#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online
View Journal | View Issue,

REVIEW

Green synthesis of silica and silicon from
agricultural residue sugarcane bagasse ash — a mini
review

i ") Check for updates ‘

Cite this: RSC Adv., 2023, 13, 1370

Lyle A. September,® Ntombizonke Kheswa,® Ntalane S. Seroka (& *@
and Lindiwe Khotseng @ *2

Silicon dioxide (SiO,), also known as silica, has received attention in recent years due to wide range of
capable applications including biomedical/pharmaceutical, energy, food, and personal care products.
This has accelerated research in the extraction of materials from various agricultural wastes; this review
investigates the extraction of silica and silicon nanoparticles from sugarcane bagasse ash with potential
applications in electronic devices. Specific properties of silica have attracted the interest of researchers,
which include surface area, size, biocompatibility, and high functionality. The production of silica from
industrial agricultural waste exhibits sustainability and potential reduction in waste production. Bagasse is
sustainable and environmentally friendly; though considered waste, it could be a helpful component for
sustainable progress and further technological advancement. The chemical, biogenic and green

synthesis are discussed in detail for the production of silica. In green synthesis, notable attempts have
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Accepted 23rd Decemnber 2022 been made to replace toxic counterparts and decrease energy usage with the same quantity and quality

of silica obtained. Methods of reducing silica to silicon are also discussed with the potential application-

DOI: 10.1039/d2ra07490g specific properties in electronic devices, and modern technological applications, such as batteries,
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1. Introduction

Green synthesis has received a lot of attention in nanotech-
nology as a reliable, sustainable, and environmentally friendly
protocol for synthesis of a wide range of nanomaterials for the
development of nanoelectronics."” In essence, green synthesis
is viewed as an important route for mitigating the negative
effects associated with traditional methods of synthesizing
nanoparticles for the preparation of nano electrodes. It is well
known that the four most important parameters for the
synthesis of nanoparticles using the green protocol are the
selection of an environmentally friendly solvent, a source of
nanomaterials, a reducing agent, and a harmless material for
stabilization.'

The synthesis of nanomaterials from agricultural waste is
considered green because agricultural waste is an environ-
mental hazard if not handled properly. For instance, sugarcane
bagasse dumps attract many insects that harm the health of the
population and cause many diseases. Production of agricultural
foods is related to the formation of a considerable amount of
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waste and the rise in human population has demanded higher
agricultural productivity. Most agricultural operations lead to
waste creation, which is produced in vast numbers in many
countries, generating serious environmental issues as the
majority of agricultural waste ends up in landfills.” In landfills,
organic wastes generate carbon dioxide (CO,), nitrous oxide
(N,0) and mainly methane (CH,) due to anaerobic decay, which
actively contribute majorly from fossil fuels to greenhouse gas
emissions. Additionally, during agricultural production mainly
CH, and N,O greenhouse gases are emitted, while a minor
amount of CO, emissions is released.’ The reuse of agricultural
solid waste is considered a vital strategy to reduce waste and
meets the requirements of a holistic sustainable waste
management system; the reuse of these wastes can actively
contribute to the establishment of new green technologies, bio-
energy generation and bio-conversion to nanomaterials.™?
Numerous types of nanomaterials have been extracted from
agricultural wastes using biogenic syntheses; these synthesis
methods are an appealing alternative to conventional synthesis
methods as they are green and environmentally favourable.
Nanotechnology has evolved as one of the most important
branches of science with several applications in industries, such
as the conversion of biomass into valuable materials in niche
applications.* An excellent example of this is the green synthesis
of silver nanoparticles (AgNPs); this synthesis method makes use
of biomolecules present in plants and agricultural wastes, which

© 2023 The Author(s). Published by the Royal Society of Chemistry
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function as reducing and stabilizing agents.” Moreover, other
notable examples of biogenic methods include a green synthesis
method for the production of degradable polyurethane utilizing
castor oil® and the synthesis of doped zinc oxide (ZnO) nano-
particles derived from Synadenium grantii leaf extract with
concentrations of copper-dopant.” Furthermore, silicon dioxide
(Si0,), also known as silica, can be extracted from agricultural
waste, such as sugarcane bagasse ash (SCBA) and rice husk (RH),
by using a sustainable-green synthesis method.

At present, silica is extracted from sand or quartz, which is
done by smelting with sodium carbonate (Na,COs;) to produce
sodium silicate (Na,SiOs), a silica precursor.? From this method,
silica has succeeded in applications such as components in
electronics, but high volumes of energy are required, making it
less feasible. Silica can also be extracted from agricultural wastes;
the production of silica from quartz sand is rarely compared to
silica produced from agricultural wastes though it can be utilized
to fulfil commercial requirements.” In previous research on
biosynthesis, strong acids and bases are generally used for the
extraction of silica from agricultural wastes. A strong acid is
utilized as a leaching agent to remove metallic impurities from
the composition; this treatment is not only harmful to the envi-
ronment but also poses an economical challenge as it requires
the use of expanding materials that are resistant to strong acid
corrosion and needs specific disposal methods.”* Thus,
researchers are seeking alternative routes for sustainable
production of silica nanoparticles to solve current concerns.

Green methods for the production of silica and silicon
nanoparticles (SiNPs) are widely researched and make use of
agricultural wastes. Conventional methods make use of
harmful procedures and toxic substances; this review set out
to investigate methods that are green and sustainable by
making use of organic acids and decreased energy usage
during the synthesis of silica and silicon extracted from SCBA.
Green nanotechnology of silica from SCBA presents a window
of industry applications, which synthesizes nanoparticles
using environmentally nonthreatening processes and bio-
sources. Sustainable approaches provide unique advantages
for producing silica and SiNPs with desired qualities and have
received a great deal of interest because of their favourably
reactive surface area-to-volume ratio, physical and chemical
stability, low toxicity, and straightforward surface chemistry."*
Other benefits of a green synthesis include a feasible meth-
odology, non-hazardous and viable procedures with a wide
range of applications in nanotechnology, biomedicine and
nano-optoelectronics, among others.” Silica is extensively
used in industry due to it being chemically inert with a high
melting point, making it highly functionable with control over
specific characteristics. The green synthesis of silica and SiNPs
appears to be an important field of research with a lot of room
for growth in the future.

2. Background

Considering that silica is a vital material for industrial appli-
cation, much research has been conducted to extract it from
various sources, including plants, rocks, clay, and agricultural
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wastes. Waste from agricultural activities is produced daily and
can result in a significant amount. Wastes such as rice husk,
rice straw, bamboo leaves, corn cob, wheat straw and sugarcane
bagasse have been utilized for the production of silica due to the
high content of silica in the composition (Table 1). Tradition-
ally, agro-wastes such as rice husk and sugarcane bagasse have
been used due to their high silica content.”** Rice husk is
commonly mentioned in research, while sugarcane bagasse has
a higher potential to be exploited as a viable source of silica.

Sugarcane commonly known as “Saccharum officinarum” is
a commercially grown crop in the harvesting season under the
climate conditions of slightly sunny and colder environments,
cultivated in tropical and subtropical countries. The United
Nations Food and Agriculture Organization (FAO) in 2020 esti-
mated sugarcane production to annually yield 1.89 billion
metric tonnes; countries with the highest-produced sugarcane
crop include Brazil, India, and China, illustrated in Fig. 1.
Sugarcane is an essential agricultural crop that is grown to
produce sugar and alcohol; with the high demand for this crop
a significant amount of agricultural waste, bagasse, is produced
each year. Bagasse production is estimated to generate millions
of tonnes per year, which is estimated to produce 279 million
metric tonnes, which can amount to a large amount of waste
annually.” These figures are expected to increase in the coming
years as a result of economic initiatives encouraging the
production of bioethanol from sugarcane to decrease the use of
fossil fuels. Furthermore, the increase in the demand for sugar
and bioethanol internationally stimulates the rise in the avail-
ability of SCBA, driving its use for sustainable materials as well
as meeting sustainable development goals.

Sugarcane bagasse has the potential to be a viable renewable
energy supply and silica source, illustrated in Fig. 2. Bagasse is
generally employed as a fuel source to power sugar mills as an
alternate energy source, resulting in the production of ash,
SCBA, as a by-product of combustion.>® SCBA has a high content
of carbon and silica, carbon stemming from the incomplete
burning of bagasse and silica originating from the soil where
the plant was cultivated. Monosilicic acid (H,Si0,) is absorbed
by the roots of the plant where it is delivered as amorphous
silica; the silica composition in the plant is dependent on the
concentration of H,SiO, in the soil.**

The key factors for sustainable waste management are
dependent on the production of less waste, recycling and the
recovery of waste produced. Notably, waste recovery and the
production of high-value added materials via a green synthesis
method reduce over-reliance on hazardous materials, resulting

Table 1 Silica composition of various agricultural wastes

Agricultural waste Silica content (%) Reference
Sugarcane bagasse ash 55-88.7 13, 14
Bamboo lead ash 49.9 15

Rice husk ash 86-97 11, 16, 17
Rice straw 84.6 18

Wheat husk ash 40.5-59.7 19, 20
Palm oil ash 45.5 21
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Fig.1 Top 10 countries of sugarcane production according to FAO for
2020.

in improved efficiency through waste reduction and the use of
natural and sustainable resources.”® The primary benefit of
employing agricultural waste is that it is a sustainable method
for the production of nanomaterials and secondly that it is
readily present at the end of every harvest season in large
quantities.

The green synthesis approach of materials has gained
a considerable amount of attention due to numerous key
features such as safety and environmentally friendly procedures
with non-toxic by-products.”” Most research efforts are primarily
focused on the end product, ignoring by-product production,
and failing to account for the proportions of other counterparts
during synthesis. Bio-inspired methods are emerging as viable
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options for producing high-value materials while remaining
sustainable. At present, there is a need for procedures that are
entirely green throughout the synthesis of nanomaterials.

3. Synthesis of silica

Silica has been synthesized using several methods over time,
including the reverse microemulsion process, Stober's method,
flame synthesis, combustion synthesis, microwave method and
sol-gel approach, which is the most commonly used. Since
then, various novel methods for synthesizing silica have
emerged that focus to control the size, morphology, and surface
reactivity. The synthesis of silica can be divided into two groups,
namely chemical and biogenic synthesis. The chemical
synthesis methods utilize high energy usage and different
precursors such as tetraethyl orthosilicate (TEOS) and sodium
silicate (NaSiO,), which are toxic.*** These precursors are
generally used to synthesize mesoporous silica such as Santa
Barbara Amorphous15 (SBA-15) and Mobil Composition of
Matter-41 (MCM-41), which are widely applied in industry. In
the industrial synthesis of silica, sodium silicate is used as
a silicon source; however, sodium silicate, which is produced by
smelting quartz sand and sodium carbonate at 1300 °C, not
only consumes a lot of energy but also requires further purifi-
cation® and is not environmentally viable. Given that TEOS is
not the greatest commercial source of silica because of its high
prices, flammability, handling and storage challenges, and the
production costs,* silica obtained from a bio-source like
sugarcane bagasse has attracted researchers as it is environ-
mentally friendly and cost effective.

Biogenic synthesis includes the use of different plants and
organisms with the main advantages of being green, low energy

Sugarcane crop Juice extraction null

Electricity Boilers station

Processing unit

Raw Sugar

Sugarcane bagasse ash (SCBA)

Fig. 2 Production pathway for the production of sugar, energy and SCBA. Reproduced with permission from MDPI @2022.2
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usage and cost-effective compared to chemical synthesis, and
the biosynthesis of nanomaterials through exploiting agricul-
tural wastes is rational when compared. There are two basic
methods for converting biomass to bio-products; conversion
pathways are bio-chemical and thermochemical. While the
former involves using microbes and enzymes to break down
biomass into gaseous and/or liquid fuels, the latter involves
using heat to break the complex chemical structure of biomass
into a variety of products such as power, materials and chem-
icals,®* where the thermochemical conversion path is ideal for
extracting silica from SCBA.

The extraction of silica from agricultural wastes is not
commonly agreed upon according to research, though the
pretreatment of the biomass is often utilized. Acid leaching
(pretreatment) is a crucial step in removing residual metallic
impurities, which is due to it being cost-effective and results in
the efficient and faster breakdown of complex compositions.
High impurity content, such as metal oxides like iron oxide
(Fe,03), obstructs the process of obtaining silica with an
acceptable high purity;** thus, acid leaching is required to retain
the biogenic structure of silica while removing impurities. The
most common leaching agent is H,SO,, although other acids
have been explored, such as hydrochloric acid (HCI), hydrogen
fluoride acid (HF), nitric acid (HNO;z) and phosphoric acid
(H3PO,). According to Norsuraya et al.,* the silica content in the
composition of SCBA was 53.1% before acid leaching and
88.13% after leaching with HCI. Table 2 illustrates the leaching
efficiency of HCl and demonstrates the decrease in impurities.
High content of impurities, such as metal oxides, obstructs the
process of obtaining silica with high purity. Additional purifi-
cation procedures are required to increase purity, such as
chemical and thermal treatments. Furthermore, the extracted
sodium silicate through the use of NaOH resulted in a similar
infrared spectrum when compared to that in industry (shown in
Fig. 3).

To extract silica from agricultural wastes while maintaining
the material's biogenic structure, thermal treatment is utilized,
which promotes the removal of organic components. In thermal
treatment, through the use of calcination, the temperature
affects the silica produced as the calcination temperature and
duration have a substantial impact on the morphology.
Controlling the temperature and duration of thermal treatment

Table 2 Sugarcane bagasse ash before and after acid leaching with
HCL, from Norsuraya et al.**

Raw sample After acid treatment

Compound (Wt%) sample (Wt%)
Sio, 53.10 88.13
SO; 11.20 4.69
MgO 20.72 3.04
P,0s 7.36 1.15
Fe,0, 0.78 0.94
MnO 1.45 0.62
CaO 3.77 0.57
K,0 1.26 0.50
Other 0.36 0.32

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR analysis of the commercial sodium silicate and extracted
sodium silicate from SCBA, reproduced with permission from © 2016
Elsevier Ltd.*

increases the possibility of achieving the desired pozzolanic
activity of the bagasse ash by keeping the silica in a non-
crystalline state.** According to research on an acceptable
temperature for extracting amorphous silica, the ideal calcina-
tion temperature is 600 °C. Higher temperatures result in pore
structure densification, which produces a decreased surface
area, pore diameter and pore volume.

Bortolotto Teixeira et al.** investigated different routes of
synthesis, demonstrated in Fig. 4. Route A illustrates the direct
calcination (with temperatures ranging between 500 and 700 °
C) of SCBA without pretreatment, thus resulting in the purity of
silica ranging between 43.6 and 52.1% as the temperature
increased. Furthermore, routes B and C illustrate the synthesis
pathways of initially using acid leaching or thermal treatment,
route B showing a higher purity of silica when compared to
route C (99.9% and 95.3, respectively). This illustrates that
a higher silica purity will be achieved via route B, the initial acid
leaching followed by thermal treatment.

Sugarcane bagasse ash

Pretreatment
(Acid Leaching)

Calcination

Route B

Route C

Fig. 4 Synthesis routes of silica extraction from SCBA, investigated by
Bortolotto Teixeira et al.
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The synthesis of silica nanoparticles, via the sol-gel process,
using SCBA as a source of silica. To recover NaSiO, from SCBA,
alkaline extraction is the preferred approach making use of
a base, such as NaOH. eqn (1) illustrates the addition of NaOH
to the pre-treated SCBA, with eqn (2) showing the addition of an
acid, H,SOy,, and the formation of silica. Falk et al.** synthesized
silica using the sol-gel process, with the leached SCBA and
further use of NaOH and HCI for the formation of silica gel. In
this study, the sol-gel process was compared to acid leaching
followed by calcination; the sol-gel method resulted in 96.8%
purity, while the silica produced from calcination resulted in
a slightly lower purity of 95.2%. The synthesis of silica through
the extraction of sodium silicate via the sol-gel method results
in higher purity, making it more appealing for application.

SiO, + 2NaOH — Na,SiO; + H.0 (1)
Na2SiO3 + HzSO4 - SlOz + NaSO4 + HQO (2)

In other relevant research, Rovani et al.*® effectively synthe-
sized silica nanoparticles from SCBA and yielded nanoparticles
with excellent purity (>99%). As a stabilizer and size controller,
cetyltrimethylammonium bromide (CTAB) was used in the
formation after pretreatment with HCI and NaOH was used to
produce a Na,SiO; solution. The resulting high purity of silica
exhibited a size ranging from several micrometers to less than
20 nm and a specific surface area of 131 m* g . The use of
CTAB resulted in a controlled size distribution of the silica
nanoparticles produced with an increase in specific surface area
when compared to the SCBA. Additionally, Rahmat et al.**
extracted Na,SiO, from SCBA for use as a precursor for the
synthesis of mesoporous silica, SBA-15. The sodium silicate
produced showed a similar spectrum to the commercial pattern
used in industry, making SCBA a suitable source for the
synthesis of mesoporous materials. In industry, the sodium
silicate synthesized can be utilized in various applications.

Currently, chemicals employed in the synthesis of silica by
various traditional procedures with the use of toxic counterparts
are not environmentally viable. Despite their good technical
performance and ability to remove heavy metals and inorganics,
it is feasible to replace toxic reagents in these procedures with
green alternatives for future progress in this sector.

4. Green synthesis of silica

Green and sustainable approaches to obtaining advanced
materials for industry application can help avoid complicated
procedures while also reducing environmental toxins. Methods
of green synthesis have been researched for the extraction of
silica from various agricultural biomass sources. Extraction of
silica from biomass using organic acids, alkalis and solvents is
one of the most promising methods for green synthesis due to
them being capable of decomposing more complex-structured
substrates.’” Chemical and thermal treatment of biomass by
replacing toxic reactants and decreasing temperatures is one of
the most promising methods for the green synthesis of silica
and silicon nanoparticles.

1374 | RSC Adv,, 2023, 13, 1370-1380
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Leaching using an organic acid, namely citric acid (CA,
Ce¢HgO-), as an alternative for the pretreatment of SCBA. This
organic acid has the potential of being a chelating agent as well
as a mild triprotic acid.*® CA has the advantage of being an
organic and bio-based acid, which has an impact on the mate-
rials synthesized and the effluent treatment costs and when
compared to strong mineral acids like HCI and H,SO, CA has
the benefit of being an eco-friendly leachate.®® In research,
Rodriguez-Machin et al.*® studied the effect of leaching using
CA for the pretreatment of SCBA with variations of thermal
degradation and its behaviour. In this study, as illustrated in
Table 3, CA was compared to well-known conventional leaching
agents, namely HCI and H,SO,, in terms of their impact on the
chemical, structural and thermal characteristics of leached ash.
Depending on leaching duration and temperature, inorganic
element removal ranged from 39.9% to 54.1%, and CA func-
tioned similarly to the strong mineral acids. This investigation
shows that CA is a functional leaching agent when compared to
traditional acids for the pretreatment of SCBA.

Similarly, Maseko et al.*’ investigated biogenic amorphous
silica that was extracted from different agricultural wastes using
the thermo-chemical treatment process. Biomass samples were
leached using 7% CA and 7% H,SO, before thermal treatment
in a furnace; CA pretreated was slightly less effective at
removing inorganic impurities when compared to H,SO, pre-
treated SCBA (silica content of 95.4% and 99.3%, respectively).
The two leaching agents resulted in similar characteristics in
the synthesized amorphous biogenic silica, with textual quali-
ties of 323 m” g~ ! surface area, 5.0 nm average pore diameter,
and 0.41 cm® g~ pore volume. The leaching efficacy of CA is
slightly less effective than H,SO, but it is still capable of func-
tioning as a leaching agent as it results in similar characteristics
in the silica synthesized.

A notable attempt at a green synthesis of crystalline struc-
tured silica has been made through a novel synthesis method
making use of organic solvents. Seroka et al.*' reported the use
of organic chemicals, namely CA and 1-cysteine hydrochloride
monohydrate (1-Cys), in the leaching of SCBA, which resulted in
crystalline silica with average sizes of 26 nm for CA and 29 nm
for 1-Cys. Furthermore, tetrapropylammonium hydroxide
(TPAH) was utilized as an extraction solvent for further purifi-
cation by eliminating excess residuals and impurities in the
synthesized silica. The successful use of organic chemicals for
the extraction of silica from SCBA in a green synthesis method,

Table 3 Comparison between conventional strong acids (HCl and
H,SO4) and an organic acid (CA, CgHgO5). Inorganic element
composition in mg kg~?, studied by Rodriguez-Machin et al.38

Element Raw SCBA HCI H,S0, CeHgO5
K 1800 17.5 15.7 17

Al 279 110 122 131

Fe 327 110 101 123

Si 8600 3600 4400 4400
Mg 287 25.1 26.4 68.1
Na 32.1 18.6 8.02 <5

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Summary of the green synthesis of silica extracted from SCBA
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Pretreatment Weight loss after Calcination Extraction Silica
Leaching agent conditions pretreatment (wt%) temperature (°C) solvent purity (wt%) Reference
Citric acid, C¢gHgO; 1 hour, 50 °C 38.9-54.1 — — — 38
Citric acid, CgHgO- 2 hours, 80 °C 29.9 300-600 — 95.4 40
Citric acid, CgHgO;, 24 hours, 70 °C — 700 TPAH 79.85 41
L-cysteine hydrochloride 24 hours, 70 °C — 700 TPAH 89.75 41

1-Cys as a leaching agent, was effectively shown in this study
along with the use of TPAH as an extraction solvent, summa-
rized in Table 4.

5. Thermal reduction

Silicon (Si) is an abundantly important functional material with
a wide range of applications due to its chemical and physical
properties; its applications include electronics, metallurgy and
energy. Si is an earth-abundant element but exists as silicon
oxides, such as SiO,. Furthermore, SiO, can be reduced to Si by
thermal reduction, which has been extensively investigated, and
current pathways are shown in Fig. 5. For the reduction of SiO,,
high volumes of energy are required to produce Si; this is due to
the high bonding energy linking between silicon and oxygen.
There are many methods of reduction and for a green synthesis,
the need for minimal energy usage is vital. Methods of reduc-
tion will be discussed, namely carbothermic reduction, metal-
lothermic reduction and electrochemical reduction processes,
to determine the least amount of energy required for a green
synthesis.

5.1 Carbothermal reduction

Carbothermal reduction is widely utilized for the reduction of
SiO, to Si in industry, which uses an electric arc furnace (EAF)
operating at 2000 °C. This method has been investigated to the
fullest extent as it is considered the best method for large-scale

production despite that it requires stabilizing procedures for
the process. Stabilizing processes are required due to high
temperatures to achieve high thermal efficiency and large-scale
production of silicon.*” High-temperature operations are
required for the method; however, this procedure consumes
a lot of energy and liquefies the silicon, obliterating any original
SiO, morphology.

A small number of attempts have been made for novel
approaches for alternate methods of carbothermal reduction,
such as the use of concentrated solar energy as an energy source
by vacuum carbothermal reduction of silica,** which is a notable
attempt to decrease energy usage. Furthermore, Maeng et al.**
reduced silica to crystalline silicon through an ultrafast carbo-
thermal reduction using a CO, laser beam as an energy source,
a heat source in the form of intensified heat flux, the CO, laser
beam, with a mixture of silica and carbon black. Through this
novel method of reduction, the reaction time was faster than
that of traditional carbothermic reduction and resulted in
a decrease in energy. Generally, this process is very endo-
thermic, which results in enormous energy consumption and
substantial CO, emissions. As a result, this procedure ulti-
mately results in high manufacturing costs and poses a threat to
the environment.

5.2 Metallothermic reduction

Methods of metallic thermal reduction include magnesiother-
mic, aluminothermic, and calciothermic reduction, which can

Precursor il |
T Pure Silica _— Metallurgical Si
Low purity SiO, from H H
plants, food, and rock Carbothermal Reduction 2000°C
Crushing, Calcination + Acid leaching (a) (b) (c)
I ClAg)
olz HCl (g)
PR i
I8 SiCly
28 s
S £
HE H Silane SiHs [ Alcoholysis
I 3
2|8 § TEOS
Sla Tetraethyl orthosilicate
[47]
" ]
Magnesiothermic reduction l ydrolysis
Silicon Wafer ~———— Silicon -— Silica SiO,
— I

Fig. 5 Schematic outline for the production of silica and silicon, along with reduction processes of silica to silicon via carbothermic and
magnesiothermic reduction. Reproduced with permission from MDPl@2022.2
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all be used to reduce SiO, to Si. Mg, Ca, Al, and Ti are metallic
metals that can reduce SiO, at a lower temperature and produce
condensed phase products. Magnesium as a reducing agent for
the reduction of silica is more environmentally viable due to its
lower working temperature (650 °C); magnesiothermic reduc-
tion has recently attracted a lot of attention.*>*® Magnesiother-
mic silica reduction can generate porous silicon products at
lower temperatures than traditional silica reduction processes,
carbothermic reduction. Considering that silicon has a melting
temperature of 1414 °C, carbothermal reduction at 2000 °C is
ineffective for preserving the silica structure. Magnesiothermic
reduction has been shown to create silicon structures from
silica at temperatures ranging from 500 to 950 °C, allowing for
template-assisted formation of silicon nanostructures.*’

Si0, + 2Mg — Si + 2MgO 3)

By using SCBA and magnesiothermic processes, Falk et al.*
were able to produce silica and silicon nanoparticles. Magne-
siothermic reaction was used to produce the nano-Si, illustrated
in eqn (3). To eliminate the magnesium oxide and/or magne-
sium silicate due to side reactions, the powder was acid-leached
with HCI. Finally, the silicon was centrifuged, rinsed with
distilled water and absolute ethanol, and dried. The results
demonstrate that nano-Si was efficiently manufactured utilizing
sustainable silica sources via a magnesiothermic process.
Furthermore, the synthesized material has a shape comparable
to that of the silica precursor, along with high crystallinity and
compact size, giving it a performance advantage over previous
materials.*

5.3 Electrochemical reduction

There have been reports of silica being successfully reduced to
silicon electrochemically. With the help of this electrochemical
reduction technology, it has been made feasible for the reaction
to start right when the electrode comes into contact with the
material and for the process temperature to be lower than 1000
°C. As a novel method for producing high-purity silicon from
SiO,, the electrochemical reduction of SiO, in high-temperature
molten salts has received a lot of attention. As an electrolyte in
these procedures, molten CaCl,, which has a high 0> ion
solubility, is frequently employed.”® Eqn (4) displays the solid-
state reaction which allows for the reduction of SiO, to Si
when an electric conductor comes into direct contact with
molten salt bound SiO,.

Si0, + 4e~ — Si + 207 (4)

The operating temperature was investigated for the electro-
chemical reduction of SiO, in molten CaCl,, which is reported
to work at 850 °C. Due to the formation of intermediates on the
electrodes, namely Ca,SiO,, reduction of silica via the electro-
chemical route is rarely used in industry given that it has lower
operating temperatures than carbothermal reduction.*
Compared to the present carbothermic technique, this is
thought to be a low-cost approach that uses less energy.
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6. Application of bio-silica and silicon
nanoparticles

Silica and silicon nanoparticles are becoming more promising
for application in electronic devices. Mesoporous silica is an
excellent example of a material that uses nano-structuring, and
it has several applications in electronic devices due to its ideal
qualities. Because of their size-dependent optoelectronic capa-
bilities, silica particles are a promising material for biomedical,
photovoltaic, and energy storage applications.*

The reduction of silica to silicon can open a wide range of
capable applications. In traditional applications of silicon, such
as metallurgy and the semiconductor industry, Si possesses
a wide range of applications, with the unique properties and
nanoparticles of Si resulting in new applications in new tech-
nologies, including nanoelectronics, energy harvesting and
storage. A semiconductor material is essential for electronic
devices, and these devices make our lives more convenient; for
example, silicon wafers are used in numerous electronic devices
for integrated circuit (IC) chips. Researchers have investigated
advanced energy storage devices and energy harvesting in
response to environmental concerns and the desire for
sustainable energy.

6.1 Supercapacitors

Supercapacitors have been at the forefront of energy storage
technology in recent years and with the use of mesoporous
silica, advances can be made. Due to their role in the storage of
charges, mesoporous properties such as specific surface area,
and charge transport available at the electrode are crucial to the
effectiveness of supercapacitors. Mesoporous silica, which has
consistent pore size, hydrophilic surface properties and a large
surface area, has electrochemically active centres, which
improve electron transport and promote electrolyte penetra-
tion, meeting the supercapacitor application. Examples include
supercapacitors, low-k materials, and sensors. Porous silica is
a noticeable material for fabricating electrodes or interlevel
dielectrics in this case. There is a direct correlation between
specific capacitance and pore diameter; silica with smaller or
bigger pores has much lower capacitance when compared to
a pore size of 5.24 nm.” Silica has a severe disadvantage: it is
non-conductive. Pores in porous silica can be lined with
a conductive substance like carbon to ensure conductivity.”> A
method for making porous silica conductive is to combine it
with a conductive polymer like polyaniline. Zhongkai et al.>
have developed a unique mesoporous SBA-15 nanocomposite
electrode material for supercapacitors with excellent electro-
chemical performance.

Supercapacitors are among the most well-known electrical
devices that use porous silica-based materials. For super-
capacitor capacity, the active electrode surface is important
since the properties of these devices are highly dependent on
the surface.® Araichimani et al* investigated the use of bio-
silica nanoparticles derived from RH with a large surface area
and mesoporous structure. The supercapacitor resulted in
a capacitance of 448 F g~ at 1 A g~ ' current density with the use
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of SnO, nanoparticles. The bio-silica resulted in impurities
along with the large surface area, which allowed for better redox
reaction at the electrode surface, improving the overall super-
capacitive performance. In this regard, biosilica nanomaterials
possessing a highly ordered nanostructure appear to be more
viable than other alternatives for supercapacitors.*®

6.2 Battery storage

Silicon has a high specific capacity, making it one of the most
attractive options for new-generation negative electrode mate-
rials in LIBs.”” It was extracted for lithium-ion battery anodes
using a low-cost, energy-efficient microwave-aided sustainable
technique.®® Utilizing nano-Si as an anode material in next-
generation lithium-ion (Li-ion) batteries for electronics as
a means of energy storage has received enormous attention. The
increased interest in Si is due to a specific charge storage
capacity of 4200 mA h g™, which is 10 times greater than the
theoretical capacity of conventional graphite anodes when
compared, thus making Si anodes more favourable, but due to
issues such as pulverization, which is known to result in volume
changes in Li insertion and extraction, graphite anodes are
generally selected over Si anodes. Current research shows that
Si with decreased size to the nanoscale can effectively solve
these issues and perform greater when compared to graphite
anodes.

SiNPs extracted from biomass can effectively be used in
energy storage, resulting in decreased cost and increased
performance. Liu et al* synthesized nano-structured silicon
from RH for application in Li-ion batteries, resulting in higher
performance of the battery anodes. In this study, biosilica was
reduced to nano-Si using magnesiothermic reduction with the
outcome of a high purity of 99.6% with traces of metal
concentrations, high enough for application in Li-ion battery
anodes. SiNPs extracted from biomass consist of a distinctive
and intrinsic nanostructure, which enables the decrease in
pulverization and increased battery performance. Furthermore,
for greater improvement in the performance of nano-Si anodes,
surface coatings, conducting polymers and the use of sodium
alginate as a binder for increased functioning are proposed.

6.3 Solar cells

Silicon nanoparticles are promising materials that may be used
in solar cells and have benefits over other materials, which
include flexibility in shape, ease of installation, and the use of
a manufacturing method similar to printing to increase
conversion efficiency.* In the photovoltaic industry, the
demand for lower costs of silicon is becoming increasingly
important for the commercialization of silicon solar cells. The
use of silicon wafers is increasing due to them playing a major
role in crystalline silicon solar cells, where the use of silicon
derived from agricultural waste is cheaper and can result in
high purity.

Converting agro-waste into low-cost SoG-Si nanoparticles for
the fabrication of low-cost solar cells might be a way to address
environmental issues such as ineffective waste management
and energy scarcity.®® To reduce material prices, the silicon
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photovoltaic sector is moving to new technologies like thin film
or thin wafer technologies, but the options for lowering
production costs are limited. Marchal and colleagues®* synthe-
sized solar-grade silicon from an agricultural waste, namely RH,
which resulted in a purity of =99.9999%. In this synthesis for
the reduction to silicon, the use of a submicron for the mixture
of carbon and SiO, for carbothermic reduction resulted in
a higher yield of product and a faster rate of reaction. On an
industrial scale, this could be advantageous due to faster silicon
production and decreased costs of energy usage. Hybrid
organic-silicon solar cells have recently emerged as a viable
option for lowering production costs by using less complicated,
scalable, and solution-processed conjugated polymers to
produce a heterojunction with silicon at the interface. The
utilization of a textured Si substrate surface in organic-silicon
hybrid solar cell devices with excellent conversion efficiency
has been researched.”

7. Limitations

There are a lot of uncertainties, even if turning agricultural
waste into sophisticated materials for electronic applications
may seem like a great circular economy. Traditional ways of
nanoparticle production and a wide range of applications of
silica and silicon nanoparticles have resulted in the develop-
ment of numerous ways of production using biological
methods. However, the current ‘green’ synthesis of nano-
particles has drawbacks such as the involvement of toxic
chemicals and the high-energy requirements of production,
which make it difficult for them to be widely implemented in
industry. Currently, the chemicals and energy usage employed
in these new ‘green’ methods of nanoparticle synthesis are the
same ones used in more traditional methods. Future develop-
ments in this area may allow for the employment of eco-friendly
substitutes for the dangerous chemicals employed in current
contemporary methods. Furthermore, notable attempts have
been made for a holistic green synthesis of silica and silicon
from SCBA but there are still possibilities for improvement and
additional research is required.

The main limitation gathered from this review is the appli-
cation of silica and silicon derived from SCBA and the lack of
research thereof. Additionally, silicon purity improvement and
post-reduction processing of silicon nanoparticles produced are
required for scale-up of silicon for application. In order to refine
silicon further for solar cells, additional work would be required
for scale-up, which also enables the fabrication of Si wafers and
actual application in solar cells of silicon derived from SCBA.
Specifically, scaling up silicon from SCBA for application should
result in design changes that enable production with eco-
friendly counterparts at low temperatures.

8. Conclusion

The green synthesis of silica nanoparticles produced with the
use of organic chemicals and decreased energy usage is possible
and allows for precise control of particle shape, size and
morphology. This has led to new innovative strategies and more
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research conducted to improve already existing green technol-
ogies and methodologies for future preparation of silica. The
use of toxic chemicals for the processing of SCBA to produce
silica is extremely dangerous to both the environment and
individuals.

A lot of research is being done to develop nano-based
systems and nanocarriers using silicon and silica nano-
materials. Various properties can be obtained depending on the
starting materials, which can affect the final features of the
prepared NPs. Greener and more sustainable synthetic methods
with the benefits of eco-friendliness, low cost, low energy, low or
non-toxicity, and simple procedures are very promising in this
regard and should be prioritized by researchers. The use of
biomolecules in the fabrication of multifunctional silicon and
silica nanomaterials has enormous economic and environ-
mental implications. To avoid high temperatures, energy,
pressure, and the use of toxic and/or hazardous agents and
conditions, sustainable and eco-friendly silicon and silicon NP
production procedures with appealing advantages over
conventional methods are being developed.

In summary, the research gathered here is promising and
illustrates the possibility of obtaining silica from sustainable
sources and its use as a precursor for the preparation of nano-
structured silicon from SCBA and demonstrates a path of green
synthesis by using eco-friendly solvents. This is exhibited by
using organic chemicals, and lower operating temperatures for
thermal treatment and thermal reduction. This review
concludes that additional research is required in the green
synthesis of silica and silicon nanoparticles from SCBA for
support in electronic applications.
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