the conditions of ferrosilicon production
in Uzbekistan compared to conventional silica fume samples.

Keywords: microsilica dust, ferrosilicon production, physicochemical characterization, amorphous silicon
dioxide, XRF analysis, XRD analysis, FT-IR spectroscopy, TEM analysis.

INTRODUCTION

Dust generated during metallurgical processes exerts a
detrimental impact on the environment, contaminating the
atmosphere, soil, and water bodies with metals and sulfur-
containing compounds. Such emissions contribute to acid
rain formation, vegetation degradation, and ecosystem
accumulation, potentially leading to severe health
disorders in humans, including silicosis and intoxication.

According to the literature, 70 - 90 % of metallurgical dust
consists of oxides, while the remainder includes ferrites,
sulfates, sulfides, chlorides, and other compounds [1 - 6].

In recent years, the recycling of industrial waste
as secondary raw materials and the production of
high value-added products from such materials have
become priority directions in both scientific research
and industrial practice [7 - 9]. Metallurgical wastes
are considered promising feedstocks due to their
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high content of valuable components, despite their
environmental burden [10, 11].

During ferrosilicon production, significant quantities
of microsilica dust (microsilica, silica fume) are
generated [12, 13]. This material forms primarily
through the volatilization of silicon monoxide in high-
temperature electric furnaces followed by rapid cooling
and condensation [14, 15]. As a result, highly dispersed
amorphous silicon dioxide particles are produced [10].

Mitov et al. have investigated the recycling of iron-
containing metallurgical wastes through direct reduction
processes in rotary furnaces at 1050 - 1150°C under
reducing conditions [16]. Various iron ore pellets and
coal powder were used, technological parameters were
optimized, and iron-containing pellets meeting market
requirements were successfully produced.

Microsilica is characterized by a high specific
surface area, enhanced reactivity, and pozzolanic
activity, enabling its application as a functional
filler in construction materials, polymer composites,
rubber, ceramics, and other fields [17 - 20]. However,
its composition varies depending on the industrial
source, necessitating comprehensive physicochemical
investigations to accurately assess its properties [21, 22].

Experimental studies on nanofluids consisting of
water and 16 nm SiO: nanoparticles have demonstrated
that evaporation behaviour depends strongly on
nanoparticle concentration [23, 24]. At concentrations
up to 0.1 wt. %, nanoparticles reduce evaporation %,
the rate stabilizes. These findings indicate that water
evaporation can be controlled through nanoparticle
concentration adjustment.

In another study, pure amorphous SiO2> was
synthesized from Kankara kaolinitic clay (Nigeria) using
chemical extraction and the sol-gel method [25]. The
clay was beneficiated, thermally activated, acid-treated,
and subsequently processed with NaOH to obtain sodium
silicate solution, which was precipitated using HCI. The
resulting gel was dried to yield white SiO powder.

Yokubov et al. investigated the mechanical
properties of cement composites prepared using mixing
water modified by SiO, nanosol of various compositions
[26]. The mixing water was activated using acoustic (22
kHz, 4.0 W cm™) and electrochemical (15 V, 4.5 mA
cm?) methods. The results demonstrated that nano-
additives can enhance concrete strength by one grade.

The chemical composition, phase state, and
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structural characteristics of microsilica are key
factors determining its application efficiency [27, 28].
Consequently, comprehensive characterization using
modern analytical techniques such as XRF, XRD, FT-IR,
and SEM/TEM has become widespread [29 - 33]. XRF
analysis provides elemental composition data [34], XRD
identifies amorphous or crystalline structural states [35],
FT-IR confirms the presence of characteristic Si-O-Si
bonds [36], and electron microscopy enables evaluation
of particle morphology, size, and aggregation behavior
[37 - 41].

Despite numerous studies on microsilica generated
during ferrosilicon production, the structural features
of technogenic microsilica formed under specific
technological conditions remain insufficiently
investigated. Comprehensive studies on microsilica dust
generated under the conditions of ferrosilicon production
in Uzbekistan are virtually absent in the literature.

In the present study, technogenic microsilica
obtained from ferrosilicon production in Uzbekistan
was comprehensively characterized using XRF, XRD,
FT-IR, and TEM/EDS techniques. The influence of
associated elements such as Ca, Fe, and Mn on the
amorphous structure of silicon dioxide was analysed
in detail. The results establish a correlation between
chemical composition and structural state, providing
scientific justification for the distinctive features of this
material compared to conventional silica fume samples.

EXPERIMENTAL

Materials and methods

Microsilica dust generated in the ferrosilicon
production workshop of JSC “Uzmetkombinat” was
selected as the object of investigation. This microsilica
is formed during ferrosilicon smelting in electric arc
furnaces because of cooling high-temperature process
gases and their subsequent capture in dust-collection
systems. Therefore, the material is of technogenic origin,
and its composition is directly determined by the specific
technological conditions of the production process.

To ensure representativeness, several individual
samples were collected from different points within
the production workshop. These samples were
combined under laboratory conditions and thoroughly
homogenized by mechanical mixing. From the resulting
composite mixture, a single integral sample was isolated
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and used for subsequent laboratory analyses. This
approach ensured reliable representation of the average
chemical and structural characteristics of the material.

The obtained microsilica dust is a highly dispersed
powder with a grayish-white appearance, characterized
by a lightweight and fine structure. Its high dispersity
and large specific surface area enhance its reactivity and
enable its potential application as a functional filler in
various industrial fields. Owing to its technogenic origin,
microsilica may also be regarded as an environmentally
significant secondary raw material.

The prepared sample was comprehensively
characterized using XRF, XRD, FT-IR, and TEM/
EDS analytical techniques. These methods enabled a
detailed evaluation of elemental composition, phase
state, chemical bonding, and morphological features.

A combination of modern instrumental techniques
was employed for comprehensive characterization of
the samples.

The elemental composition was determined using
energy-dispersive X-ray fluorescence spectroscopy
(EDXRF) with a Rigaku NEX CG II Series analyser
(Japan). The instrument utilizes indirect excitation
through secondary targets and polarized monochromatic
radiation in a 90° Cartesian geometry, which enhances
the signal-to-noise ratio and ensures low detection limits
even for complex matrices.

The phase composition and crystalline structure
were examined by X-ray diffraction (XRD) using a
laboratory powder diffractometer. Measurements were
performed with Cu - Ka radiation (A = 1.5406 A) at an
accelerating voltage of 40 kV and a current of 30 mA
in 0 - 20 geometry. Data were collected over a 20 range
of 5 - 70°, with a step size of 0.02° and a scanning rate
of 2°-min".

Structural bonds and functional groups were
analysed using Fourier-transform infrared (FT-IR)
spectroscopy with a Shimadzu FT-IR spectrometer
equipped with an attenuated total reflectance (ATR)
accessory. Spectra were recorded in the range of 4500 -
500 cm ™ with a resolution of 4 cm™. Each spectrum was
averaged over 45 scans and processed in % transmittance
mode using LabSolutions IR software.

The morphology, particle size, and microstructural
features were investigated by transmission electron
microscopy (TEM) and scanning transmission electron
microscopy ((S)TEM) using a Thermo Fisher Scientific

Talos F200i instrument (USA) equipped with a
Bruker XFlash 6 - 30 EDS detector. TEM and STEM
micrographs were used to assess particle shape,
degree of aggregation, and size distribution. Elemental
composition and spatial distribution were determined by
point EDS spectra and elemental mapping.

RESULTS AND DISCUSSION

Initial raw material: Chemical and phase composition

The elemental composition of the initial microsilica
dust was analysed by EDXRF. The obtained spectrum
exhibited intense characteristic peaks corresponding
to silicon (Si), confirming that SiO: constitutes the
principal component of the sample. In addition,
characteristic lines of aluminium (Al), magnesium (Mg),
calcium (Ca), potassium (K), iron (Fe), and other minor
elements were detected (Fig. 1). These results indicate
that the microsilica dust represents a multicomponent
technogenic material and confirm its origin as a by-
product of metallurgical processes

According to the X-ray fluorescence (XRF) analysis,
the microsilica sample represents a multicomponent
technogenic material of silicate nature. In the quantitative
composition, silicon (Si) exhibited the highest proportion,
accounting for 50.6 wt. %. This confirms that the primary
matrix of the sample is formed predominantly by silicon
dioxide (SiO:), which is characteristic of microsilica
dust.

Calcium (Ca - 4.29 wt. %) was identified as the
second most significant component, indicating the
possible presence of calcium silicates or CaO-based
mineral phases within the material. Additionally, the
detection of potassium (K - 0.778 wt. %), magnesium
(Mg - 0.645 wt. %), and aluminium (Al - 0.520 wt. %)
supports the formation of aluminosilicate and alkali
silicate phases. Such a compositional profile is typical
of metallurgical industrial waste, particularly microsilica
dust generated during ferrosilicon production.

The presence of metallic elements such as iron (Fe - 1.14
wt. %), manganese (Mn - 0.308 wt. %), zinc (Zn - 0.359
wt. %), and copper (Cu - 0.0156 wt. %) further confirms
the metallurgical origin of the material. Iron suggests the
possible occurrence of iron oxide phases, while manganese
and zinc are likely present as technogenic impurities
associated with the smelting process.

The detection of chlorine (CI - 0.0858 wt. %)
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and sulfur (S - 0.238 wt. %) may be attributed to fuel
combustion products, the influence of the gas-phase
environment, or natural impurities in the raw materials.
Trace elements such as strontium (Sr), zirconium (Zr),
lead (Pb), and tin (Sn) were identified in very small
amounts and can be regarded as minor accompanying
components that do not significantly affect the overall
characteristics of the sample. Overall, the XRF results
confirm that the microsilica sample is predominantly
a SiO:-based multicomponent silicate material. The
presence of Ca, Al, Mg, and K suggests the formation
of aluminosilicate phases, whereas Fe, Mn, and Zn
reflect its metallurgical origin. This compositional
profile indicates that the material is scientifically and
technologically promising as a secondary raw material,

particularly to produce amorphous silicon dioxide, the
development of functional fillers, and applications in the
construction materials industry (Fig. 2).

The XRD diffractogram exhibited a broad diffuse
maximum within the 20 range of 15-30°, indicating the
absence of long-range crystalline order in the material.
This feature is characteristic of amorphous structures and
can be explained by the rapid cooling and condensation
of Si0O vapours formed in the high-temperature vapor
phase during ferrosilicon smelting, resulting in the
formation of amorphous SiO-.

A similar amorphous halo has been reported by
other authors for microsilica obtained from ferrosilicon
production [8, 10]. However, in the present sample, the
near absence of distinct crystalline reflections suggests
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Fig. 1. XRF spectrum of the microsilica sample.
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Fig. 2. X-ray diffraction pattern of the obtained sample showing a dominant amorphous halo (15-30° 20) and minor
crystalline peaks, indicating the predominantly amorphous nature of the material.

834



Doniyor Kholikulov, Shokhrukh Khojiev, Olmos Boltayev,
Odiljon Abdurakhmonov, Saidalokhon Mutalibkhonov, Ikromjon Shaymanov

a particularly high degree of amorphousness, which is
a favorable characteristic for enhanced reactivity and
potential pozzolanic activity. To determine the functional
composition of the microsilica sample, ATR - FT-IR
(Attenuated Total Reflectance - Fourier Transform
Infrared Spectroscopy) analysis was performed. The
spectrum was recorded in the range of 4500-500 cm™!
in transmittance mode.

The obtained results indicate that the chemical
structure of the sample is predominantly characterized
by bonds typical of silicon dioxide (SiO,), confirming
the silicate nature of the material (Fig. 3).

The FT-IR spectrum exhibited intense absorption
bands at approximately 1100, 800, and 460 cm™', which
are characteristic of amorphous silica and are fully
consistent with the XRD results. In particular, the broad
band centered around 1100 cm™ corresponds to the
asymmetric stretching vibrations of Si - O - Si bonds in
a disordered (amorphous) network. This feature confirms
that the silicon-oxygen tetrahedra are arranged without
long-range periodicity, further supporting the amorphous
nature of the material.

Such spectral characteristics have also been reported
for silica fume samples investigated by other authors [9].
However, in the present case, the relatively low intensity
of absorption bands associated with hydroxyl (-OH)
groups indicates a comparatively low degree of surface
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hydration. This suggests that the material contains a
limited amount of adsorbed water or silanol groups.

Compared with microsilica samples reported in the
literature, the diffractogram of the material investigated
in this study shows a particularly broad amorphous halo
within the 20 range of 15 - 30° [6 - 10]. This observation
indicates a highly disordered SiO, structure with a
significant number of structural defects. Such a structural
state can be attributed to the rapid condensation of SiO
vapours during ferrosilicon smelting, as well as to the
presence of associated elements such as Ca, Fe, and
Mn, which may disturb the silica network and inhibit
crystallization.

The relatively low intensity of absorption bands
corresponding to silanol (Si-OH) groups suggests
that the surface of the microsilica particles is weakly
hydroxylated. This feature may reduce the hygroscopicity
of the material and enhance its compatibility in polymer
and composite systems when used as a functional filler.
These structural characteristics appear to be typical
of technogenic microsilica and remain insufficiently
discussed in the available literature.

The morphological, structural, and elemental
characteristics of the microsilica sample were further
investigated using electron microscopy and energy-
dispersive X-ray spectroscopy (EDS). The TEM/
SEM - EDS results were subjected to detailed scientific
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Fig. 3. ATR-FT-IR spectrum of the microsilica sample.
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analysis.

Electron micrographs obtained at various
magnifications enabled high-resolution characterization
of the morphological features of the sample particles
(Fig. 4).

TEM images revealed predominantly spherical
particles within the size range of 50 -200 nm, which
confirms the vapor-phase formation mechanism of
microsilica. During ferrosilicon smelting, SiO vapours
are generated at high temperatures and transition into
the gas phase. Upon entering the cooling zone, these

vapours undergo rapid condensation, resulting in the
formation of spherical nanoparticles.

Due to the rapid cooling kinetics, insufficient time
is available for crystallization, and the particles remain
in an amorphous state. This observation is consistent
with the XRD results, which demonstrated the absence
of long-range crystalline order.

A similar spherical morphology has been reported in
the studies of Zhong et al. and Liang et al [8, 10]. However,
the relatively narrow particle size distribution observed
in the present study (primarily 50 - 200 nm) suggests

Fig. 4. TEM images showing the spherical morphology and aggregation of microsilica (amorphous SiO:) nanoparticles.
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Fig. 5. TEM image of microsilica particles (scale bar: 500 nm) and the corresponding EDS spectrum.

Table 1. Comparison of microsilica properties with literature data.

that the material was formed under comparatively stable
process conditions. Such uniformity in particle size may
be indicative of controlled vapor-phase nucleation and
condensation dynamics during ferrosilicon production
(Fig. 5).

The elemental composition of the sample was further
examined by EDS at several selected points. The EDS
spectra revealed only intense peaks corresponding to
silicon (Si) and oxygen (O), with no significant signals
from other elements.

Quantitative analysis showed that, in atomic
percentages, O = 64 at. % and Si = 36 at. %, while
in weight percentages, O = 50.3 wt. % and Si = 49.7
wt. %. These values are very close to the theoretical
stoichiometric composition of SiO-, thereby providing
strong evidence that the sample consists almost entirely
of silicon dioxide.

The TEM/SEM-EDS results are fully consistent with
the previously obtained XRF, XRD, and FT-IR data.
XRF analysis confirmed the predominance of silicon,
XRD demonstrated the amorphous structural state,

Parameter This study (Uzbekistan) Zhong et al., 2019 Liang et al., 2023

SiO: content (%) ~99 (EDS) 92-97 90 - 95

Particle size (nm) 50 -200 80 -300 100 - 400

Morphology Spherical Spherical Spherical

Structure Predominantly Amorphous Amorphous
amorphous

and FT-IR identified characteristic absorption bands
corresponding to Si -O - Si bonds. Electron microscopy
further substantiated these findings at the morphological
level, revealing that the material is composed of
amorphous, spherical, nanosized microsilica particles.

Overall, the TEM/SEM-EDS results allow the
investigated material to be characterized as highly
dispersed, spherical, amorphous SiO:-rich microsilica
(silica fume). Such a structure ensures a high specific
surface area, enhanced reactivity, and favourable
functional properties, indicating that the material is a
promising secondary raw material for the production of
binders, composite materials, adsorbents, and functional
additives (Table 1).

CONCLUSIONS

The investigated microsilica sample was
comprehensively characterized using complementary
physicochemical and structural techniques, including
XRF, XRD, FT-IR, and electron microscopy (TEM/
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EDS). The integrated application of these analytical
methods enabled the formulation of consistent and
reliable scientific conclusions regarding the elemental
composition, phase state, chemical bonding, and
morphological features of the material.

XRF analysis demonstrated that silicon is the
principal component of the sample (Si =~ 50.6 wt. %).
The presence of Ca, Al, Mg, K, Fe, Mn, and Zn confirms
the metallurgical origin of the material and indicates the
occurrence of silicate and aluminosilicate-associated
phases. This compositional profile is characteristic
of microsilica dust generated during ferrosilicon
production.

XRD results revealed a broad diffuse maximum
(amorphous halo) within the 20 = 15 - 30° range, with
an almost complete absence of sharp crystalline peaks.
This indicates that the sample predominantly exhibits
an amorphous structure. The observed structural state is
attributed to vapor-phase formation at high temperature
followed by rapid cooling and condensation of SiO
vapors into amorphous SiOx.

FT-IR analysis confirmed the chemical structure of
the material. The intense absorption bands observed at ~
1100 cm™ (asymmetric Si-O-Si stretching), ~ 800 cm™
(symmetric stretching), and ~ 460 cm™ (Si-O bending
vibrations) are characteristic of amorphous silicon
dioxide (SiO2) and are fully consistent with the XRD
and XRF findings. Additionally, the broad band ~ 3400
cm™' indicates the presence of silanol (Si-OH) groups
and adsorbed water.

TEM analysis provided detailed insight into the
morphological characteristics of the sample. The
particles were predominantly spherical, nanosized
(typically 50 - 200 nm), and strongly aggregated. EDS
analysis revealed that the material consists almost
exclusively of Si and O, with atomic and weight ratios
close to the theoretical values for SiO,. These findings
confirm that the sample is composed of highly pure
amorphous silica.

The combined results of XRF, XRD, FT-IR,
and TEM analyses consistently demonstrate that the
investigated material is a technogenic microsilica (silica
fume) composed mainly of amorphous silicon dioxide
and spherical nanoscale particles. Such composition and
structure provide a high specific surface area, enhanced
reactivity, and favourable functional properties.
Therefore, the material can be considered a promising
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secondary raw material to produce amorphous SiO,,
functional fillers, composite systems, and construction
materials.

The scientific novelty of this study lies in establishing
a correlation between the composition and structural
characteristics of technogenic microsilica formed
under specific technological conditions of ferrosilicon
production. The presence of associated elements such as
Ca, Fe, and Mn was shown to contribute to an increased
degree of structural disorder (amorphousness) of silicon
dioxide and a reduced concentration of silanol groups.
These features distinguish the investigated microsilica
from conventional silica fume samples and substantiate
its scientific and practical potential as a functional filler
material.
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