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Abstract

The global shift to sustainable materials has intensified research on agricultural
waste materials like rice husk as they can produce high-purity silica. The

Article Histor
process of silica extraction through traditional hot leaching methods requires y

excessive energy and creates environmental pollution. The research project Submitted
aims to investigate how leaching processes affect material composition. The February 02, 2026
researchers assessed silica through multiple methods which included Scanning ]
Electron microscopy-energy dispersive spectroscopy (SEM-EDS) X-ray Revised
fluorescence (XRF) X-ray Diffraction (XRD) and Thermogravimetric Analysis- April 19, 2026
Differential Thermal Analysis (TGA-DTA). The treated silica reached 97 % . . .
purity while maintaining a dense structure and minimal impurities and it First Published Online
demonstrated thermal stability that extended beyond 600 °C. The H,S0,-treated April 22, 2026
silica achieved 96 % purity but its thermal stability decreased to 680 °C while

HNO;-treated silica with 95 % purity exhibited carbon content of 3.05 % and *Correspondences

reduced thermal stability because of incomplete organic matter removal. XRD
confirmed that all the samples exist as amorphous materials. The SEM-EDS
analysis showed that HCL treatment resulted in the most effective impurity
reduction because this sample showed the best compact morphology. The
(TGA-DTA) analysis demonstrated weight-loss at various stages which
occurred during moisture loss and organic matter decomposition while the
material maintained stable thermal properties at high temperatures.
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Introduction

Silica occurs in amorphous to crystalline form in some
sedimentary, igneous and metamorphic rocks [1]. The
chief forms of silica are hydrous opal and crystalline
quartz [2]. As a by-product of the combustion of rice
husk to generate energy, rice husk ash which constitute
of silica and carbon, besides some small amounts of
other constituents. This ash is a potential source of
amorphous reactive silica, which has a variety of

[4]. The growth of silica as a market is driving by its
increasing applications in paints and coatings, rubber
reinforcement (tire industry), green concrete, high
performance concrete, ceramic glaze, bio-fertilizer,
pesticides and insecticides [5]. With growing
environmental concern, open burning has been
outlawed in many major rice producing countries. With
the over 90 % of Silica in rice husk, it can be an
economically viable raw material for production of

applications in material science. Several treatments can
be used to increase the purity of the silica obtained, or
even produce 99.99 % pure silica. With such a large ash
content and silica content in the ash it becomes
economical important to extract silica from the ash,
which will not only provide value addition to the
market but also solve the problem of large amount of
waste disposal. Rice husk ash can be used as pozzolana
when calcinated below the crystallization temperature
of 780 °C [3].

Silica is not a new commaodity in the plastic market. Its
usage as extenders and reinforcing filters, as pozzolana
material and as glass microspheres for specific
engineering application are well known in the market

Silica based materials. Therefore, venturing in to this
field will give rise to a readily available new material
with low capital investment and high rates of return.
This project is aimed at improving the purity to 99.99
% and large-scale production of silica from rice husk.

Materials and Methods

Experiments

Silica extraction

For this green silica extraction, raw rice husk of the
FARO 44 variety was collected from Bagudu Local
Government Area, Kebbi State, Nigeria, selected based
on literature-supported evidence that geographical
origin, rice genotype, and agronomic practices
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influence the purity and structural characteristics of
silica in plant biomass. A 100 g of the rice husk was
weighed with an electronic balance and washed so as to
remove dirt and other impurities; the rice husk was
rinsed with deionized water in other to eliminate
contaminated residual ions. The washed rice husk was
then treated with 0.2 M of HCI acid solution at 100 °C
for 1 h to so as to remove metallic oxides. After
leaching, the rice husk was repeatedly washed with
distill. The treated rice husk was then dried in a
microwave and later transferred into a porcelain
crucible and calcinated in a furnace at a temperature of
700 °C for 5 h. The resulting white silica powder was
collected and stored for further characterization.
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Figure 1: The flow charts for the silicate extraction
from rice husk

X-ray diffraction (XRD)

The phase nature of the obtained silica was
characterized using a Rigaku Miniflex X-ray
Diffractometer at the National Steel Raw Materials
Exploration Agency, Kaduna, Nigeria. About 2 g of
silica sample was weighed and loaded into a standard
sample holder, followed by manual compaction with a
glass slide to ensure a smooth and uniform surface. The
sample holder was then injected into the XRD multi-
sample chamber. The diffraction patterns were recorded
automatically by the instrument, and the data were
digitally stored. Analysis of data was carried out using
STUDIO SMART LAB Il software, incorporating the
ICDD PDF-4 database for the identification of phases.

Q

Scanning electron microscopy and energy dispersive
spectroscopy (SEM-EDS)

Elemental and morphological characterizations of the
extracted silica were carried out using a Phenom
ProXSEM-EDS system (PhenomWorld, Eindhoven,
Netherlands) at the Materials Characterization
Laboratory of the Nigerian Building and Road Research
Institute (NBRRI), Abuja. The powders were mounted
on aluminum stubs using double-sided carbon tape and
sputter-coated with a 5 nm gold layer using a Quorum
Q150R sputter coaterin other toimprove surface
conductivity and minimize charging. Samples were
primarily aligned and focused under the NaVCaM
mode and later switched to SEM mode for high-
resolution imaging. Images were obtained at a
magnification of 4607x and electron beam energy of
127.4 ¢V. For elemental analysis, the energy dispersive
spectroscopy (EDS) detector was used to quantify
elemental composition.

Thermogravimetric and  differential  thermal
analysis (TGA-DTA)

The thermal behavior of the silica samples was assessed
using a PerkinElmer TGA/DTA 4000 system at the
Central Laboratory of Ahmadu Bello University
(ABU), Zaria, Nigeria. Before the analysis started, each
sample was weighed and placed inside an alumina
crucible which was suspended with a hang-down wire
(stirrup) in the analysis chamber. The system used high-
purity nitrogen gas (99 %) which purged at a flow rate
of 20 mL/min to establish an inert atmosphere inside.
The sample underwent dynamic heating from 30 to
950 °C after it reached stabilization at a rate of
10 °C/min. The heating cycle recorded TGA weight
changes and DTA thermal events which occurred
during that time. The furnace reached room temperature
after completion, and thermal profiles were sent for
analysis to study moisture desorption and organic
decomposition and structural transformations in the

silica matrix.

Prototype design for the extraction automation and
large-scale production

After achieving the 99.9 silica purity in the extraction, a
system will be designed for the automation of the
extraction process and large-scale production of
amorphous silica at commercial quantity. The plant
design will contain the following chambers; The
Reactor Chamber: at this chamber, the rice husk from
the milling factory will be washed and a series of
leaching process will take place. The dryer: the drying
chamber is where the leached and rinsed husk will be
dried. The Incinerator: This is the chamber where the
dried leached husk will be burnt to ashes. The
automation process is shown in Fig. 2.

» === -

Figure 2: Process of automation in large scale silica production
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Figure 3: Extracted rice husk SiO,

Results and Discussion

Extracted silica

The green extraction technique adopted in this study
effectively synthesized high-purity silica from Faro 44
rice husk, sourced from Bagudu Local Government
Area, Kebbi State, Nigeria. As illustrated in Fig. 3, the
process yielded a fine, white powdered silica with a
distinct granular texture, with a yield of 20 wt% relative
to the weight of the raw husk. The yield obtained is
similar to what Chukwunonso [6] found in a study on
similar lines-thus emphasizing the method's viability
when scaled.

The figure depicted the extracted silica as a fine, white,
granulated powdered material which demonstrated
effective extraction of all non-silica materials including
lignin and cellulose and metallic impurities according
to extraction methods shown in Hossain et al. [7]. The
absence of any remaining char or color change
demonstrates that all organic materials including lignin
and cellulose have been successfully removed [3]. The
indicators of high material purity are necessary for
advanced applications which need precise control over
chemical composition and surface morphology in
photovoltaic glass and high-performance ceramics and
adsorbents and functional fillers [5]. The efficiency of
the silica extraction process depends on multiple factors
which are all interconnected with each other. The key
variables include chemical agent concentration which
determines treatment reactivity and the soaking
duration which affects non-silica constituent dissolution
and the solvent-to-raw-material ratio which determines
extraction Kinetics and resource optimization and the
thermochemical conditions which include temperature
and reaction time that control phase transitions and ash
formation according to some researchers [6, 7]. The
optimization of these parameters is essential because it
enables both maximum silica recovery and the creation
of materials with specific surface area and porosity and
structural order required for their intended use. The
extraction process in this study produced rice husk
silica with both high yield and valuable properties

which demonstrates its effectiveness for commercial
use in advanced material synthesis particularly for
photovoltaic glass development according to Setiawan
and Chiang [8].

Compositional analysis

The extracted silica chemical composition was
determined through X-ray fluorescence (XRF) oxide
analysis which produced results shown in Table 1. The
analysis confirms that the silica derived from Faro 44
rice husk, sourced from Bagudu LGA, Kebbi State, is
predominantly composed of silicon dioxide (SiO,),
with a purity of 98.89 wt.%. with traces of minor oxides
as impurities.

Tablel: XRF analysis of the extracted rice husk
silica ash

Oxides % Concentration in Silica Powder
SiOo, 98.89
V05 0.002
Cr,04 0.007
MnO 0.033
Fe,04 0.119
NiO 0.001
CuO 0.035
Nb,Os 0.001
P,Os 0.026
SO, 0.109
CaOo 0.423

K,0 0.057
BaO 0.001

Al,O; 0.204
Ta,05 0.001
TiO, 0.043
Zn0O 0.005
Ag,0 0.001

Cl 0.04
Zr0, 0.001
PbO 0.001
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The extraction protocol which applied acid leaching
and thermal treatment demonstrated its extraction
efficiency through its high SiO, content. The present
study results match previous research results which
Table 2 shows because the current sample reached
higher silica purity than some documented values while
matching other documented values. This process
achieves its effectiveness in removing non-siliceous
impurities while it concentrates silica content of

showed that samples contained only small amounts of
metallic oxides as impurities which indicated that all
associated impurities from soil and fertilizer which the
husk had absorbed remained in the product after the
leaching process [9]. The research produced high-purity
rice husk silica which possesses outstanding properties
that make the material an excellent and eco-friendly
resource for producing amorphous silica used in
multiple industrial processes [10, 11].

materials through these purity levels. The XRF results

Table 2: Summary of the silica percentage purity from previous studies

SiO, Percentage

Author Literature purity

Sami et al. [12] Evaluation of acid leaching process and calcination temperature on the silica 96.83
extraction efficiency from the sustainable sources

Yury et al. [13] Chemical and structural properties of silica obtained from rice husk and its potential 99.93
as a catalytic support

Soran et al. [14] Extraction of highly pure silica from rice husk as an agricultural by-product and its 95.48
application in the production of magnetic mesoporous silica MCM-41

Noratigah et al. [15]  Extraction of silica from rice husk via acid leaching treatment 82.8-98.6

Setyawan and Synthesis of silica from rice husk by sol-gel method 95.34

Yuliani [16]

Cahyani and Sustainable industrial approaches: Utilizing organic acid for purity enhancement in 9221

Purwanto [17] green silica production

Azat et al. [18] Extraction of high-purity silica from rice husk via hydrochloric acid leaching 99.7
treatment.

Hamza [19] Physical, optical and thermal properties of erbium-doped borotellurite silicate glass 98.624
system incorporated with silver oxide

Aliyu [20] Structural, elastic and optical properties of rice husk silicate borotellurite glass 98.54
system doped with micro- and nanoparticles of erbium oxide

Geidam et al. [21] Oxide ion polarizabilities and gamma radiation shielding features of TeO,—B20s— 98.36
SiO, glasses containing Bi,O3 using Phy-X/PSD software

Ajeel et al. [22] Extraction of high-purity amorphous silica from rice husk by chemical process 99.71

Figure 4: SEM Micrograph of the extracted rice husk silica ash
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Morphological analysis

The scanning electron microscopy analysis shows the
morphological characteristics of acid-leached and
thermally processed silica from Faro 44 rice husk (Fig.
4). The HCl-treated sample micrograph shows a solid
mass that exhibits a crosshatched mesh pattern. The
surface shows a hard and uneven texture because all
metallic oxides and lignocellulosic materials and
additional natural contaminants had been completely
eliminated through the processing method [23-25].

The image demonstrates that the silica particles possess
an irregular shape because they do not have any
consistent dimensions or shapes. Most of the fragments
show irregular shapes which differ from both spherical
and platelet structures. The synthetic fumed silica
(microsilica) material shows a distinct morphology
which includes uniformly sized spherical particles. The
silica maintains its original rice husk microstructure
because its irregular shapes show the retained biogenic
features of the original material which has non-
crystalline  properties [26]. The silica surface
demonstrates distinct porosity through its display of a
web-like or tracery texture. The particle surfaces
display numerous open pores which mostly exist in the
micrometer range but may also reach the nanometer
dimension. The silica derived from rice husk ash
exhibits extensive porosity which results in high
specific surface area according to established scientific
knowledge. Prior studies have described rice husk ash
(RHA) particles as possessing a sponge-like or foam-
like texture due to the abundance of surface pores [26].
The typical structure of biogenic silica consists of
hierarchical porosity which develops when plants create
tissues that contain silica as a nanoporous network with
nanoscale voids and fine tunnels. The thermal treatment
procedure maintains most of the native architecture,
which results in ash production that contains micro- to
mesoporous structures [27, 28]. The silica particles in
the SEM analysis display a tendency to form clusters
instead of remaining as separate particles. The particles
combine together because surface silanol (Si—OH)
groups enable their hydrogen bonding, which facilitates
inter-particle interactions. The micrograph shows
clumped structures which demonstrate that the particles
have formed aggregates that exist in a loosely bonded
state [29]. The particles maintain their porous structure
which prevents sintering while showing visible inter-
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particle spaces between their agglomerated structures.
The particles maintain their high-surface-area
morphology because they cluster together while
keeping their unique characteristics which distinguish
them from densified or sintered silica.

Structural analysis

The structural characteristics of the acid-leached and
thermally treated rice husk silica were analyzed using
X-ray diffraction (XRD) as shown in Fig. 5. The
diffractogram exhibits a broad diffuse hump which
centers between 20° and 25° 20 and shows no sharp
peaks throughout the complete scanning range from 5°
to 70° 20. The material contains amorphous silica
which produces a diffuse hump that confirms the lack
of long-range crystalline structure in the substance.

The analytical results show no evidence of peaks which
would indicate the presence of crystalline silica forms
including quartz and cristobalite because these minerals
produce specific diffraction peaks at 20 angles of
approximately 26.6° and 21.9° respectively. The peak
analysis shows that the obtained rice husk silica exists
mainly as amorphous material. This observation
matches previous research which identified the
diffraction pattern of glassy and vitreous silica
materials. The tempered soda-lime glass used in
photovoltaic systems exhibits a broad hump that
extends over the 20° to 30° 20 range [30]. The broad
hump position at 22° 20 demonstrates the presence of
an amorphous silica structure which contains disordered
siloxane networks. The XRD analysis results show that
biosilica extraction results in a material which contains
short-range ordered [SiO,] tetrahedral units that follow
amorphous solid structure but lacks long-range order.
The results of this study match the outcomes of
previous research which employed the same processing
methods. The study conducted by Dorairaj et al. [31]
found that acid-leached rice husk silica calcined at 700
°C showed a broad halo which centered at
approximately 22° 20 proving that it contained a
completely disordered silicate network without any
crystalline structures. Islam et al. [32] demonstrated
that biogenic amorphous silica obtained from plant
biomass maintains broad XRD characteristics which
define its composition.

Fice Huslk Si(r;

a 10 20 20

40 50 a0 70 80

2-Theta

Figure 5: XRD spectra pattern of the extracted rice husk silica ash
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Figure 7: DTA pattern of the extracted rice husk silica ash

Thermal analysis

The thermal stability and decomposition profile of the
extracted rice husk silica were evaluated using
thermogravimetric analysis (TGA) and differential
thermal analysis (DTA), as presented in Figs 6 and 7,
respectively. The TGA curve shows a biogenic silica
weight loss pattern which occurs in multiple stages,
while the DTA curve shows all the endothermic and
exothermic reactions that took place during the
experiment.

The first mass loss between 30 and 150 °C occurs
because water that sticks to the surface of hydrophilic
silica evaporates. The rice husk silica material
undergoes a desorption process that produces weight
loss between 1 and 3 %, which matches the findings of
Trans et al. [33] and Jeong et al. [34] who studied the
biosilica hygroscopic characteristics within  this
temperature range. The weight loss during this stage
occurs at 200 to 400°C because residual organic
materials undergo thermal decomposition, which
includes hemicellulose and cellulose that might stay

intact after the calcination process. The organic
impurities were mostly eliminated through acid-
leaching and thermal pretreatment, but this phase shows
the burning process of the remaining small residue [24].
The research conducted by Guo et al. [11] showed that
untreated rice husk silica exhibits significantly higher
mass losses in this region when compared to samples
that underwent acid treatment, which they demonstrated
through their comparative TGA analysis. Through acid
leaching, the process achieves successful reduction of
thermally labile content while enhancing the thermal
stability of silica.

The weight decrease between 450 and 600 °C occurs
because lignin-derived materials undergo their final
decomposition process. The silica maintains stability
across this temperature range, which demonstrates that
the purification method functions effectively. Tran et
al. [33] discovered that thermal resistance improved
through optimized leaching processes, while Popova et
al. [35] found that treated rice husk samples lost all
their organic content after reaching 600 °C. The mass
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decreases imperceptibly from 600 °C until it reaches
800 °C. The dehydroxylation process occurs when
silanol groups (=Si—OH) lose their hydroxyl groups and
the silica network undergoes structural changes. Silanol
groups transform into siloxane linkages (=Si—O-Si=)
through condensation reactions that happen when
temperatures increase, and this process produces water
as a byproduct. The transformation process starts at
170 °C which becomes faster from 400°C until it
finishes at 750 °C. The TGA curve lengthens when
structural densification occurs, which causes weight
loss because hydroxyl groups contribute only a small
portion to the overall mass [34].

The differential thermal analysis (DTA)

The profile of rice husk silica was extracted and
displayed in Figure 6 as it demonstrated a series of
thermal transitions which led to both physical and
chemical alterations in the material. The transitions
which were observed matched the established
thermochemical properties of biogenic silica while they
confirmed the outcomes of TGA testing.

The first endothermic peak occurs between 100 and
200 °C because it results from desorption of physically
adsorbed moisture together with loosely bound water
molecules that exist on silica surfaces. The material
demonstrates this response because biosilica functions
as a hygroscopic substance that absorbs moisture from
surrounding air. The literature demonstrates that rice
husk-derived materials display identical thermal
properties as they produce endothermic patterns which
correspond to moisture release [13, 36].

The thermal degradation of residual organic matter
proceeds through two distinct temperature ranges which
begin with an endothermic peak that shows greater
intensity between the temperatures of 300 and 400 °C.
The process of acid leaching together with calcination,
eliminates most organic substances from materials but a
small amount of organic matter, can become trapped
inside the porous structure of silica. The hemicellulose
decomposition process takes place between 200 and
300 °C while cellulose decomposition begins at 300 °C
and continues until 400 °C, during which glycosidic
bonds break and volatile organic compounds are
released. The degradation pattern demonstrates
similarities to the results obtained by Zhou et al.
through their thermal analysis of lignocellulosic
biomass  research  which identified  matching
endothermic characteristics in DTA curves.

The DTA curve shows weak exothermic shifts in the
temperature range between 600 and 800 °C. The silica
network structure undergoes changes which result from
the surface silanol groups (=Si—OH) turning into
siloxane linkages (=Si—O-Si=). The process of
transforming amorphous silica into its densified and
stabilized form requires this specific transformation
which decreases hydroxyl content while increasing
network connectivity. The exothermic nature of this
reaction occurs because energy gets released when
bonds form and the lattice structure strengthen [37].
High-surface-area amorphous silica materials have been

Lafia Journal of Scientific & Industrial Research, 4(1)

shown to experience these transformations which
scientists use to improve their thermal stability [38].
The material shows thermal behavior that proves its
transition to a stable silica matrix while the rice husk-
derived silica shows suitability for high-temperature
applications which include glass production ceramic
reinforcement refractory composite materials and
functional fillers for thermally stressed environments.

Conclusion

The research investigated the complete composition and
structural characteristics and surface patterns and
thermal behavior of silica derived from rice husk. The
study demonstrated that leaching serves as an
environmentally friendly method which operates with
low energy requirements to produce industrial-grade
amorphous silica of high purity. The Hydrochloric acid-
treated silica demonstrated superior purity and thermal
stability because it formed a dense structure which
contained only trace impurities that testing with XRF
and SEM-EDS and TGA and DTA methods confirmed.
The H,S0,-treated silica, while comparable in purity,
showed a slightly higher impurity content and less
thermal stability at elevated temperatures. The study
demonstrates that silica properties depend on three
major factors which include the specific leaching
conditions used and the choice of acid and the
characteristics of the raw materials. Further research
should focus on optimizing leaching parametersand
expanding the scope to other agro-wastes. The findings
contribute valuable insights to the development of
green silica for industrial applications, in line with the
global initiative for sustainable development.
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