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Abstract

Silica derived from agricultural waste offers a sustainable pathway for producing advanced biomaterials, however, precise control
over purity, structure, and morphology remains a challenge for dental applications. This study systematically investigates the effects
of acidic solvent and polyethylene glycol-400 (PEG-400) concentration on the physicochemical properties of silica synthesized from
rice husk ash (RHA). Silica was prepared via sol-gel route using NaOH, followed by acid neutralization with hydrochloric acid, sulfuric
acid, or nitric acid. To tailor structural and morphological features, PEG-400 was introduced as a structure-directing agent at silica-
to-PEG mass ratios of 1:1, 1:3, 1:5, and 1:7. Among the investigated acids, HCl treatment produced high-purity (99.4 wt%) amorphous
silica, characterized by silanol (Si-OH) and siloxane (Si-O-Si) functional groups as confirmed by FTIR. Incorporation of PEG-400 at a
1:1 ratio induced the formation of a hybrid amorphous-crystalline phase, including cristobalite and tridymite while maintaining a high
silica content (99.06 wt%). Morphological analysis revealed that the optimized PEG-400 concentration promoted uniform block-like
agglomerates with enhanced structural homogeneity, attributed to controlled polymer-silica interactions during gelation. These
findings demonstrate that synergistic HCl extraction and PEG-400 modification enable tunable control over silica phase composition
and morphology, demonstrating RHA-derived silica as a promising candidate for next-generation dental biomaterials.
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1 Introduction

Silica (Si0,) is abundantly present in agricultural wastes
such as rice husks and constitutes a critical compo-
nent in endodontic root canal filling materials due to its
cement-like physicochemical behavior. Effective silica
extraction from rice husks is typically achieved through
controlled calcination within the temperature range of
700 °C—-900 °C, yielding a high-purity silica. Previous
studies reported silica purities of 98.7% and 98.9% at calci-
nation temperatures of 700 °C and 800 °C, respectively [1].

Both calcination temperature and duration of the ashing
process influence the structural order and crystallinity of
the extracted silica. Notably, a temperature of approxi-
mately 700 °C represents the critical threshold at which
silica undergoes a phase transition from an amorphous to
a crystalline state [2]. The choice between amorphous and
crystalline silica phases depends on the targeted applica-
tion of the material. The selection of amorphous or crys-
talline silica is therefore application-dependent, as each
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phase exhibits distinct physicochemical properties that
influence its performance in specific material systems.

Several synthesis methods have been developed to tai-
lor the physicochemical properties of silica from rice
husks, among which the sol-gel method is recognized as
one of the most effective approaches. This method enables
the synthesis of silica with purities exceeding 90% while
offering superior control over composition, structure, and
morphology [3, 4]. In a typical sol-gel process, a strong
alkali such as sodium hydroxide is employed to dissolve
silica from rice husk ash, forming a sodium silicate pre-
cursor solution [5]. Numerous studies have reported the
synthesis of silica from rice husk ash using acid treat-
ments, including nitric acid, sulfuric acid, and hydrochlo-
ric acid [3]. Oli et al. investigated the optimization of silica
extraction from rice husk ash HCI, achieving silica con-
tent ranging from 85% to 99.1%, and demonstrated supe-
rior performance compared to conventional methods, with
yields exceeding those reported for alkali hydrothermal
extraction (52.8%) and approaching the optimized range
of acid leaching processes (70-90%) [6]. The highest sil-
ica content from rice husk ash was also obtained using the
sol-gel method with 1 M nitric acid of 99.87% on IR-64
type rice husk with a calcination temperature of 700 °C for
1 h [7]. Silica synthesis from rice husk ash (RHA) using
H,SO, has been reported to yield high purity levels, reach-
ing 99.4% from bottom ash (95.10% RHA) and 99.3% from
fly ash (80.20% RHA), with only trace impurities such as
Zr0,, CuO, and ZnO [8]. Furthermore, thermal extraction
methods for rice husk ash have been reported to yield silica
with purity up to 99.3%, while the alkali extraction method
followed by precipitation using H,SO, at pH 2, combined
with furnace-assisted chemical treatment, produces the
smallest particle size compared to other methods [9].

Additionally, acids such HNO,, H,SO,, and HCI are
used during sodium silicate gel deposition, influencing
silica content and material properties by dissolving impu-
rities like MgO, K, O, and CaO. The structural phase and
particle size distribution of the resulting silica are key
determinants of its suitability for endodontic applications,
with nanoscale silica being particularly desirable due to its
high specific surface area and enhanced potential for bio-
activity. Furthermore, incorporation of polymeric addi-
tives such as polyethylene glycol can further modulate the
silica matrix, promoting improved structural organization
and particle uniformity.

Polyethylene glycol (PEG) is a hydrophilic polymer
with a high density of ether oxygen groups that facilitates

extensive hydrogen bonding, enabling it to act as an effi-
cient templating and structure-directing agent in silica
synthesis for controlling particle morphology, size distri-
bution, and pore architecture. During the sol-gel process,
PEG interacts with silica precursors, altering hydrolysis,
condensation, and gelation kinetics, thereby enabling con-
trolled nucleation, growth, and assembly of silica nanopar-
ticles [9]. Among its variants, PEG-400 (a low molecular
weight grade) is commonly utilized in pharmaceutical for-
mulations to enhance drug solubility and dissolution rates
in aqueous media, as well as to improve drug biodistribu-
tion. In addition, PEG-400 may functions as a self-curing
agent, contributing to the mechanical and handling proper-
ties of composite materials [10, 11]. The dual role of PEG-
400 as both a structure-directing agent in silica synthesis
and a functional excipient in drug delivery highlights its
versatility and significance in the development of advanced
biomaterials, including dental material applications.

PEG is a versatile polymer widely used in nanomaterial
synthesis to control particle size and morphology. PEG-400
and PEG-4000 differ significantly in molar mass and phys-
ical properties; PEG-400 possesses a relatively low molar
mass (~400 g mol™) with shorter polymer chains and exists
as a liquid at room temperature, whereas PEG-4000 has a
higher molar mass (~4000 g mol™) and typically exhibits
a solid or semi-solid state. The shorter chain of PEG-400
allows for more effective intercalation within polymeric
chains during material synthesis, providing better plas-
ticizing and templating effects for producing smaller and
more uniform silica nanoparticles. Consequently, PEG-400
is frequently utilized in sol-gel synthesis routes of silica
from natural sources, where the PEG-to-silica ratio plays
a critical role in controlling particle size, morphology, and
agglomeration behavior [12]. Previous investigations indi-
cate that a silica-to-PEG mass ratio of 1:3 achieves optimal
particle characteristics for applications in dental root canal
materials [13]. Moreover, PEG acts as an anticoagulant
surfactant, stabilizing particle dispersion during synthe-
sis [14, 15]. These attributes highlight PEG-400's impor-
tance in tailoring the physicochemical properties of sili-
ca-based biomaterials.

The synthesized silica from RHA exhibits significant
potential for application in dental materials, particularly in
endodontic treatment. This is attributed to the requirement
that dental material components possess heterogeneous
particle sizes to enable effective interlocking between
fine silica particles and larger calcium-based particles,
thereby enhancing mechanical strength and structural



integrity [16]. Beyond dental applications, RHA-derived
silica has been widely explored in healthcare and bio-
medical fields. For instance, mesoporous RHA silica has
been utilized in pharmaceutical applications as a drug
delivery system due to its high adsorption capacity [17].
Additionally, silica serves as a reinforcing filler in bio-
medical rubber and dental products [18-21]. Other notable
applications include its use in the synthesis of adsorbents,
bioactive glass, and high-purity biocompatible silica-based
materials [22-25]. Furthermore, silica has been incor-
porated into antimicrobial bio composite films, particu-
larly for food packaging applications, where it enhances
mechanical strength and functional performance [26, 27].
This study presents a comparative evaluation of the
effects of three different strong acids solvents: HCI, H,SO,,
HNO, under identical synthesis conditions to determine
their effectiveness in producing silica from rice husk ash.
Furthermore, this study extends beyond the extraction
stage by investigating the role of PEG-400 as an organic
templating agent in the silica sample extracted using the
most effective solvent (HCI). Various PEG-400-to-silica
mass ratios (1:1, 1:3, 1:5, and 1:7) were systematically
examined to elucidate their influence on the structural and
morphological properties of the synthesized silica. Silica
extraction from RHA generally involves alkaline treat-
ment using sodium hydroxide to form sodium silicate solu-
tion, followed by acid-induced gelation to precipitate silica
gel. Prior research has demonstrated that HCl-mediated
acidification produces silica with the highest purity and
largest surface area, favoring the formation of amorphous
silica characterized by extensive Si—O—Si bonding vibra-
tion as confirmed by Fourier transform infrared (FTIR)
and X-ray diffraction (XRD) analyses. In this work, PEG-
400 is employed as a templating agent in different ratios
to tailor particle size, morphology, and crystallinity of the
resulting silica. Optimizing the acid type and PEG-400
concentration ratio is important for producing silica with
properties suitable for endodontic root canal applications.
Accordingly, this study aims to identify the optimal acid—
PEG-400 combination for generating high-quality silica
precursors for advanced biomedical applications.

2 Materials and methods

2.1 Materials and instrumentations

All reagents and materials were purchased from reputa-
ble suppliers (Merck/Sigma-Aldrich or equivalent), with
stated purities of 99% or higher unless otherwise spec-
ified. Chemicals included sodium hydroxide (>99%),
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hydrochloric acid (37%), sulfuric acid (98%), nitric acid
(65%), and polyethylene glycol 400. Deionized water
with a resistivity of >18.2 MQ cm was used throughout
all experimental procedures. The commercial silica with
>99% purity (Merck) was used as a reference material
to ensure consistent composition, and all chemicals were
properly stored and labeled to prevent contamination and
ensure traceability.

Comprehensive characterizations of the synthesized
silica were performed using X-ray fluorescence (XRF,
RIGAKU NEX QC+QuanTEZ, Japan) to quantify elemen-
tal composition, Fourier Transform Infrared Spectroscopy
(FTIR, 8201PC Shimadzu, Japan) to identify siloxane
(Si—O-Si) and silanol (Si—OH) functional groups, X-ray
diffraction (XRD, BRUKER AXS D8 Advance ECO,
Germany; Cu-Ka, 40 kV, 25 mA) to assess crystallinity
and phase purity, scanning electron microscopy coupled
with energy-dispersive X-ray spectroscopy (SEM-EDX,
JSM-65100LA, Japan) for morphology and elemental map-
ping. The combined data confirmed high-purity silica with
a predominantly amorphous structure, uniform morphol-
ogy, and minimal residual carbon or metallic contaminants.
The described methodology provides a scalable framework
for converting rice husk waste into value-added silica while
enabling consistent quality control across batches.

2.2 Synthesis and PEG-400 treatment of silica
Silica was synthesized from RHA via a sol-gel method.
10 g of RHA was dispersed in 60 mL of 2 M NaOH and
heated to 80 °C for 60 min under continuous stirring to
promote dissolution of silica and formation of soluble sil-
icate species. The resulting suspension was subjected to a
second extraction using an additional 30 mL of 2 M NaOH
to maximize sodium silicate yield. The resulting extracts
were combined and allowed to cool to room temperature.

The two extracts were combined and gradually titrated
with variations acid (HCI, H,SO,, and HNO,) until the pH
reached neutrality, resulting in the formation of a silica wet
gel. The gel was filtered and washed with distilled water
(approximately 500 mL) to remove residual alkali and sol-
uble impurities, until the filtrate pH approached neutral.
The wet gel was oven-dried at 120 °C for 4 h to remove
residual water, followed by calcination at 400 °C for 1 h to
remove organics and improve porosity. The obtained sil-
ica powder was subsequently ground and sieved through a
200-mesh sieve (74 um).

To obtain smaller and partially crystalline silica parti-
cles, the silica obtained using HCI as the acid precipitant
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was further treated with PEG-400. PEG-400 was melted
at 105 °C for 30 min and then mixed with the HCI-derived
silica at silica-to-PEG-400 ratios of 1:1, 1:3, 1:5, and 1:7
mass/volume (w/v). Distilled water was added to the mix-
ture solution with a PEG-to-water ratio of 1:2 (v/v) followed
by stirring for 15 min. The resulting suspension was sub-
jected to ultrasonic treatment for 60 min and oven at 105 °C
for 24 h then aged under ambient conditions for an addi-
tional 48 h to facilitate structural stabilization. Finally, the
dried samples were calcined at 750 °C for 1 h to remove
the polymer (PEG-400) template. The structural, chemical,
and morphological properties of the synthesized silica were
characterized using XRD, FTIR, SEM, and EDX analyses.

3 Results and discussion

3.1 X-ray diffraction analysis of silica

XRD analysis of silica synthesized from rice husk ash
(RHA) using different acid precipitants (HCI, HNO, and
H,SO,) are presented in Fig. 1.

The XRD analysis reveals that silica precipitated from
rice husk ash exhibits predominantly amorphous structure.
Specifically, broad diffraction pattern near 26 ~ 22° con-
firms the dominance of amorphous silica [28]. The extent
of peak broadening is markedly influenced by the sulfuric
acid medium, producing the most pronounced amorphous
phase [29-31]. The type of acid used during synthesis con-
trols how silica units connect and organize, which in turn
affects the material's strength and its ability to release bio-
logically relevant ions in endodontic applications. HCI is
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Fig. 1 XRD patterns of silica synthesized from rice husk ash using

different acid precipitants: (a) hydrochloric acid, (b) nitric acid, and
(c) sulfuric acid

a better solvent to use in precipitating silica from rice husk
ash with high purity [3]. The incorporation of PEG-400
resulted in sharper and more intense diffraction peaks in
the XRD patterns, indicating enhanced crystallinity and
increased crystallite size. This behavior is attributed to
improved dispersion of silicate species during gel forma-
tion and defect reduction during high-temperature cal-
cination, which collectively promote crystal growth and
long-range structural ordering [32]. The results of XRD
analysis of variations in the use of PEG-400 from the HCI
solvent can be seen in Fig. 2. Peak interpretations and
quantitative metrics are summarized in Table 1.

Table 1 and Fig. 2 show that the silica precipitated from
rice husk ash exhibits predominantly crystalline features
at specific 26 positions around 21.9°, 31.4°, and 36.0°, with
additional reflections near 28.32° and 28.87° indicating
a coexisting amorphous silica fraction embedded within
a crystalline matrix. The presence of crystalline phases
corresponds to silica polymorphs that may evolve with
thermal treatment, in agreement with reported phase tran-
sitions of silica under heat [32]. Calcination at elevated tem-
peratures may induce transformations among amorphous
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Fig. 2 Diffractogram of rice husk ash silica-to-PEG mass ratios of

(a) 1:1, (b) 1:3, (¢) 1:5, and (d) 1:7

Tabel 1 Peak from diffractogram RHA silica with PEG-400 template

Number Peak 26 (°) Phase interpretation

1 21.82-21.90 Amorphous, tridymite, cristobalite
2 35.95-36.00 Cristobalite

3 31.24-31.39 Cristobalite

4 28.32-32.36 Quartz, amorphous

5 28.87 Quartz, amorphous




silica, and crystalline polymorphs such as cristobalite, and
tridymite. Cristobalite typically forms at higher calcina-
tion temperatures and is associated with the sharpening
of X-ray diffraction peaks, reflecting increased crystallite
size and enhanced long-range ordering, whereas tridymite
may remain stable over a broader temperature range [33].
Characteristic sharp reflections attributable to crystal-
line quartz, when present, are observed at 26 values of
approximately 20.77°, 26.62°, 50.26°, 60.02°, and 68.27°,
whereas the broad feature (hump) at low angles remains
indicative of amorphous silica. The reported slight shifts
toward higher 26 at high calcination temperatures are
consistent with lattice parameter changes associated with
crystallite growth and structural reorganization. In con-
trast, an intense and broad peak near 26 =~ 22° is often
associated with amorphous silica. This amorphous char-
acteristics can be further influenced by templating agents
such as PEG-400, which modulate particle size and degree
of polymerization during gel formation, thereby affecting
the final phase distribution [34, 35]. Overall, the data indi-
cates a solvent- and template-dependent balance between
amorphous and crystalline silica phases, wherein higher
calcination temperatures promote crystallite growth and
the development of mixed-phase structures that may either
enhance or compromise functional properties relevant to
endodontic applications.

3.2 Silica functional groups with Fourier transform
infrared spectroscopy

FTIR spectroscopy was employed to analyze the func-
tional groups present in silica derived from rice husk
ash precipitated using different acids, as shown in Fig. 3.
The band observed at approximately 470 cm™' corre-
sponds to the bending vibration of =Si—O-Si= (siloxane).
The absorption near 790 cm™ is assigned to the symmetric
stretching vibration of =Si—O-Si=, which shows a slight
shift from the typical value of ~802 c¢cm™. The strong
band at around 1095 cm™ is attributed to the asymmetric
stretching vibration of siloxane groups, shifted from the
standard ~1100 cm™! position. The absorption at 1635 cm™
is associated with the bending vibration of molecularly
adsorbed water, while the broad band centered at approxi-
mately 3448 cm™' corresponds to the stretching vibrations
of hydrogen-bonded Si—OH and O—H of surface-adsorbed
water. Additionally, a band at approximately 2368 cm™
is observed and is commonly attributed to adsorbed CO,
from the atmosphere. A weak band near 3749 cm™ is
assigned to isolated silanol (Si—OH) stretching vibrations.
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Fig. 3 FTIR spectra of silica synthesized from rice husk ash using
different acid precipitants: (a) HCI, (b) HNO,, and (c) H,SO,, where the
arrows indicate the characteristic peaks, along with their corresponding

wavenumbers, on the respective bands

Notably, silica samples synthesized using HCl and HNO,
exhibit an additional weak absorption band near 956 cm™,
which is assigned to the stretching vibration of =Si—OH
groups, a characteristic feature of silica gel structures [12].
In contrast, silica prepared using HNO, shows a distinct
and sharp absorption band at approximately 1380 cm,
corresponding to N—O stretching vibrations of resid-
ual nitrate (NO,) species originating from the nitric acid
solvent. The presence of this band indicates incomplete
removal or incorporation of nitrate species within the silica
matrix. FTIR analysis confirms that all three acid solvents
are capable of producing silica; however, HCl is identified
as the most suitable precipitating agent due to the absence
of nitrate-related impurities, higher chemical purity, and
the pronounced presence of siloxane (=Si—O-Si=) func-
tional groups. Furthermore, RHA-derived silica synthe-
sized using HCI in combination with PEG-400 exhibits the
infrared spectrum shown in Fig. 4, with detailed functional
group assignments summarized in Table 2.

The FTIR data presented in Table 2 confirm the pres-
ence of characteristic silanol and siloxane functional
groups, as evidenced by the corresponding Si—O vibra-
tional modes. Additionally, the detection of an intermolec-
ular forces (hydrogen-bonded Si—OH) at 3448 cm™ fur-
ther supports the successful formation of silica. Distinct
absorption bands at 468, 617, 794, 1095, and 3448 cm™
are consistent with the typical vibrational features of sil-
ica materials. Among the samples analyzed, the RHA-
PEG-400 silica composite prepared at a silica-to-PEG
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Fig. 4 FTIR spectra of RHA silica after calcination at 750 °C with
varying silica-to-PEG ratios of (a) 1:1, (b) 1:3, (¢c) 1:5, and (d) 1:7,
where the arrows indicate the characteristic peaks, along with their
corresponding wavenumbers, on the respective bands

Table 2 Assignation of the FTIR signals of RHA silica with HCI and

PEG-400
Number Wa\(/;r;li?ber Functional group
1 486 Stretching vibration of =Si—O-Si=
Stretching vibration of Si—O from
2 617 =Si-0-Si=
3 794 Symmetric stretching vibration of Si—O
from =Si-O-Si=
Asymmetric stretching vibration of Si—-O
4 1095 from =Si-O-Si=
5 1635 Bending vibration of ~OH from H,O
Stretching vibration of Si—O from
6 2368 =Si-0-Si=
7 3448 Stretching vibration of ~OH from H,0O
and —OH from Si—OH (hydrogen bonded)
8 3873 Stretching vibration of ~OH from H,0

ratio of 1:5 exhibits the lowest overall absorption inten-
sity. The emergence of a band at 2854 cm™" in samples with
RHA-PEG-400 ratios of 1:3, 1:5, and 1:7—compared to
2862 cm™ at a 1:1 ratio—reflects a redshift, indicating an
elongation of hydrogen bonds. This shift is likely due to
the combined effects of calcination temperature and the
presence of PEG-400, a long-chain polymer that modifies
the silica network [36]. Moreover, decreasing the PEG-
400 content (1:1 ratio) results in increased hygroscopicity
and hydrophilicity, as demonstrated by the broadening of
the absorption band at 3448 cm™. These findings highlight
the influence of PEG-400 concentration and calcination

on the structural and surface properties of the synthe-
sized silica, providing insight into the hydrogen-bonding
dynamics and hydrophilic character of the material.

Typically, the presence PEG is indicated by characteris-
tic FTIR bands at around 1460 cm™! and 2950-2800 cm!,
corresponding to the bending and stretching vibrations
of CH, respectively [37]. In this study the FTIR spectra
of PEG-assisted samples after calcination show a sub-
stantial reduction in the C—H-related vibrational bands,
indicating that PEG-400 was mostly removed at 750 °C,
although weak residual band at 29502800 cm™" may still
remain [37]. Preliminary study indicates that PEG-400
decomposes predominantly below ~450 °C. Therefore, it
is plausible that calcination at lower temperatures (e.g.,
500—600 °C) may already be sufficient to remove most of
the PEG template while potentially minimizing the risk of
structural densification or partial crystallization of silica
at higher temperatures [38]. Moreover, a sharper and more
intense Si—O-Si asymmetric stretching band (~1095 cm™)
on silica synthesized with PEG-400 (1:1 ratio) is observed
compared to silica synthesized without PEG-400, indicat-
ing improved structural organization and densification.

Although PEG-400 is predominantly removed during
calcination at 750 °C, as evidenced by the very weak
intensity of the C—H-related bands in the FTIR spectra,
its presence during the pre-calcination stage still played
an important role in determining the final silica structure.
PEG-400 acts as a structure-directing agent, facilitating
the spatial organization of silicate species through poly-
mer—silica interactions [38]. Upon thermal treatment, the
decomposition of PEG-400 is accompanied by densifica-
tion and structural rearrangement, resulting in the for-
mation of more defined, crystalline-like silica domains
which is consistent with SEM observations, where PEG-
assisted samples exhibit clearer interparticle boundaries
and more ordered geometries, rather than reduced particle
size or suppressed agglomeration (Fig. 6). These findings
indicate that PEG-400 primarily contributes to structural
evolution and particle reorganization. Such behavior has
been widely reported in polymer-assisted sol—gel systems,
where organic templates are thermally removed but leave
a persistent impact on the final material architecture.

3.3 Oxide component of silica

The elemental and oxide composition of the synthe-
sized silica was analyzed using EDX, which was cou-
pled with SEM to simultaneously provide compositional
and morphological information. EDX analysis enables the



identification and semi-quantitative determination of con-
stituent elements and their corresponding oxide forms,
thereby allowing assessment of silica purity and the pres-
ence of residual inorganic impurities.

Analysis of the data in Table 3 shows that silica yield is
maximized when nitric acid is used as the solvent, reach-
ing 0.11%, which is higher than the yields obtained using
hydrochloric acid (HCI) and sulfuric acid. This observation
is consistent with previous reports in the literature [22, 39].
The calcination temperature range of 700—750 °C was cho-
sen to ensure effective removal of organic components and
other impurities while maintaining silica predominantly in
the amorphous phase. The full crystallization of silica into
phases such as tridymite and cristobalite typically occurs
at temperatures above 1000 °C [40]. In terms of chem-
ical purity, silica samples synthesized using HNO, and
HCI exhibit the highest silica content among the investi-
gated solvents. The solvent choice should be tailored to the
intended end use of the raw material in endodontic den-
tistry, where heterogeneous particle size distributions can
enhance packing density, compressive strength, and scaf-
fold integrity of cementitious systems [41]. Additionally,
quantification of oxide content in rice husk ash silica pre-
pared with HCl and PEG-400 is summarized in Table 4.

As shown in Table 4, silica derived from RHA via
the sol—gel process achieves near-pure SiO, composition
when synthesized at an RHA:PEG-400 ratio of 1:1, yield-
ing a maximum SiO, content of 99.06%. The minor car-
bon contamination from the PEG-400, contributes to high
silica purity. Minor oxide impurities originating from the
rice husk ash, such as CaO, CuO, and ZnO, remain present

Table 3 Oxide components in silica from rice husk ash treated with

various acid

Acid
Oxide HCI HNO, H,SO,
(% mass) (% mass) (% mass)
Sio, 99.40 99.51 93.10
K,0 0.60 0.49 0.34
SO - - 6.56

3

Table 4 Oxide components in silica from rice husk ash synthesized
using HCI and different PEG-400 concentrations

Ratios

of silica:
PEG-400 SiO CaO MnO NiO CuO ZnO SrO

2

Oxide composition (Wt%)

1:1 99.06  0.79 0.09 0.02 0.01 0.01 0.01
1:3 97.55 231 0.09 0.02 0.01 0.01 0.01
1:5 98.99 092 0.09 0.02 0.01 0.01  <0.01
1.7 98.80  1.06 0.09 0.02 0.01 0.01  <0.01

Yuliatun et al. | 7
Period. Polytech. Chem. Eng.

at low concentrations and can influence the final com-
positional balance of the silica. These secondary oxides
have been reported to act as reinforcing constituents in
cementitious systems, potentially enhancing compres-
sive strength and structural stability in endodontic mate-
rials [3]. The compositional data in Table 4 suggest that
these non-silica constituents can function as reinforcing
phases to improve mechanical performance. Prior work
reports an optimum silica:PEG ratio of 1:3 for balanced
purity and reinforcement [13].

3.4 Silica surface morphology

Acid selection plays a critical role in governing the mor-
phology of silica precipitated from sodium silicate solu-
tions derived from rice husk ash and NaOH [42]. SEM
images (Fig. 5) show that silica prepared with HCI exhib-
its more heterogencous morphology, including amorphous
spheres and particle agglomeration [43]. In contrast, silica
precipitated with H,SO, appears clearer and well-defined
geometrical features. Meanwhile, silica obtained using
HNO, displays the smallest particle size at the same mag-
nification, indicating a finer and more uniform particle
distribution. Such small and uniform particles may reduce
density and yield larger pore volumes. These results indi-
cate that acid-driven control of nucleation and growth is
a key parameter for tailoring porosity and density in rice
husk—derived silica.

Based on SEM analysis of silica precipitated from a
rice husk ash—-NaOH system indicates that using HCI as
the precipitating solvent produces surface morphologies
that are particularly compatible with root canal material
applications. The resulting silica exhibits dispersed parti-
cles with a broad size distribution and notable agglomer-
ation. Such morphological heterogeneity allows interpar-
ticle packing that can fill micro-gaps and voids within the
endodontic matrix, potentially enhancing both physical
integrity and sealing capability. In comparison, silica pre-
pared with other acids (e.g., H,SO,, HNO,) displays more
uniform or crystalline-like geometries, which may influ-
ence porosity and density differently. The PEG-400 mod-
ifier further modulates these morphologies, as evidenced
by distinct surface features and agglomeration patterns in
the PEG-containing systems. Overall, acid-mediated con-
trol of nucleation and growth governs the resulting surface
topology and packing behavior, providing a rational basis
for selecting synthesis conditions tailored to silica addi-
tives for endodontic applications.

SEM analysis presented in Fig. 6 reveals distinct mor-
phological variations in silica precipitated from the rice
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Fig. 5 SEM image of silica magnification 1000x with solvent
(a) HCI, (b) HNO,, (c) H,SO,

husk ash—NaOH system depending on PEG-400 templat-
ing and acid selection. At identical magnification (1000x),
silica synthesized with HCIl exhibits minimal agglomer-
ation and a broad size distribution with noticeable inter-
particle packing, which is favorable for filling microvoids
in root canal treatment. In contrast, silica prepared using

other acids (H,SO,) tends toward more uniform, crystal-
line-like morphologies with reduced agglomeration, while
silica synthesized with HNO, yields the smallest particle
size under the same imaging conditions.

The presence of long, block-like needle features (red
arrows in Fig. 6) in some samples indicates partial crys-
tallinity within the silica framework, which can fur-
ther affect packing efficiency and mechanical properties.
Previous study investigated that silica synthesized with
PEG-400 exhibits predominantly spherical particles that
assemble into an interconnected porous structure with
macroporous characteristics [44]. Further investigation
using nitrogen adsorption—desorption analysis is neces-
sary to quantitatively evaluate the evolution of the porous
structure induced by different acid solvents and PEG-400
concentrations, as well as to confirm the structural stabil-
ity of the pores after calcination at 750 °C. Overall, PEG-
400 templating modulates dispersion and agglomeration,
with 1:1 silica:PEG-400 ratios delivering a balanced mor-
phology that supports effective packing and potential rein-
forcement in root canal applications [45].

Based on comprehensive multi-technique characteriza-
tion (XRD, FTIR, and SEM-EDX), the preferred solvent
for raw materials designed for endodontic applications is
hydrochloric acid, yielding amorphous silica with purity
approaching 99.4% and clear evidence of silanol and silox-
ane functionalities. SEM reveals heterogencous particle
agglomeration that can enhance packing and interfacial
contact within a restorative matrix. When PEG-400 tem-
plating is employed, crystalline phases emerge, includ-
ing cristobalite and tridymite, accompanied by uniform
agglomeration sizes indicative of controlled crystallinity.
The 1:1 silica to PEG-400 ratio shows an optimal balance
of dispersion and controlled agglomeration, aligning with
observed maximum silica content near 99.06%. These
results reveal the ability to tailor structure and purity
through solvent choice and templating, with direct impli-
cations for endodontic performance. The PEG-400 tem-
plating not only enables crystalline silica phases under
certain conditions but also provides control over parti-
cle size distribution, enabling small, uniform particles
that facilitate dense packing and reduced porosity gaps.
Importantly, the silica to PEG-400 ratio of 1:1 achieves
the highest silica content (~99.06%) while maintaining
controlled agglomeration, indicating an optimal balance
between chemical purity, morphological characteristics,
and potential mechanical reinforcement.
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Fig. 6 SEM image magnification 1000% of samples with silica PEG-400 ratio (a) 1:1, (b) 1:3, () 1:5, (d) 1:7, where the red arrows show long, block-like
needle features, indicating partial crystallinity within the silica framework.

4 Conclusions

Silica extraction from rice husk ash was significantly
influenced by the type of acid treatment employed.
Among the investigated acids, HCIl provides superior
structural development compared to H,SO, and HNO,,
as evidenced by the more intense Si—O-Si vibrational
band. The incorporation of PEG-400 as a structure-di-
recting agent significantly affected the structural evolu-
tion of silica after calcination at 750 °C. The reduction
of organic-related vibrational bands confirmed the sub-
stantial removal of PEG-400, accompanied by structural
reorganization and densification of the silica framework.
Among the investigated compositions, the PEG-400 ratio
of 1:1 exhibited the most favorable structural characteris-
tics. Although complete crystallization was not achieved,
partial structural ordering and morphological develop-
ment were observed.Overall, the combination of HCI-
assisted extraction and PEG-400 templating provides
a simple, effective, and potentially scalable strategy for

@

producing biomass-derived silica with controllable struc-
tural characteristics, phase composition, and morphology.
Furthermore, these findings establish a scalable and sus-
tainable route for producing biomass-derived silica with
controllable purity, phase composition, and morphology,
offering potential properties for endodontic applications.
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