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Synthesis of Amorphous and Crystalline Silicon Dioxide Powder Composites
from Rice Husk Ash for Thermal Spray Deposit

This paper presents the synthesis of silicon dioxide (SiO,) from rice husk ash through chemical treatment
followed by heat treatment at 800 °C for 3 h. The structural and physicochemical properties of the
synthesized silica were investigated using X-ray diffraction (XRD), Fourier-transform infrared spectroscopy
(FTIR), and laser diffraction particle size analysis. The synthesized silica exhibited an amorphous structure,
with a median particle size (D50) of approximately 88.9 um. Subsequent annealing at 1200 °C led to
crystallization of the silica, resulting in the formation of quartz and cristobalite phases. FTIR analysis
revealed characteristic absorption bands associated with Si—O-Si stretching vibrations in the 2000-1100 cm™
region, as well as bands attributed to hydroxyl groups. The obtained crystalline silica materials demonstrate
potential for use as powder materials in thermal spraying technologies.
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Introduction

In recent years, particular attention has been paid to the development of new materials based on recy-
cled raw materials, driven by environmental and economic factors. One promising area is the use of agricul-
tural waste as a source of functional materials. Rice husk, in particular, is of considerable interest because its
ash content contains up to 90-96 % silicon dioxide (SiO;), making it an accessible and affordable raw
material [1, 2].

Traditional methods for producing silicon dioxide, such as sol-gel synthesis and the use of
organosilicate precursors (tetraecthoxysilane, tetramethoxysilane), are characterized by high cost, process
complexity, and environmental limitations [3, 4]. Therefore, the development of alternative methods for ob-
taining SiO, from natural and man-made sources is a pressing issue.

One effective approach is the acid-thermal treatment of rice husks, which allows for the production of
high-purity silicon dioxide. Acid treatment removes metallic impurities (Fe, Ca, K, etc.), while subsequent
heat treatment removes the organic component and forms an amorphous or crystalline SiO, structure, de-
pending on the temperature [5-7].

Despite the significant amount of research devoted to obtaining SiO, from rice husks, comprehensive
analysis of its structure, morphology, phase composition, and dispersion remains relevant [8, 9]. Further-
more, the use of such SiO, as a powder material for the formation of functional and protective coatings has
received limited research.

Of particular interest is the use of the resulting silicon dioxide in thermal spraying technologies, where
powder materials are used to create wear-resistant and corrosion-resistant coatings [10-12]. The use of agri-
cultural waste can significantly reduce the cost of coatings while simultaneously addressing environmental
waste disposal issues. It should also be noted that research into the use of rice husks to produce SiO, is ac-
tively developing, but its integration with bionanocomposite and thermal spray coating technologies remains
understudied [13-15].

Therefore, the aim of this study is to obtain silicon dioxide from rice husks, study its structure and
properties, and evaluate its potential for use in protective coating technologies.
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Experimental

Rice husks were used as the starting material. Before the experiment, the raw material was pre-cleaned:
washed with distilled water three times to remove mechanical and water-soluble impurities, and then dried at
room temperature until completely dry.

For chemical treatment, a hydrochloric acid solution with an initial concentration of 33 % (reagent
grade) was used, from which a 5 M solution was prepared by diluting with distilled water. The volume of the
starting solution was calculated using the formula:

CV,=C\V,, 1
where, C; — concentration of the initial solution; V; — volume; C, — required concentration; V, — final
volume of the solution. The process flow for obtaining silicon dioxide (SiO;) from rice husk is shown in
Figure 1.

Figure 1 — Process flow for producing silicon dioxide (SiO,) from rice husks: raw material preparation,
thermal annealing, formation of silica-containing ash, and production of dispersed SiO, powder.

The rice husks were chemically treated in a 5 M HCI solution to remove mineral impurities. The sam-
ples were kept at room temperature for 72 hours with periodic stirring. After treatment, the material was
washed with distilled water to a neutral pH and dried at room temperature. Thermal treatment was carried
out in a muffle furnace at 800 °C for 3 hours using porcelain crucibles, which ensured the removal of the
organic component and the formation of silicon dioxide (SiO5).

The resulting silicon dioxide (SiO) had an amorphous structure. To crystallize the sample, it was an-
nealed at 1200 °C in a muffle furnace (SNOL), which resulted in the formation of a crystalline phase.

X-ray diffraction (XRD) analysis of the samples was performed using a diffractometer with CuKa radi-
ation (A = 1.5406 A). Diffraction patterns were recorded in the 260 range of 20-90° with a scan step of 0.02°
and a recording speed of ~0.5 s/step [16]. The phase composition of the samples was determined using the
PDF-4+ database, and the diffraction patterns were processed using HighScore Plus software. Infrared spec-
tra of the samples were recorded using a Fourier transform infrared (FTIR) spectrometer in the wavenumber
range of 500-4000 cm™. Measurements were performed at room temperature using the standard technique
(in transmission mode). The obtained spectra were processed using the spectrometer’s built-in software. Par-
ticle size distribution analysis was performed using a Winner 2005 NanoSizer particle size analyzer [17].
Measurements were performed at room temperature under standard conditions. The microstructure and sur-
face morphology of the resulting silicon dioxide (SiO,) were examined using scanning electron microscopy
(SEM-3200).

Results and Discussion

X-ray diffraction analysis was performed to study the phase composition and structural state of the ob-
tained silicon dioxide (SiO,) before and after heat treatment. The diffraction pattern of the sample annealed
at a temperature of 800 °C (Fig. 2) is characterized by the presence of a wide diffuse maximum (halo) in the
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region of ~22° (20), indicating an amorphous structure of the material. The absence of clearly defined dif-
fraction peaks indicates the absence of long-range crystalline order in the SiO, structure. After additional
annealing at a temperature of 1200 °C (Fig. 2), significant changes in the diffraction pattern are observed:
narrow and intense diffraction peaks appear, indicating the formation of a crystalline structure. The recorded
reflections correspond to the characteristic peaks of crystalline modifications of SiO, (quartz, cristobalite),
confirming the transition of the material from an amorphous to a crystalline state. The observed transfor-
mation is due to a thermally induced rearrangement of the amorphous silica matrix, accompanied by ordering
of the atomic structure and the formation of crystalline domains. Thus, the XRD analysis results demonstrate
that increasing the processing temperature to 1200 °C leads to an amorphous — crystalline SiO, phase tran-
sition. This transition is important for controlling the material’s properties, particularly by enhancing its
thermal stability and mechanical properties, which is of interest when using SiO, in thermal spraying tech-

nologies.
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Figure 2 — X-ray diffraction patterns of silica (SiO,) obtained from rice husk: amorphous silica;
crystalline silica after thermal annealing.

FTIR spectra of silica obtained from rice husk ash before and after high-temperature annealing are
shown in Figure 3. The spectra of the amorphous sample (Fig. 3) and the crystallized sample (Fig. 3) exhibit
characteristic bands consistent with the silica structure. The spectrum of amorphous SiO, (Fig. 3) exhibits a
broad band in the region of ~3200-3600 cm™, corresponding to the stretching vibrations of O—H groups,
which is associated with the presence of adsorbed moisture and hydroxyl groups on the particle surface. The
band near ~1600 cm™ is due to the deformation vibrations of water molecules (H-O—H). The most intense
and broad band in the range of ~1000-1100 cm™ corresponds to the stretching vibrations of Si—O-Si bonds,
a characteristic feature of an amorphous silica structure. The width of this band indicates the absence of
long-range order in the material’s structure.
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After annealing at 1200 °C (Fig. 3), changes in the spectral characteristics are observed. The Si—O-Si
band becomes more pronounced and partially narrows, indicating an increase in the degree of structural or-
der and the formation of a crystalline phase. Furthermore, the intensity of the bands associated with hydroxyl
groups (O—H) and adsorbed water (H-O-H) decreases, which is due to their removal during high-
temperature treatment. Thus, the FTIR analysis results confirm that heat treatment at 1200 °C leads to a
structural transformation of silicon dioxide from an amorphous to a crystalline state, which is consistent with
the X-ray diffraction data.
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Figure 3— FTIR spectra of silica (SiO;) obtained from rice husks: amorphous silica;
crystalline silica after thermal annealing

Figure 4 shows differential histograms and cumulative particle distribution curves for silica (SiO,) ob-
tained from rice husks. The amorphous sample (Fig. 4) exhibits a relatively narrow particle distribution with
a pronounced maximum in the range of ~90-110 um. The majority of particles are concentrated in the range
of 50-150 pum. The cumulative curve is characterized by a sharp rise, reaching almost 100 % in the range up
to 180-200 um. This indicates low polydispersity and high powder homogeneity. This distribution pattern is
typical of amorphous materials, the structure of which facilitates more uniform destruction during milling
and the formation of particles of similar sizes. In contrast, crystalline silicon dioxide (SiO,) (Fig. 4b) exhibits
a significantly broader and more asymmetrical distribution with a distinct “tail” in the region of large parti-
cles. Although the main fraction is also in the ~150-200 um size range, the system also contains a significant
number of particles up to 800 pm and larger. The cumulative curve increases more smoothly and reaches
saturation only at significantly larger particle sizes. This indicates high polydispersity of the sample.

Thus, amorphous silicon dioxide (SiO;) has a more uniform particle size distribution, which can posi-
tively impact its processing properties, such as flowability, solubility, and reactivity. Crystalline silicon diox-
ide (SiO,), on the other hand, is characterized by high polydispersity, which can lead to inhomogeneous
properties and require additional processing (e.g., classification or regrinding).
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Figure 4 — Differential histograms and cumulative distribution curves of silica (SiO,)
particles obtained from rice husk: a — amorphous silica; b — crystalline silica after thermal annealing

Figure 5 shows SEM images and elemental analysis of amorphous (Fig. 5a) and crystalline (Fig. 5b) sil-
ica (SiO,) particles obtained from rice husk. Amorphous silica (SiO,) is characterized by a dispersed, disor-
dered morphology consisting of small agglomerated particles with a developed surface area. EDS analysis
reveals the presence of only the essential elements Si and O, indicating the high purity of the obtained mate-
rial and the effective removal of impurities during acid treatment. Crystalline silicon dioxide (SiO,) exhibits
a denser and partially ordered structure with larger particles and pronounced porous fragments inherited from
the original raw material. In addition to Si and O, the EDS spectrum also displays a carbon (C) peak, which
may be due to residual organic components or surface contamination. Thus, crystallization is accompanied
by particle coarsening, increased structural density, and the possible retention of residual impurities, whereas
amorphous SiO, is characterized by higher purity and homogeneity.
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Figure 5— SEM images and EDS analysis of silicon dioxide (SiO,) particles obtained from rice husk:
a — amorphous silica; b — crystalline silica after thermal annealing.

Conclusion

— During the study, silicon dioxide (SiO) was successfully synthesized from rice husk ash through ac-
id leaching followed by thermal treatment. It was established that three-day leaching in an HCI solution and
subsequent calcination at 800 °C enable the production of high-purity amorphous silica with an SiO, content
exceeding 96 %.

— X-ray diffraction (XRD) analysis revealed that thermal treatment at 800 °C promotes the formation
of an amorphous silica structure, whereas increasing the temperature to 1200 °C results in the crystallization
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of the material with the formation of quartz and cristobalite phases. FTIR analysis confirmed the presence of
characteristic Si—O-Si bonds and hydroxyl groups typical of silica.

— Particle size distribution analysis showed that the median particle size of the synthesized powder was
D50 = 88.9 um. The obtained results confirm the effectiveness of the proposed rice husk recycling approach
and demonstrate the potential of the synthesized SiO, as a powder feedstock material for thermal spray coat-
ing technologies.
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J.P. baibkan, T. Onimbexyibl, A.E. Oni6bekos, E.E. bipxan,
I'.C. bekracosa, JK.b. Carnonanna

I'azoTepmMusAIbIK OYPKY YIIIH KYpPilll KAOBIFBIHBIH KYJiHeH KPeMHMIl THOKCHII
Herizingeri amop@Thbl x9He KPUCTAJIbI YHTAK KOMIIO3UTTEPiHiH CHHTe3i

JKymbicTa Kypill KaObIFBIHBIH KYJIiH TEPMHSIBIK JKoHE XUMUAIBIK oHey daicTepiMer 800 °C temneparypana
3 carar iminHme ewmemn, KpemHui guokcumid (SiO,) cuHTE3dey YCBIHBUIFAH. AJIBIHFAH MaTEpUaIbIH
KYPBUIBIMIBIK JKOHE (pu3MKa-XUMUSUTBIK ~ KacuerTepi peHtreH gudpakius (XRD), uHOpaks3bsu1
cektpockonust (FTIR) jxoHe masepnik nudpaknusMeH OOIISKTepAiH ONIMIEeMIIK TapalyblH Tajgay
omicTepiMeH 3epTTenai. AjblHFaH KpeMHuil aunokcumi (SiOy) OGemmexrepiniy oprama memmepi d50 ~ 88,9
MKM JKoHE KypbUTbIMBbI amop¢Thl. Kpemuuii auoxcunin (SiO,) kpucrangay yumin 1200 °C temneparypana
KYWTIPUIAI JKoHE HOTIDKECiHAe KpHCTANABIK (asa (kBapm, kpucTodamurt) maima Gommsl. MHGpaks3eLI
cektpockonus (FTIR) rtammayst 1000-1100 cm—1 alimMarblHZa WHTEHCHBTI CIiHIpY JKOJAFbl, COHmaii—ax
THIPOKCHII TONTapblHA COMKec KeJeTiH jkonakrapra ToH Si—O-Si GalaHBICTapBIHBIH OapiIbIFBIH PACTaIbL
JKyprisinres 3epTreyiep HOTIKECIHIE ra30TePMIBUIBIK OYPKY TEXHOJIOTHIAPBIHAA YHTAK MaTepHall peTiHae
naiijananyra >kapamIbl Kypill KaObIFBIHBIH KYJNIHEH CHHTE3JENreH KpPEeMHUH OUOKCHII Heri3iHaeri
KPUCTAJI/Ibl KOMIIO3UTTEP aJbIH/IBI.

Kinm ce30ep: xpemuuit quokcumi (SiO;), Kypill KaOBIFBI, XUMHSIIBIK OHJCY, KYHIIpy, OeIeKTepaiH
memmepi, FTIR-Tanmays

J1.P. baibkan, T. Omim6ekyibl, A.E. Onidekos, E.E. bBipxan,
I'.C. Bekracosa, JK.b. Carnonanna

Cunre3 aMOpq)HbIX N KPUCTATUYIECCKUX MOPOMIKOBLIX KOMIIO3UTOB
Ha OCHOBE THOKCHUAA KPEMHHUSA U3 30J/IbI pHCOBOﬁ meJIyxXxm
AJA TAa30TEPMUICCKOr0o HANBIJICHUA

B pabote npencrasien cuaTe3 quokcuaa kpeMHus (SiOz) U3 30761 PHCOBOH MICITYXH, OCYIIECTBIEHHBIH Me-
TOJIOM XHMHYECKO 00pabOTKH ¢ MOCIenyolIel TepMudeckoit 06padoTkoii npu temmepatype 800 °C B Te-
yeHue 3 4yacoB. CTPyKTypHBIE U (HU3UKO-XMMHUECKHE CBOMCTBA MOIYYEHHOTO MaTepHalla NCCIIEI0BaIN Me-
TogaMu peHTreHomudpakironHoro anamsa (XRD), nndpaxpacHoit ciekrpockonnu (FTIR) u ananusa pac-
HpeJIeNeHNs YacTHIl 0 pa3MepaM METOJOM JasepHoil audpakimu. [lomydeHnsiit auokena kpemuust (SiOz)
co cpemHMM pasmepoMm vactui D50 = 88,9 MM xapakrepuszoBaics aMopdHOW CTpykTypoil. st ero xpu-
CTaJuTM3anuy OBLT TpoBeAEH OTKUT Tpu Temrepatype 1200 °C, B pe3ynbrare KOTOPOro chopMHPOBAIACH
KpHucramumieckas ¢asza (kBapi, kpucrobamur). FTIR-anann3 moATBepaun Haludue XapaKTEPHBIX CBs3EH
Si—O-Si ¢ unTeHCHBHOH TOJI0COM Toromenus B oomactu 1000-1100 cM™!, a Takke MOJIOC, COOTBETCTBYIO-
MUX TUAPOKCIIIBHBIM IpynmaMm. B pe3ymbTate mpoBenEHHBIX HCCIEIOBAaHMI MONTYyYEHBI KPHCTAILUTHYECKHUE
KOMIIO3UTHI HA OCHOBE AMOKCHJAa KPEMHUS, CHHTE3MPOBAHHOTO M3 30JIbI PHCOBOH IIEIyXH, IPUTOIHBIC IS
HCIIOJIb30BaHMs B KaUECTBE MOPOLIKOBOIO MaTepraja B TEXHOJIOTHX ra30TePMHYECKOT0 HalbUICHHUSI.

Knioueswvie crnosa: noxcun xpemuus (SiO;), pucoBas meiryxa, XuMHIeckas 00paboTka, OTKUT, pa3Mep Jac-
i, FTIR-ananu3
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