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Abstract. This study presents an integrated and sustainable technology for producing
nanostructured carbon—silicon composite materials from renewable biomass feedstock
(rice husk) combined with industrial waste residues. The proposed approach aims to
address both waste valorization and the development of advanced functional materials
for next-generation energy storage systems. The synthesis process involves consecutive
stages of carbonization, activation, and demineralization, resulting in the formation of a
highly porous structure with a well-developed specific surface area. Carbonization was
carried out in an inert CO2 atmosphere at temperatures ranging from 300 to 1000 °C,
followed by physical activation in the range of 600 to 1200 °C. Subsequent removal of
mineral impurities was achieved using a modified Soxhlet extraction technique, which
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ensured effective purification of the final product. The obtained silicon dioxide was
predominantly in an X-ray amorphous state, exhibiting a diffuse peak maximum at
20 = 24°, with a specific surface area of 120-150 m?/g and a pore volume of 0.5-0.8
cm®/g. XRF elemental analysis confirmed a SiO: purity level of up to 99.7%. SEM
imaging revealed spherical particles with an average diameter of ~50 nm and a uniform
distribution, while FTIR spectroscopy confirmed the preservation of characteristic
siloxane (Si—O-Si) bonds. The developed approach demonstrates a promising route
for converting low-cost biomass and waste resources into high-value carbon—silicon
materials suitable for use in electrochemical energy storage and other advanced
technological applications.

Keywords: carbon-silicon materials, rice husk, carbonization, activation,
nanostructuring, amorphous silica, waste utilization, energy storage devices
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AHHOTanus1: ¥ CHIHBUIFAH JKYMBICTA YKaHAPTBUIATHIH OCIMIIK TEKTEC HIMKi3aTTaH
(Kypimn KaybI3bIHAH) JKOHE OHEPKOCINTIK KaJAbIKTapJaH HAHOKYPBUIBIMIIBI KOMipTeK-
KPEMHUH KOMIO3UTTIK MaTepuajlapblH alylblH UHTETPALMSUIAHFAH 3P1 AKOJIOTHSIIBIK
OarapiaHFaH TEXHOJOTHSCH CUIaTTa a pl. MyHJail Tociin OMoMaccaHbl )KoHE KaJIbIK
TY3YIII IIHKI3aTThI KEMISH I K9JIETe ’KapaTry MiHAETTepiH HIeNTy TYPFBICBIHAH, COHAAN-
aK Kazipri 3aMaHfbl YHEPreTUKANIBIK J)KOHE TEXHOJIOTHUSJIBIK KOJAaHOaIapaa CypaHbICKa
ne kaHa (YHKUUOHAIJBIK MaTepualfapibl d3ipiey VIIiH ©3eKTi OOJbIl TaObuIabl.
¥YChIHBUIFAH OflicTeME KapOOHM3alMs, AaKTUBALUs JKOHE JEeMUHEpaIN3alsHbIH
Oipi3ai caThUIapblH KaMTHJBI, OJap KEyeKTUNri JaMblFaH KYPBUIBIM MEH >KOFapbl
MEHIIKTI OCTTIH KaJbINTaCyblH KamTamacki3 eteni. KapOowusamuss CO: wuHepTTi
atmocdepaceiaga 300-1000 °C temrepaTypama >KYpri3iimi, ajl aKTHBAIEs IpoIeci
600-1200 °C nmamazoHbIHAA OPBIHAAIABI. MHHEpasl KOCajdapAbl THIMJI KOO
yirie Monudukamusuianran COKCJIET amnmaparbl KOJJAaHbUIAbI, OYJI OHIMHIH Ta3apTy
MOPESKECIH emoyip apTThIpyFa MYMKIHTIK Oepmi. AJBIHFAaH KPEeMHHUH ITHOKCHII
peHTreHoaMopdThI Kyiine 0omabl, OHbIH 20 = 24° MoHiHAE 1] ]y3ABIK IIBIHBI OaKaI b,
MeHIIKTI OetiHiH aymanbl 120—150 m?/r, an keyek kesemi 0,5-0,8 cM?/r Kypajbl.
PDA onicimen anementTik Tangay SiO: tazansirbiH 99,7%-ra neitin pacraasl. COM
MHUKPOCKONMSICHI OpTaria Mesmiepi mamaMed 50 HM OonaThlH OemmmeKTepaiH OipKeki
TapaiybiH KepcerTi, ain MK-crekTpockonus CHIIOKCaH IbIK OaianbicTap e (Si—O—Si)
CaKTallybIH Jouengesi. JlaMbITbuIFaH TEXHOJIOT U ap3aH dpi KOIDKETIMII pecypcTapasl
KaHa MaTepualiapblHa alHAJIABIPYABIH >KOFApbl THIMAUIITIH JKOHE ©MipIIeHIrH
KepceTe/i, oJap AIEKTPOXUMUSUIBIK YHEPTUsl KUHAKTAFBIIITAPbIH/A, KATAJIATHKAIBIK
polecTepe *oHe 0acka Aa 03bIK TEXHOJOTHSUIBIK cajlayiapia KOJIJaHyFa sKapamMiabl.
Ocputaiiia, YCHIHBUIFAH TOCUT JKOJOTHSIBIK MIHIACTTEpAl HICHIYAl KOHE >KOFaphl
KOCBUTFaH KYHBI 0ap (QyHKIIMOHAJIBIK HAHOMAaTepraIIap bl sKacay Il YitecTipeni, Oy
OHBIH Ka3ipTi 3aMaHFbl XHMHUS KOHE dSHEPTeTHKA OHEPKICIOiHIH OPHBIKTHI IaMybl YIIiH
MaHBI3AbIIBIFBIH alKBIHIANIbI.

TyiiiH ce3aep: KOMipTeK—KpEeMHHH MaTepraagapbl, KYpill KaybI3bl, KOMIipICHIIPY,
Oescenaipy, HaHOKYPBUIBIMIAHIBIPY, aMOP(Thl KPEeMHHUH IMOKCH[II, KaJIbIKTap.bl
K9JIeTe yKapary, SJHEPrHsl CaKTay KYPbUIFbLIAPEI
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AHHoTanus: B mpencraBneHHON paboTe ompMicaHa WHTETPUPOBAHHAS M AKOJIOTH-
YEeCKH OPUEHTHPOBAHHAS TEXHOJIOIHS IOJIyYeHHs HAHOCTPYKTYPHUPOBAHHBIX yIIIEPOI-
HO-KPEMHHUEBBIX KOMIIO3UTHBIX MaTe€pUaoB U3 BO30OOHOBIISIEMOTO ChIPhS PACTUTEIBHO-
O IMIPOUCXOXKACHUS (IIeJTyXa puca) U MPOMBIIUICHHBIX OTX0A0B. Takol moaxox sSBIseT-
Csl aKTyaJIbHBIM C TOUKH 3PEHHS PEIICHHMS 3a]a4 KOMIUIEKCHON YTHIIM3aH OMOMAacChl
U OTXO0A000Pa3yIONIETO CHIPhS, a TAKKEe Pa3padOTKU HOBBIX (PYHKIIMOHAJBHBIX Mare-
pHaIoB, BOCTPEOOBAHHBIX B COBPEMEHHBIX SHEPIeTUUECKUX U TEXHOJIOIMYECKUX HpU-
noxeHusx. [Ipeanaraemas MeToauKa BKIIOYAET MOCIIEN0BATENbHbIE CTaAUU KapOOHU-
3alUM, aKTHBALMM U JIEMHHEpaIH3alny, o0ecneunBaromye GopMUPOBaHUE Pa3BUTOM
MOPUCTON CTPYKTYPBI M BBICOKHMX 3HaYE€HHUH yAeabHOW moBepxHOocTH. KapOoHu3aumio
npoBowi B uHepTHOU armocdepe CO: npu temmneparypax 300-1000 °C, mpornecc
aKTHBaIK ocymiecTBisuics B auanazone 600—1200 °C. [{ns sdhdexTrBHOTO yaaneHus
MUHEpaJIbHbIX NpUMecel MpUMeHsUIcs Moau(UIMpoBaHHbIM anmapar Cokciera, 4To
MIO3BOJIMJIO 3HAYUTENILHO MOBBICUTH CTENEHb OUYMCTKH MPOAyKTa. [lomy4yeHHBINH AMOK-
CHJl KPEMHUSI HaXOIWIICS B PEHTTCHOAMOP(HOM COCTOSHMHM ¢ MakcUMyMoM auddys-
HOTO THKa mpu 20 = 24°, obnagast yaensHoi moBepxHOCcThio 120—150 M?/T 1 MOpOBBIM
o0bémom 0,5-0,8 cM?/r. DnemeHTHBIM aHau3 MetooM PDA noareepaui yucrory SiO2
1m0 99,7%. COM-MUKpPOCKOTIHS TTOKa3ajia PaBHOMEPHOE pacIpeeieHHe YacTHI[ CO
cpeanuM pazmepom mnopsigka 50 um, a UK-cnekrpockonusi moATBEpAnIia HaJTu4due CH-
JIOKCaHOBBIX cBs3el (Si—O-Si). PazpaboraHHas TEXHOIOTHS JJEMOHCTPUPYET BHICOKYIO
3G PEKTUBHOCT U MEPCHEKTUBHOCTD MPe00pa3oBaHusl JCMEBBIX U TOCTYIIHBIX Pecyp-
COB B MaTepHaJbl, IPUTOJHBIC Ul NIPUMEHEHHS B IEKTPOXUMHUYECKUX HAKOIUTEISIX
SHEPTUH, KaTATUTHICCKUX MPOLECCax M JPYTHX MePEeJOBbIX TEXHOJIOTHYECKUX 00a-
cTsax. TakuMm 06pazom, IpeacTaBIeHHBIN TTOIXO0/ COYETAET B ce0e perIeHne SKOIornye-
CKHX 3a/ay U co3/1aHue (yHKIMOHAJIbHBIX HAHOMATEPUAJIOB C BBICOKOI 100aBICHHON
CTOMMOCTBIO, UTO MOAYEPKUBAET €r0 3HAYUMOCTH Ul YCTOHYHMBOTO Pa3BUTHsI COBpE-
MEHHOHM XMMUYECKOW M SHEPreTHUECKOM MTPOMBIIIIEHHOCTH.

Ki1ioueBble ci10Ba: yriepoaHO-KpeMHUEBBIE MaTepHalibl, PUCOBas LIeTyXa, Kapoo-
HU3aIMs, aKTHBAILUS, HAHOCTPYKTYpUPOBaHUE, aMOP(HBIH KpEeMHE3eM, YTHIU3aIHs
OTXOZIOB, HAKOMTUTEIH YHEPTUH
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Introduction. In the 21st century, the problem of industrial and biological waste
utilization has acquired strategic importance in the context of sustainable development.
Accordingtointernational analytical agencies, more than 700 million tons of metallurgical
waste are generated annually worldwide, including blast furnace and steelmaking slags,
sludges, and dust fractions containing significant amounts of silicon, aluminum, iron,
and other elements. A large share of these materials is either inefficiently processed or
stockpiled, forming technogenic landscapes that pose a threat of soil, water, and air
pollution with heavy metals and fine particulate matter. Equally urgent is the issue of
biomass processing — agricultural residues, wood waste, and organic by-products of
the food industry. The global volume of biological waste exceeds 3 billion tons per
year, and its uncontrolled burning or decomposition is accompanied by emissions of
greenhouse gases, including methane and carbon dioxide, thereby exacerbating global
climate change.

At the same time, there is a rapid increase in demand for energy storage systems
(ESS), driven by the development of renewable energy, electric transport, portable
electronics, and distributed power grids. According to BloombergNEF forecasts, by
2035 the global ESS market will grow more than 15-fold compared to 2020. This will
require a substantial increase in the production of batteries with high specific capacity,
long service life, and the availability of raw materials.

According to estimates, between 7 and 10 billion tons of waste are generated
globally each year, of which approximately 2 billion tons account for municipal solid
waste (MSW) (Bioenergy International). More recent data confirm that the global MSW
volume in 2019 amounted to between 2.29 and 3.13 billion tons, which is 30-50%
higher compared to 2004-2019 levels (PMC). Other projections suggest that by 2050
this volume could nearly double, reaching almost 4 billion tons if the trend continues
(Statista).

Agricultural residues alone constitute a significant fraction of waste: over 80% of
the biomass from cultivated crops remains unused. For example, about 998 million tons
of agricultural waste are generated annually, including 709.2 million tons of straw and
673.3 million tons of rice straw.

For every ton of steel produced, about 0.15 tons of slag are generated — regardless
of the production technology (Wikipedia). In China, the world’s largest steel producer,
the annual volume exceeds 120 million tons (ScienceDirect). In developed countries,
slag recycling rates exceed 90%, whereas in China they are around 20%.

The United Nations Environment Programme (UNEP) projects that by 2050, waste-
related costs — including biodiversity loss, greenhouse gas emissions, and mortality
— will reach USD 640 billion annually, representing a 75% increase compared to 2020.

Relevance of Waste Recycling for Si—C Material Production

In recent years, increasing attention has been paid to the integrated recycling of
biological and metallurgical waste for the production of carbon-silicon (Si—C)
composites for energy storage systems (ESS). Biomass serves as a sustainable source
of carbon matrices and SiO: precursors, while metallurgical slags and sludges act as
concentrates of SiO: and associated metals. Studies have shown that controlled micro-
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and mesoporosity, optimal interlayer spacing in carbon structures, and core—shell
architectures (Si@C) can enhance reversible capacity, high-rate retention, and structural
stability (Chen et al., 2025; Abe et al., 2022; Wang et al., 2022).

Classical and modern approaches include:

Conversion of SiO2 — Si followed by the formation of C/SiO,/Si composites;

Use of gradient structures and elastic binders to compensate for volumetric expansion;

Post-treatment and doping to optimize electrical conductivity and stabilize the solid—
electrolyte interphase (SEI) (Wang et al., 2025; Jin et al., 2025).

Research Gaps and Challenges

Despite a significant number of studies dedicated to the processing of biomass
and metallurgical waste separately, the integration of these technologies into a unified
process chain remains underdeveloped. Treating the production of carbon and silicon-
containing materials as independent processes limits the potential for the combined
utilization of heterogeneous feedstocks and hinders the implementation of a closed-loop
production concept.

Aim and Objectives of the Study

The aim of this work is to develop and scale up an integrated technology for
processing biological and metallurgical waste to obtain high-performance carbon—
silicon materials for energy storage systems, in accordance with international standards
and sustainability principles.

The research objectives are to:

Analyze and select promising types of biological and metallurgical feedstocks with
high carbon and silicon content.

Develop a laboratory-scale technological process for synthesizing Si—C materials,
including preparation, modification, and composite formation.

Optimize synthesis parameters to achieve high electrochemical performance.

Scale up from laboratory setups to pilot production, assessing process scalability.

Evaluate the industrial potential and economic feasibility of implementing the
technology, including environmental indicators and compliance with international
standards.

Methods and materials.

2.1 Raw Materials

Various types of biowaste with significant potential for recycling and subsequent
industrial application were used as raw materials.

Nut shells (hazelnut, walnut, and others) represent a hard fruit shell with a developed
porous structure and high mechanical strength, making them promising feedstocks for
the production of sorbents and activated carbons. According to research data, after low-
temperature pyrolysis, hazelnut shells exhibit a specific surface area of approximately
19.3 m?%/g with a bulk density of 0.40 g/cm?, while walnut shells have a specific surface
area of 19.7 m?*/g with a density of 0.47 g/cm?. The use of this type of raw material
enables environmentally safe disposal of biodegradable components, reduces the strain
on non-renewable natural resources, and yields effective adsorbent materials (https://
apni.ru/article/1670-svojstva-produktov-retsiklinga-rastitelnikh?utm_source )
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Rice husk is the hard outer shell of the rice grain and consists primarily of amorphous
silica and lignin. The mass fraction of the husk is about 20% of the grain weight, and
the annual global volume of rice husk generation amounts to hundreds of millions of
tons. The high silica content leads to low biodegradability under natural conditions
and renders thermal destruction ineffective, resulting in waste accumulation and
environmental risks. At the same time, rice husk has high technological value: during
processing, an amorphous silica-based nanoporous structure is formed, which can
be used in the production of building materials, fertilizers, sorbents, composites, and
activated carbons. Pyrolysis products include a solid silicon—carbon phase (~50-55%
carbon, ~40-45% silicon dioxide) used as a filler, sorbent, and feed additive, as well as
an organic condensate and a gaseous phase containing valuable chemical compounds
suitable for further utilization.

Wood sawdust is a by-product of the woodworking industry, consisting of small
particles of wood containing approximately 70% polysaccharides (cellulose and
hemicellulose) and about 27% lignin. The elemental composition of sawdust includes
approximately 50% carbon, 6% hydrogen, 44% oxygen, and about 0.1% nitrogen.
Sawdust is a sought-after raw material for the production of biofuels (briquettes and
pellets), serves as a substrate for mushroom cultivation, is used as mulch, animal
bedding, organic fertilizer, and as a feedstock for the manufacture of pressed products.

Table 1- Comparison table

Type of Main components Key Features Possible application
biowaste
Nut shells | Organic matrix, carbon Specific surface area ~19— | Sorbents, activated carbon,
structure 20 m?/g, density 0.4-0.5 g/ | adsorption materials
cm?
Rice husk | Amorphous silicon Nanoporous structure, high | Fillers, sorbents, composites,
dioxide, lignin silicon content fertilizers, bioenergy
Wood waste | Cellulose, hemicellulose, | Polymer composition, Fuel, fertilizers, mycelial
lignin, carbon biodegradation, organic substrates, pressed products
matrix
Metallurgical Waste

Metallurgical slag is a by-product of iron and steel production, representing a complex
mixture of silicate and oxide compounds formed during metal smelting processes. The
chemical composition of slag is determined by the production technology and the raw
materials used.

Blast furnace slags are characterized by a calcium oxide (CaO) content of 29-47%,
silicon dioxide (SiO2) of 27-43%, aluminum oxide (Al>Os) of 4-14%, magnesium oxide
(MgO) of 5-15%, iron oxide (FeO) of 0.2-0.6%, manganese oxide (MnO) of 0.1-9%,
and sulfur of 0.6-2.2%.

Steelmaking (converter) slags contain approximately CaO ~40-55%, SiO2 ~7-18%,
ALOs ~2-6%, MgO ~6-10%, FeO/Fe.0s ~12-28%, MnO ~13-14%, and sulfur ~1—
1.9%.
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The physical characteristics of slags include a true density of about 2900-3000 kg/
m? and bulk density of 2200-2800 kg/m?®. They exhibit increased porosity and frost
resistance. Slag is a multiphase silicate system with variable chemical and mineralogical
composition, often containing metallic inclusions (up to 5%). Steelmaking slags have
relatively low hydraulic activity.

Slags are classified according to their basicity based on the CaO/SiO- ratio: values
below 1 indicate acidic slags, while values above 1 indicate basic slags.

Applications of metallurgical slags include:

Road and civil construction (crushed stone, base layers, and road surfacing);

Cement industry (granulated blast furnace slag as a component of slag Portland
cement, with a share of up to 35% in standard Portland cement and up to 80% in special
blends);

Production of dry building mixes, silicate concretes, and for soil stabilization;

Metallurgical processes (e.g., in open-hearth production) to reduce lime consumption
and lower CO: emissions.

Table 2 - Comparison table

Waste Composition Main characteristics Application

Metallurgical slag | CaO, SiO2, ALl:Os, Density ~2200-3000 kg/ | Roads, cement, building
MgO, Fe/Mn oxides, S | m*; porosity, complex mixtures, soil stabilization

composition

Quartz Almost pure SiO», Size 100-300 um, ultra- | Semiconductor, glass, crystal

concentrates impurities <30 ppm low impurities and quartz technology

Silicon-containing | SiO: + Fe20s, AL:Os High Si content, porous | Agglomerate-blast raw

sludge etc., sometimes >98% | structure material component; moisture
Si regulation; charge; valuable

metals

2.2. Pretreatment Methods

The preliminary preparation of raw materials is an important stage of technological
processes, ensuring uniform composition, improved physicochemical properties of the
materials, and increased efficiency of their subsequent processing.

Mechanical preparation.

Drying reduces the moisture content of the raw materials to the target level,
preventing caking, improving grinding efficiency, and facilitating material transport
(https://burondt.ru/files/TextEtk/EtkDocsFile2228.pdf ). Comminution (crushing and
milling) is carried out in crushers, mills, and other equipment to increase the specific
surface area and enhance reactivity (Wills et al., 2016). Screening is performed using
sieve analysis or air classification to separate fractions with a specified particle size
distribution  (https://publications.rwth-aachen.de/record/444642/files/59 Innovative
approaches.pdf ; https://en.wikipedia.org/wiki/Mineral processing ).

Removal of impurities and dechlorination (for metallurgical waste).

Dechlorination is a thermal treatment of the material in an inert or reducing atmosphere
to remove chlorine-containing compounds, which may form during interactions with

265




ISSN 2224-5227 3.2025

fluxes and salts (https://chm.pops.int/Portals/0/docs/from_old_website/documents/
meetings/cop_1/meetingdocs/langs/infl_7/INF-7r.pdf ; Hober et al., 2022). Removal of
impurities (heavy metals, iron, aluminum, etc.) is achieved using magnetic separation,
flotation, or hydrometallurgical processing, including reduction roasting followed by
leaching (Binnemans et al., 2020; Faisal et al.,2025; Devi et al., 2021).

Table 3 — Main pretreatment methods for waste

Processing stage Purpose and benefits

Drying Reduction of moisture, improvement of grinding, prevention of caking and
spoilage

Crushing (grinding) Increase of specific surface area, increase of reaction activity

Sorting Optimization of granulometric composition, improvement of homogeneity of

the mixture

Dechlorination Removal of chlorine-containing contaminants, reduction of toxicity
Removal of impurities | Purification from metals and undesirable components, improvement of the
quality of the final raw materials

2.3 Methods for Synthesizing Carbon—Silicon Materials

The synthesis of carbon—silicon (C—Si) materials encompasses a variety of
technologies aimed at producing composites and nanostructures with tailored properties,
such as high porosity, specific functionality, and improved thermal conductivity.

Carbonization / Pyrolysis of Biomass

This method is based on the thermal treatment of organic feedstocks (biomass) in an
oxygen-free environment to obtain a carbon matrix. The processes include pyrolysis,
hydrothermal carbonization (HTC), and fast carbonization, enabling the production
of carbon materials with controlled porosity and structure (https://en.wikipedia.org/
wiki/Hydrothermal carbonization?ysclid=meqnylisfl175057245 ), (Simonenko et al.,
2013). In particular, hydrothermal carbonization (HTC) is carried out under pressure at
around 180 °C, allowing the processing of wet biomass without prior drying (https://
en.wikipedia.org/wiki/Sol%E2%80%93gel process?ysclid=meqo6ake2g520290754 ).

Reduction Reactions and Silicon Modification

C-Si composites can be obtained via carbothermal reduction, in which silica (SiO2)
is reduced with carbon to form silicon carbide (SiC) or silicon-containing structures.
Hybrid approaches are particularly effective, combining preliminary sol-gel preparation
of the initial SiO>—C mixture with carbothermal synthesis at 1200—1500 °C in vacuum
(Molkenova et al., 2015).

Nanostructuring (Sol-Gel, Mechanochemistry, Plasma Chemistry)

Sol-gel method — a wet-chemical technology in which hydrolysis and
polycondensation of alkoxide precursors (e.g., TEOS) form a granular or network gel
structure. Subsequent carbonization and heat treatment can yield nanocrystalline SiC
structures (Bapat et al., 2004).

Mechanochemical activation — involves the use of high-energy ball milling,
resulting in ultra-fine particle size reduction, enhanced chemical reactivity of mixtures,
and further C-Si structure formation without the use of a liquid phase.
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Plasma-chemical methods — enable the generation of silicon nanoparticles with
controlled sizes (20—-80 nm) and crystalline orientation through low-temperature plasma
discharges.

Table 4 — Comparison of methods for synthesizing carbon—silicon materials

Method Description

Carbonization / HTC Production of carbon matrix from bio-raw materials. HTC allows working
with wet biomass

Carbothermic reduction | Synthesis of SiC from SiO: and carbon source at high temperatures

Sol-gel + carbothermy | Methods are combined: gel formation and carbonization to control the structure
of the Si—C product

Mechanochemistry High-energy milling accelerates reactions, reduces size and activates the
material
Plasmachemistry Generation of silicon nanoparticles with a narrow size distribution in plasma

2.4 Methods of Analysis and Testing

A comprehensive investigation of carbon-silicon materials requires elemental,
structural, surface, and electrochemical analysis techniques. These methods enable
the assessment of composition, morphology, texture, and functional properties of
synthesized products.

Chemical Analysis

X-Ray Fluorescence (XRF) — a rapid, non-destructive technique for qualitative and
quantitative determination of the elemental composition of samples. Particularly useful
for the analysis of metals, glass, ceramics, and construction materials.

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES, ICP-AES)
— a highly sensitive method with a broad dynamic range, applicable to various media
(liquids, solids after dissolution), commonly used in mining, metallurgy, and materials
science.

Structural Analysis

X-Ray Diffraction (XRD) — a key method for phase identification, crystallite size
determination, and detection of structural changes in materials.

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy
(TEM) — enable visualization of morphology, nanostructures, and, in the case of SEM—
EDS, provide elemental composition at the microscale.

Surface Analysis

Brunauer—Emmett—Teller (BET) method — determines the specific surface area and
porosity of a material based on gas adsorption isotherms.

Fourier-Transform Infrared Spectroscopy (FTIR) and Raman Spectroscopy —
sensitive to chemical bonds and functional groups, complementing each other in
identifying structural and electronic characteristics.

Electrochemical Testing

Cyclic Voltammetry (CV) — used to study electrochemical activity, reaction kinetics,
and determine material capacitance.

Charge—discharge tests, including those at specific currents and potentials, are
employed to assess capacitance, cycling stability, and energy storage efficiency.

Electrochemical Impedance Spectroscopy (EIS) — analyzes system impedance to
evaluate resistances, capacitance, and kinetics in electrode and interfacial processes.
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Table 5 — Analytical Methods and Their Applications

Method Application

XRF Rapid elemental analysis, non-destructive, suitable for a wide range of
samples

ICP-OES High sensitivity, broad dynamic range, requires sample dissolution

XRD Phase identification, crystalline structure determination

SEM / TEM Morphology, nanostructure, elemental composition (SEM—EDS)

BET Specific surface area and porosity measurements

FTIR / Raman Identification of functional groups and chemical bonds

CV, charge—discharge, EIS | Electrochemical activity, capacitance, kinetics, and resistance

Results.

The synthesis process involves three treatment stages.

Carbonization is the first stage, during which carbon—silicon composites (CSCMs) are
typically formed via pyrolysis of the raw material in the temperature range of 600-900
°C under an inert atmosphere (usually nitrogen). The main objective of carbonization
is the removal of volatile components, maximization of the specific content of carbon
and silicon, and the production of a material with sufficiently high specific surface area
and porosity.

Activation is the second stage, involving the exposure of the carbon material to
oxidizing gases such as CO: or steam in the temperature range of 600—1200 °C. This
process removes the more disordered carbon fraction and leads to the formation of a
well-developed porous structure.

To remove mineral impurities, demineralization is carried out using a modified
Soxhlet extractor.

The combination of carbonization, activation, and demineralization processes
ensures the formation of the required structural and physicochemical properties of the
final products.

The synthesis was performed by carbonizing and activating plant-based materials
in a custom-designed furnace at temperatures ranging from 300 to 1000 °C for 30-90
minutes under a CO- atmosphere, without air access. Figures 2 and 3 show the pilot unit
for producing carbonized material from plant feedstock (5 kg h™).

The reactor is designed for the sequential execution of feedstock dehydration,
accompanied by depolymerization and partial decomposition in the temperature range
of 650-800 °C. This stage includes water removal (up to 280 °C) and decarboxylation
with the formation of pyrolysis tars through concurrent dehydration processes.

X-Ray Diffraction (XRD) Analysis

The results of the sample study are presented in Figure 1. The obtained silica powder
is in an X-ray amorphous state, as confirmed by XRD analysis. The X-ray diffraction
patterns exhibit a single broad diffuse peak at 20 = 24°, characteristic of the amorphous
structure of rice husk silica, whereas for amorphous silicon dioxide the maximum of
the diffuse peak is typically observed at 26 = 30°. The observed broad curve (Fig. 1)
with a maximum intensity at 24.0° / 20 further confirms the amorphous structure of the
obtained silica.
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Figure 1 — XRD pattern of SiO: obtained from rice husk

Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS)

The SEM-EDS results for SiO- derived from rice husk are presented in Figure 2.

The morphology of the silica obtained from pretreated rice husk, as shown in the SEM
images, demonstrates complete transformation of the pretreated husk into an amorphous
nanomaterial with an average particle size of approximately 50 nm. According to the
EDS analysis, the silica contains 34.5 wt.% silicon and 65.2 wt.% oxygen.

Element wt. %
Si 34,5
0] 65,2
Na 0,3

Figure 2 — SEM micrographs of SiO2 and EDS elemental analysis
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Low-temperature nitrogen adsorption

The synthesized SiO: from rice husk exhibited a high specific surface area and
significant pore volume.

The results obtained via low-temperature nitrogen adsorption measurements revealed
that the specific surface area of the silica samples was 120 and 150 m?/g, respectively.

The pore volume of the SiO2-RH1 and SiO2-RH3 samples increased from 0.5 cm?/g
to 0.8 cm?®/g, while the average pore diameter decreased from 26.4 nm to 18.4 nm.

The specific surface areas, pore diameters, and pore volumes of the silica samples
are summarized in Table 6.

Table 6 — Surface area and pore characteristics of silica samples

Sample Surface area Pore characteristics (DFT method)

Sspecific., m2/g Vpore, cm3/g Drop, Hm
SiO2 RH 1 120 0.5 26.4
SiO2 RH 3 150 0.8 18.4

Results and Analysis of Samples by XRF

The elemental composition of the initial rice husk ash (RHA) and the purified SiO-,
determined by X-ray fluorescence (XRF), is presented in Table 7.

The content of all elements is given in weight percent (%).

Table 7 — X-ray fluorescence analysis results for rice husk ash and silica samples

Elemental composition | Rice husk ash Pure SiO2 sample

RHA1 RHA2 | RHA3 | SiO21 Si022 | Si023
Si02 83.8 73.9 84.4 98.2 99.1 99.7
Cl — 3.1 — 1.8 0.8 -
K20 8.6 18.5 4.8 — - 0.1
CaO 6.7 2.8 8.3 — — 0.2
MnO 0.2 0.6 - - -
Fe203 0.6 0.6 25 — 002 |-
ZnO 0.2 0.5 — — 0.1 0.04

Fourier-Transform Infrared Spectroscopy (FTIR) Results

The functional groups in the sample were identified using a Thermo Scientific FTIR
Nicolet 6700 equipped with an attenuated total reflectance (ATR) accessory. Spectra
were recorded with a resolution of 4 cm™* over the range of 4000-400 cm™.

Changes in the functional groups of the samples were studied by analyzing the
FTIR spectra (Figures 3). The absorption peaks located at 1055 cm™ and 1058 cm™ are
attributed to the stretching vibrations of C—OH and siloxane (Si—O-Si) bands, which
were observed in the FTIR spectra of untreated rice husk (RH) samples. The peak at 2921
cm' corresponds to the symmetric and asymmetric stretching vibrations of aliphatic
C—H bonds in —CHs and —CH: groups, originating from cellulose, hemicellulose, and
lignin structures, respectively.
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The FTIR spectra of the extracted silica after preliminary acid washing showed the
same absorption peak at 1055 cm™ as in the raw RH, indicating that the pretreatment
method did not significantly alter the surface properties of the silica.

Discussion. Synthesis of Carbon—Silicon Materials from Biomass, Specifically Rice
Husk

The synthesis of carbon-silicon materials from biomass, particularly rice husk,
has demonstrated high efficiency when employing sequential stages of carbonization,
activation, and demineralization.

In the first stage, carbonization at 600900 °C in a nitrogen atmosphere removed
volatile components and concentrated carbon and silicon in the product, resulting in the
formation of a developed porous structure. The second stage, activation at 600—1200
°C in a CO: atmosphere, further enhanced porosity by removing amorphous carbon and
generating a more ordered microporous architecture. The final stage, demineralization
using a modified Soxhlet extractor, effectively removed mineral impurities, including
potassium, calcium, iron, and manganese compounds, as confirmed by XRF analysis.

X-ray diffraction (XRD) revealed that the obtained silica is X-ray amorphous, as
evidenced by a single broad diffuse peak at approximately 260 ~ 24°, characteristic of
amorphous SiO: derived from plant-based raw materials. This result is consistent with
literature reports indicating that silica from rice husk is predominantly amorphous in its
native form.

Scanning electron microscopy (SEM-EDS) showed that the synthesized silica
possesses a nanostructured morphology with particle sizes of about 50 nm. EDS
analysis indicated a silicon content of 34.5 wt% and an oxygen content of 65.2 wt%,
corresponding to the stoichiometry of silicon dioxide. The presence of sodium and trace
amounts of other elements is attributed to residual minerals not fully removed during
demineralization.

BET surface area analysis demonstrated that the SiO. samples achieved a specific
surface area of up to 150 m?/g, with a pore volume of 0.8 cm?/g and an average pore
diameter of about 18 nm. The reduction in average pore diameter compared with less-
activated samples indicates the development of a more advanced mesoporous structure,
beneficial for use as a matrix for silicon-containing composites in lithium-ion battery
anodes.

XRF analysis confirmed that after acid purification, the silica purity reached 99.7%.
The significant reduction in K-O, CaO, and Fe20Os contents compared with rice husk ash
demonstrates the effectiveness of the pretreatment process.

FTIR spectroscopy identified the main functional groups. Absorption peaks in the
range of 1055-1058 cm™ correspond to the stretching vibrations of Si—O-Si bonds
typical for amorphous silica. The persistence of this peak after acid washing indicates that
chemical purification does not disrupt the primary SiO: structure. The disappearance or
attenuation of peaks associated with C—H vibrations (2921 cm™) indicates the removal
of organic components.

Overall, these results demonstrate that the proposed technological scheme enables
the production of high-purity, nanostructured, amorphous silica with a developed
porous structure, making it promising for the fabrication of carbon—silicon composites
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in electrochemical energy storage devices, as well as in adsorption and catalytic
applications.

Conclusion. In the course of the present study, a technological scheme for producing
high-purity amorphous silica from rice husk was developed and implemented, employing
sequential processes of carbonization, activation, and demineralization. The following
findings were established:

Carbonization in the temperature range of 600-900 °C under an inert atmosphere
effectively removed volatile components, increased the relative content of carbon and
silicon, and facilitated the formation of a well-developed porous structure in the initial
material. Activation with carbon dioxide at 600—1200 °C promoted the development
of micro- and mesoporous structures through the removal of disordered carbon.
Demineralization using a modified Soxhlet extractor ensured the removal of alkali and
alkaline earth metal impurities, enabling an increase in silica purity to 99.7%.

X-ray diffraction confirmed the amorphous state of the obtained SiO-, while SEM-
EDS analysis revealed a nanoscale particle size (~50 nm) and a silicon content of 34.5
wt%.

Low-temperature nitrogen adsorption measurements indicated a specific surface
area of 120—150 m*/g, a pore volume of 0.5-0.8 cm?/g, and an average pore diameter of
18.4-26.4 nm.

The practical significance of the developed technology lies in the potential for
scaling up the processes to pilot-scale units (5 kg/h) and integrating them into industrial
lines for agricultural waste processing. This opens the way for comprehensive waste
utilization with the production of valuable nanostructured materials.

Future research prospects include:

» modification of the obtained silica to improve its electrochemical properties;

* integration of the material into hybrid electrodes for supercapacitors and lithium-
1on batteries;

* optimization of the energy efficiency of the technological processes.
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