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Abstract: The extraction of silica particles from rice husks has been extensively studied. This review
aims to present the most efficient approach to harnessing rice husk biomass and converting silica
into high-value-added materials for direct applications to address current challenges like water
purification. Rice husks, as a residue from agriculture, had been largely used as a source of power
through direct incineration in major rice-producing countries. However, rice husks present an
intriguing opportunity as a renewable source of SiO2, offering a low-cost adsorbent with a high
surface area and ease of functionalization that can be transformed into diverse mesoporous silica
structures or composites, enabling applications in catalysis, drug delivery, water treatment, etc. This
dual potential of rice husks can be harnessed by combining bio-oil and syngas production through
pyrolysis with the efficient extraction of SiO2, ensuring the comprehensive utilization of the biomass.
This review not only highlights the immense potential of silica nanoparticles but also serves as
a roadmap for future investigations, with the ultimate aim of harnessing the full capabilities of
this renewable and sustainable resource, contributing to the circular economy by yielding valuable
by-products.

Keywords: SiO2 nanoparticles; rice husk; bio-oil; circular economy; biomass; pyrolysis

1. Introduction

Accessibility to sustainable, low-carbon bio-feedstock is one of the key drivers to
achieve a European Union (EU) low-carbon economy by 2050. In this context, the develop-
ment of biomass conversion technologies is being promoted [1].

Agricultural waste is in the spotlight of sustainable biomass production since an
important amount of waste is produced yearly and is usually not fully harnessed. The
source of this biomass includes primary agricultural resources produced directly on the field
after crop harvesting and secondary plant resources obtained during industrial processing
of agricultural crops. The potential estimated for the latter in 2030 in the EU report ranges
from 56 to 81 million tons, with France, Austria, Germany and Spain being the countries
with the largest contributions [1].

Among secondary plant resources, several residues are included, such as olive pits,
fruit pulp, husks, shells, etc. Among the largest residues generated in agriculture are those
coming from rice plants (Oryza sativa), especially their husks. Rice husk (RH) is the major
by-product in the rice milling industry, which is estimated to be 1.2 billion tons annually
worldwide [2–4].
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In 2022, the EU produced approximately 1.2 million tons of paddy rice, with rice
husk (dry) representing 20 wt% of the processed rice at mills [5]; so it is calculated that
at least 250 thousand tons of agricultural waste in Europe correspond to rice husk (more
than half are produced by Italy (Figure 1)), representing 10 wt% of the total of secondary
agroalimentary residues [6].
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Figure 1. Rice husk production in Europe (EU-27) by countries (modified data from European
Commission report on rice production accessed in August 2023), with RH estimated to be 20% of the
weight of the rice processed at mills.

Rice Husk as a Source of Bio-Energy and SiO2

Dried RHs contain about 15–28 wt% silica, depending on the origin and type, and
72–85 wt% lignocellulose (15–22 wt% lignin, 12–29 wt% hemicellulose, 29–36 wt% cellulose
and 3–13 wt% traces of metals). As it does not have sufficient protein content (~4 wt%
proteins, oils) for agricultural uses, most RHs are either burned or buried in landfills [7].
RH is the biomass waste containing the largest amount of silica (~210 g/kg of husk) [8].
Even when compared to other husks, such as wheat husk, or other parts of the rice plant,
such as the straw, its silica content is the highest (Table 1).

Table 1. Physico-chemical properties of agroalimentary residues with high content in silica.

Agroalimentary
Residue

Proximate Analysis (wt%)
Heating Value

(MJ/kg)
Silica in Ash

(d.b. wt%) Ref.Moisture
Content

Volatile
Matter

Fixed
Carbon

Ash
Content

Rice husk 6.1–15.0 54.4–71.0 11.1–25.0 10.7–23.0 13.0–16.0 80.0–99.0 [9]

Rice straw 8.5–13.0 66.8–70.2 11.0–14.6 6.0–9.2 12.1–16.6 60.0–80.0 [10]

Wheat husk 4.4–8.5 65.6–69.2 12.7–21.0 5.0–12.1 18.9–19.2 74.2–86.0 [11,12]

Sugar cane bagasse 8.4–10.3 75.7–88.5 9.4–16.3 1.6–2.2 16.0–19.2 54.9 [11–13]

d.b. = dry basis.

Therefore, as RHs are not easily decomposed by bacteria due to their highly inorganic
content, their accumulation in landfills is not a sustainable option. For this reason, RH
incineration has been the most common technique for removal since the heating value
is around 15 MJ/kg, and so this energy can be harnessed [9]. Nevertheless, this method
produces a high amount of rice husk ash (RHA) that needs to be disposed of as well, with its
most common use currently being as a filler, additive, etc., in the building and construction
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industry. If RH is not properly pretreated before the incineration, the composition of the
ashes results in a low-purity silica composite due to the metal and carbon content present
in the husk. Rice plants collect silica from the soil, which is stored as silicic acid inside
the cellulose micro-compartments of the plant. The metal content varies according to
the soil and manures used, but traces of potassium, calcium, magnesium, iron, sodium,
manganese, aluminum, phosphorous and sulfur are found [14]. K is the main metal of
RH (~2.7 mg/g), followed by Ca (~1.5 mg/g) and Mg and Mn (0.36 mg/g). The presence
of K promotes the crystallization of silica into tridymite and cristobalite, a carcinogenic
compound featuring a very low surface area (10 m2/g), and leads to the formation of
unburnt carbon residues. Then, the silica powder is not white, and the specific surface area
is low: from 145 m2/g for calcination at 600 ◦C to less than 20 m2/g for higher temperatures
due to silica crystallization [15].

The low economic efficiency of incineration of RH has led to a search for alternative
methods to harness this agricultural waste. For instance, pyrolysis of biomass is a hot topic
currently since it leads to the production of pyrolysis gas and bio-oil from the decomposition
of the lignocellulosic materials, and in the specific case of rice husk, char rich in silica is
obtained as a third by-product. So, for these aforementioned reasons, it is considered to
be a more efficient way to thermally degrade organic matter [16,17]. However, it has to be
considered that pyrolysis bio-oil has a heating value of around 13–25 MJ/kg, lower than
diesel and gasoline [9].

Silicon is the second most abundant element in the Earth’s crust after oxygen, which
is brought to the soil by chemical and biological processes. Plants are highly involved in
such processes as they transform the silicon present in water into water-soluble silicic acid
[H4SiO4, or Si(OH)4], which is accumulated in the form of phytoliths, amorphous hydrated
silica (SiO2 with 5–10% H2O). In rice plants, these phytoliths accumulate primarily in the
husk. The deposition of silicon in this form offers the plant resistance against pathogens,
stresses and pests, enhancing growth and development, thus Si availability in the soil
where the rice grows is highly important [18].

Silica is one of the most important inorganic materials in the industry since it has
a wide variety of applications, such as in catalyst production, catalyst supports, drug
carriers, construction, glass and ceramics and water filtration, among others. Specifically,
nanosized silica is of great interest due to its large surface area, thermal conductivity
(insulation), good dispersion performance, ease of functionalization, chemical stability and
biocompatibility [19]. These properties show an interesting prospect in the development
of techniques to harness silica from agricultural waste. Many reviews have been made on
the general preparation of silica nanoparticles from organic chemicals or from different
biomasses with various techniques [20–24]. Here, we present the general methods for
classic chemical synthesis in contraposition to its sustainable production. We focus on the
best approach to harnessing rice husk, emphasizing the efficient extraction of silica with a
focus on circular economy and the subsequent production of value-added silica structures
tailored to specific applications.

2. Overview of General Methods for SiO2 NPs Classical Chemical Synthesis

Numerous reviews report on the synthesis of non-porous and porous SiO2 NPs [25–29].
Industrially, SiO2 NPs are produced as precipitated silica from sodium silicate solution in
an acidic medium and as fumed (or pyrogenic) silica from quartz sand or SiCl4 put in a
flame. For example, Rhodia uses Fontainebleau quartz sand first mixed with Na2CO3 and
heated at 900 ◦C. The resulting glassy silicate is put in water to obtain silica sols, which
are then heated at 85 ◦C with H2SO4 to precipitate as silica NPs, which are then filtered,
water-washed and dried. The precipitated silica is formed by SiO2 NPs of 15 nm, and NPs
are aggregated and non-porous. The surface area is around 120–150 m2/g. Fumed silica as
Aerosil 200 (Degussa) is produced by reacting SiCl4 with oxygen and hydrogen in a flame.
Non-porous SiO2 NPs of 50 nm particle size are obtained, and most of them are aggregated.
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The surface area is around 200 m2/g. This process is the one majorly used in industry to
produce silica NPs powder due to its high production rates at relatively low cost [29].

To obtain independent SiO2 NPs, the most common silica precursor has been tetraethyl
orthosilicate (TEOS), a silicon alkoxide usually synthesized from raw silica present in the
sand [6]. The main chemical synthesis to produce non-aggregated silica NPs is the Stöber
method [30]. It consists of adding TEOS (0.1–0.5 M) in ethanol in the presence of NH4OH
(0.5–3 M) and H2O (0.5–17 M) at 25 ◦C. Well-homogeneous, highly dispersed SiO2 NPs are
obtained, whose size depends on the mixture composition. For instance, 80 nm SiO2 NPs
are obtained for mixtures with a molar ratio of 1 TEOS:5 NH4OH:10 H2O:85 EtOH, whilst
390 nm SiO2 NPs are obtained for mixtures with a molar ratio of 1 TEOS:2 NH4OH:30 H2O:
68 EtOH. The size of the SiO2 NPs ranges between 50 and 800 nm; it increases by decreasing
the NH4OH amount (or pH). The particles are obtained in suspension. The particles are
non-porous. The specific surface areas range between 20 and 80 m2/g.

To synthesize highly dispersed mesoporous SiO2 NPs, Stöber synthesis is modified
by adding surfactants (such as cetyltrimethylammonium bromide or chloride (CTAB or
CTAC)) to direct the mesopores formation by micelle-templating. The water content is also
increased. For example, one of the best homogeneous, highly dispersed mesoporous SiO2
NPs was achieved by Möller et al. [31] by replacing NH4OH with triethanolamine (TEA) in
mixtures with a molar composition of 1 TEOS: 0.27 CTAC: 1–4 TEA: 137 H2O: 6.2 EtOH.
Mesoporous SiO2 NPs of 50 and 100 nm were obtained at 60 ◦C for TEA/TEOS = 1 and
4, respectively (Figure 2). Surfactant removal was achieved by a twofold extraction in
acidified EtOH or by adding NH4NO3 at 60 ◦C for 2 h. The most convenient method
was acidified EtOH at 25 ◦C with 30 min ultrasounds. The mesoporous SiO2 NPs feature
ordered cylindrical homogenous mesopore of 3.5 nm diameter, specific surface areas of
1000 m2/g and mesopore volume of 0.77 mL/g as MCM-41 materials. Another interesting
modification of the Stöber synthesis using CTAB is realized by replacing alcohols with alde-
hydes [32,33]. Mixtures with a molar ratio of 1 TEOS: 0.14 CTAB: 1.6–3.4 NH4OH: 100 H2O:
11–22 acetaldehyde at 27 ◦C give rise to MCM-41-like mesoporous NPs with particle sizes
ranging from 40 to 850 nm. The particle size decreases by increasing the pH (adding more
NH4OH) or by decreasing the amount of acetaldehyde. A calcination was performed
to remove the surfactants, leading to a slight collapsing on the mesopores in nitrogen
adsorption (no abrupt step of capillary condensation was observed). A surfactant removal
by extraction should be preferred. By replacing acetaldehyde with propionaldehyde or
butaraldehyde, NPs of flower-like morphology made of inverted cone-shaped pores of
20 nm average diameter were synthesized. Both the depth and opening diameter of the
cone-like cavities can be finely tuned from 2 to 40 nm. Particles of 100 to 300 nm have been
obtained. All these mesoporous SiO2 NPs feature specific surface areas of 600–800 m2/g
(Figure 2).

Although great results have been achieved in producing porous silica NPs, the men-
tioned chemical methods imply the use of hazardous chemicals harmful to the environment,
such as CTAB, or costly techniques (by the use of TEOS, specifically). For this reason, the
interest in developing green processes for producing silica NPs from biomass and agricul-
tural waste is becoming of great interest [34], as evidenced by the publication of more than
400 research articles on the topic since 2019 (Figure 3).

Nonetheless, the number of reviews published is still few, considering the fast evolu-
tion of green silica production is going through.
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3. Sustainable Harnessing of SiO2 from Rice Husks
3.1. Traditional Thermochemical Methods: Calcination

In the 1990s, direct combustion of rice husk without any chemical pretreatment was the
most common method [35,36]. The first controlled combustion of RH, where amorphous
silica powder was synthesized, was reported by Kapur in 1984. Combustion of rice husk
led to a 20 wt% of ashes composed mainly of silica. As no purification pretreatment was
applied, no pure silica was obtained [36]. Some acid leaching occurred on the rice husk ash
after calcination [37]. However, the specific surface area of the resulting nanoparticles was
not reported since the main objective was to determine the diameter of the nanoparticles
and the effects of changing the ball milling parameters [37]. Another study performed
some acid leaching on rice husk ash obtained after the open burning of rice husk. Then,
additional controlled calcination was performed at 700 ◦C for 2 h, and silicas with specific
surface areas varying from 7 to 250 m2/g were obtained depending on the origin of the rice
husk [38].
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In the early 2000s, efforts were made to study the effects of acid leaching of rice husk
before calcination [39]. Calcination was studied by varying temperatures, heating ramp
and sequential calcinations [23,40–42], as shown in Table 2. High-purity silicas with specific
surface areas as high as 320 m2/g were produced [43]. Similar surface areas (330 m2/g)
were obtained with a much lower heating rate and higher calcination temperature [44]. In
a study from 2015, a further addition of a pre-pyrolysis step before calcination led to an
improvement of surface area (350 m2/g) and led to homogeneous silica nanoparticles of
5–8 nm diameter [45].

Table 2. Influence of rice husk acidic pretreatments and calcination procedures on specific surface
area of biogenic silica.

Country Pretreatment Acid Washing Calcination SBET
(m2/g) Ref.

China Drying at 105 ◦C
for 2 h

HCl 0.7 M for 1 h at RT
(better than acetic acid)

600 or 700 ◦C for 0.5 h
Oven directly set to 600 or

700 ◦C

210 [15]

H2SO4 0.7 M for 1 h at RT 240

Malaysia
C12SO4Na2/H2O

H2O
Drying at 110 ◦C

HCl 0.5 M at 60 ◦C for 0.5 h
of stirring 600 ◦C for 2 h

218
[46]

H2SO4 0.5 M at 60 ◦C for 0.5 h 208

Venezuela HCl 4 M for 24 h
Sequential: 350 ◦C for 3 h,

550 ◦C for 2 h, 700 ◦C for 3 h
Grinding for 12 h

234 [47]

China
HCl, H2SO4, HNO3 1,2,3N at RT

for 1 or 2.5 h of stirring
(best to remove K: HCl 1N)

600 ◦C for 2 h
(test: 600–1200 ◦C for 0.25–2 h)

Grinding for 10 min
248 [48]

India H2O H2SO4 1 M 700 ◦C for 6 h 220 [49]

Egypt
H2O

Drying at 110 ◦C
Milling

Citric acid (5wt%)
50 ◦C 3 h + 80 ◦C 1 h

Sequential (10 ◦C/min)
310 ◦C for 1 h, 400 ◦C for 2 h,
510 ◦C for 5 h, 600 ◦C for 0.5 h

313 [50]

Turkey
H2O

Drying at 110 ◦C
for 24 h

Boiling for 2 h HCl (3%v/v) reflux 600 ◦C for 4 h (10 ◦C/min) 321 [43]

France H2O HNO3 2 M 100 ◦C 1 h, washed at
pH 7, dried at 100 ◦C for 12 h 700 ◦C (5 ◦C/min) 330 [44]

China

H2O
Drying at 110 ◦C

Pulverized in
10–60 Mesh

HCl 8 wt% of 1 g/10 mL at 120 ◦C
for 4 h, washed at pH 7, dried at

110 ◦C for 3 h

300 ◦C for 0.5 h N2 (1 L/min)
(20 ◦C/min)

610 ◦C for 3 h O2 (1 L/min)
(10 ◦C/min)

352 [45]

The type of rice affects the produced nanoparticles; silica nanoparticles synthesized
from brown rice husk had the smallest diameter (10 nm) in comparison with sticky (50 nm)
or red (20 nm) rice [38]; thus, the origin of the RH also determines its final structure. The
soil quality also affects the elemental composition of the RH. Benassi L. et al. (2015) [51]
found a difference in the metal composition of Italian and Indian rice husks, which affected
the availability of amorphous silica at the same calcination temperatures. Indian RH from
different regions was found to have different metallic content, which also affected the
formation of amorphous silica and its purity, pointing out the relevance of K2O content in
this matter [52].

The early development of technologies to harness rice husks has not involved the use
of pyrolysis. However, in recent years, the pyrolysis of biomass in order to obtain bio-oil
and syngas as by-products, apart from the solid biochar, has been gaining a presence in
the field. In fact, the number of articles citing the pyrolysis method has doubled in the last
decade (Figure 4).
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3.2. Pyrolysis of Rice Husk for Obtaining Bio-Oil and Bio-Silica in the Literature
3.2.1. Bio-Silica Production

The recent advances in pyrolysis of rice husk are shown in Table 3. Pyrolysis of acid-
leached rice husk in an N2 atmosphere was described by Liou et al. (2004) [23], obtaining
carbon/silica powders with a surface area of 261 m2/g at 900 ◦C. No bio-oil is recovered
from this process. In the same study, the acid-leached rice husks were calcined with air,
and the surface area obtained was 235 m2/g.

To our knowledge, the first pyrolysis performed, with the aim of obtaining pure silica
nanoparticles, was reported in 2011 by Wang et al. [6]. However, although it is referred to
as pyrolysis, it seems more like combustion since heating in the absence of oxygen does not
achieve the obtention of pure silica but a composite of carbon and silica [6].

Liou et al. (2011) performed pyrolysis on acid-leached (hot HCl) RH at 700 ◦C for 1 h
and extracted SiO2 by NaOH 1.5 M at 100 ◦C for 1 h to produce sodium silicate [53]. The
addition of 1 M HCl to this sodium silicate solution to reach pH 7 at 50 ◦C allowed for
the precipitation of SiO2 NPs of 6–8 nm diameter (350 m2/g, mesopore diameter 10.4 nm,
V = 0.79 mL/g). These NPs are non-porous and agglomerated, and Na content (1.31 mg/g)
is superior to the parent RH.

S. Gu et al. (2015) [45] combined pyrolysis with calcination to obtain pure silica
(95.85–99.62%), thus removing the carbon from the C/SiO2 composite obtained from pyrol-
ysis. The rice husk was washed with water, dried at 110 ◦C and pulverized. The RH was
then submitted to acid leaching (1 g in 10 mL HCl 2.2 M) at 120 ◦C for 4 h. According to the
same author in a previous work, hydrolysis temperature and acid concentration had the
most pronounced effect on purity, increasing silica content from 85% at 40 ◦C hydrolysis
temperature to 98% at 120 ◦C, while the hydrolysis time had little or no effect [54]. Then,
pyrolysis was performed with 5 g of acid-leached RH in a tubular furnace with N2 flow
at 1 L/min heated at 20 ◦C/min and maintained for 30 min at 300–800 ◦C. Calcination
was then applied at a rate of 10 ◦C/min for 2–3 h at 610 ◦C. The highest BET surface area
(SBET = 353 m2/g and pore volume of 0.48 mL/g) was obtained thanks to this intermediate
pyrolysis step at 300 ◦C.

V. R. Madduluri et al. (2020) [55] studied the production of biochar during pyrolysis
of risk husk. They obtained 228 m2/g of biochar with a N2 flow of 30 mL/min and a
ramp of 10 ◦C/min for staying in a plateau of 2 h at 600 ◦C and then posterior grinding. A
comparable result in terms of surface area was obtained by Claoston N. et al. (2014) [56],
and again, no side recovery of bio-oil is contemplated.

In order to extract silica nanoparticles from the biochar obtained after pyrolysis of the
rice husk, several researchers have applied chemical extraction techniques. Both Su et al.
and Gautam et al. treated the biochar with chemical methods, meaning by first an alkali
leaching, followed by an acidification to obtain a precipitated or a gel, respectively [57,58].
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Table 3. Rice husk pyrolysis for the extraction of silica/biochar in the literature published in the last decade. (SBET = Brunauer–Emmett–Teller (BET) surface area).

Material
Obtained SBET (m2/g) Chemical Pretreatment Thermal Treatment Milling Precipitation/

Sol-Gel Ref.

Biochar 164 - 100 ◦C with 1 M
HCl for 2 h

washed with
distilled water “pyrolyzed” @700 ◦C for 2 h - - [6]

Silica 352 washed with
water drying 110 ◦C

5 g of RH in
500 mL with
8%wt HCl
(2.2 M) @120 ◦C
for 4 h

washed with
distilled water

5 g of RH in
tubular furnace
and pyrolysis gas;
1 L/min @800 ◦C
for 30 min @
20 ◦C/min

calcinated
@10 C/min for
2–3 h @ 610 ◦C

pulverized - [45]

Biochar - - pyrolysis N2 flow rate 40 L/min - - [59]

Silica 328 -
pyrolysis 600 ◦C
(50 g) N2 flow rate
0.5 L/min

gasification at
875 ◦C for
20 min

-

alkali
leaching/acidic
treatment after
pyrolysis to extract
the silica and to get
a gel

[57]

Biochar 228 washed with
water drying 100 ◦C 3 N at 100 ◦C for

1 h

washed with
hot distilled
water

pyrolysis N2 flow rate of
30 mL/minramp by 10 ◦C/min for
2 h until reaching 600 ◦C

ground with
pistol mortar - [55]

Silica -

sieved,
washed with
water and
dried

20 g of RH acetic
acid solution
(400 mL) (3%vol)
for 2 h

washed with
distilled water pyrolysis at 500 ◦C for 45 min -

alkali
leaching/acidic
treatment after
pyrolysis to extract
the silica and to get
a precipitate

[58]

Silica 238 washed with
water

HCl leaching at
100 ◦C with
10%w/w for 1 h
(1 g:15 mL)

washed with
distilled water pyrolysis @550 ◦C

calcination
@350 ◦C for 12 h;
slope
4.5 ◦C/min

- - [60]

Biochar 230 - pyrolysis at 500 ◦C - - [56]



Processes 2023, 11, 3373 9 of 22

3.2.2. Combined Bio-Silica and Bio-Oil Production

Research has been made on the production of bio-oil from pyrolyzed rice husks,
studying its composition and its feasibility as a biofuel.

Lu Q et al. (2008) [16] analyzed the properties of bio-oil extracted from rice husk, which
were similar to other bio-oils in terms of chemical composition. Acids, alcohols, ketones,
sugars, etc., were compounds found in rice husk bio-oil similarly as for other bio-oils
from different biomasses. However, they found high concentrations of nitrogen, inorganic
elements and many low-boiling compounds, but significantly less heavy components, as
well as high contents of water, solids and ash, and the presence of alkali metals, which is
undesirable as well. The rice husks were not previously leached with acid, which explains
the presence of these metals. Their main conclusion was that there is a need to upgrade the
bio-oil produced from rice husk before it can be used as biofuel. In this case, the rice husk
was not previously treated, and the bio-oil yield was 50 wt%.

Hsu et al. (2015) [59] studied the pyrolysis of RH in a fluidized bed pyrolizer with the
aim of producing syngas and bio-oil, but it does not focus on the production of biochar or
silica. The yields obtained with a N2 gas flow of 40 L/min and feeding rate of 10 g/min were
the following: syngas: 38.52%; bio-oil: 29.44%; and char: 32.04%. The composition of the
bio-oil was analyzed, which showed that it was mainly composed of aromatic compounds.

Modelization experiments have been carried out to analyze the composition of pyroly-
sis products of rice husk, demonstrating that bio-oil from pyrolyzed rice husk is a useful
feedstock for biofuel production [61].

Except for a few recent studies, the co-production of bio-oil and bio-silica from risk
husk using the same pyrolytic process has not been explored.

Yinhai Su et al. (2020) [58] studied the simultaneous production of bio-oil, syngas and
biochar and then extracted silica from biochar by alkali etching. Regarding the effect of acid
leaching as a pretreatment before pyrolysis for the removal of soluble inorganics, it had a
negative effect on the mass yield of biochar, while the bio-oil and syngas yields increased.

As for its impact on bio-oil composition, non-pretreated rice husk pyrolyzed in the
absence of a catalyst (RH-N) mainly generated acids (13.16%), ketones (11.38%), furans
(11.32%), phenols (42.08%) and sugars (2.97%), while a high proportion of sugars (33.91%)
was detected in pretreated rice husk (AWRH-N), which revealed that when biomass was
free of alkali metals, it preferred sugars as the main products from cellulose degradation.

Yinhai Su et al. (2020) concluded that catalytic pyrolysis (with activated carbon
catalyst) is necessary to obtain high-quality gas and liquid products that are economically
feasible since the bio-oil composition, such as high nitrogen content, needs to be refined. By
applying catalytic pyrolysis, the bio-oil produced was abundant in phenolic compounds,
which are key components for biofuel production from bio-oil due to their high energy
content [58].

A similar experiment was carried out by Choudhary et al. (2023) [56], but it used rice
straw as the raw material for the extraction of bio-oil and biochar. Then, silica was extracted
from biochar by chemical precipitation in the form of sodium silicate. The obtained solution
was used to synthesize mesoporous silica MCM-41, used as a catalyst in the pyrolysis to
enhance the bio-oil. Its synthesis is addressed in the following paragraph. The calorific
values of the bio-oil were increased after implementing the catalyzer. However, no similar
work has been found with rice husk as a raw material.

R. Gomez-Vazquez et al. (2002) [60] published a study of pyrolysis and combustion
combined to obtain both mesoporous silica materials and bioenergy (bio-oil and syngas)
from rice husk. This is the only work in which silica is obtained by calcination of biochar
and not by precipitation. The pyrolysis was carried out in auto-thermal downdraft reactors
with a mass flow of 15 kg/h. In this study, pyrolysis and calcination were carried out
separately, and the biochar was ground and acid-leached just before the calcination. Thus,
pyrolysis was carried out with non-acid-leached rice husks. The purity of the silica obtained
was >99%, with a surface area of 238 m2/g.
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4. Tailoring of SiO2 from Rice Husk to Enhance Porosity
4.1. Mesoporous RH-SiO2 Nanoparticles

One of the main goals of the optimization of the extraction process of silica from rice
husk is achieving a large surface area since the surface area is linked to the value of the
produced material. Efforts to adapt acid-leaching, grinding and calcination parameters to
enhance the porosity of silica from rice husk have been reported (see Table 2).

The effect of calcination temperature was studied by Manasa et al. (2021). Five silica
materials were synthesized, with different calcination conditions in the oven after acid
leaching. Temperatures of 550, 600 and 650 ◦C for 3 h combined with air or N2 flow
were studied as parameters for the extraction of SiO2. The highest BET surface area (SA)
(376 m2/g) was achieved with RH-SIO2-600A calcined at 600 ◦C. RH-SiO2-600A had a
pore size of 4.5 nm and a pore volume of 0.38 mL/g. The same RH subjected to pyrolysis
with only N2 at 600 ◦C was a composite C/SiO2, named RH-SiO2-600N, which presented
a lower SA of 267 m2/g, a smaller pore diameter (2.7 nm) and a smaller pore volume
(0.17 mL/g) [62]. With higher temperatures than 600 ◦C, the SA decreases, and the pore
size increases, possibly due to nanoparticles sintering.

Values over 200–288 m2/g have been largely reported by many studies without
important variations when SA values of commercial precipitated silica are reported to be
higher than 320 m2/g [63–65].

Franco et al. (2018) [66] studied the effect of grinding before calcination, and acid
leaching was performed by microwave-assisted extraction with HCl (0.1 M 20 mL solution
added to 2 g of RHs) and then calcinated at 500 ◦C for 4 h. RH-Silica extracted with SA
of 352 m2/g had a mean pore size diameter (calculated via BJH equation) of 8 nm and a
pore volume (BJH) of 0.56 mL/g. Similar SA was obtained by S. Gu et al. (2015) [45] with
pyrolysis as a prior step of combustion.

This surface area value surpasses the one obtained by Alyosef et al. (2013) [50], which
was 313 m2/g, with a mesopore volume of 0.36 mL/g and a large distribution of mesopores
from 4 to 25 nm with an average of 7 nm. The use of a microwave with HCl might improve
the leaching treatment.

Schneider et al. (2020) [67] studied the chemical differences of silica obtained from
rice husks coming from Italy and Cambodia. They showed slight differences in their
compositions. Alyosef and Chandrasekhar both found variations of 5–7 wt% of SiO2
content in rice husk, depending on the origin. The surface area obtained for the silica
extracted from RH from Cambodia was 297 m2/g, which was slightly higher than the
one from Italy (280 m2/g). The N2 adsorption–desorption isotherms exhibit the shape of
a type IV isotherm in all cases, characteristic of mesoporous materials. Schneider et al.
(2020) suggest that the hysteresis classified as H3 can indicate the existence of additional
macropores and that some larger mesopores can only be accessible through small mesopores
and cannot be accessible to nitrogen. A mixture of different biomasses containing SiO2
was treated, obtaining an SA of 303 m2/g and pore volume of 0.43 mL/g, showing that
the combination of different sources of biogenic silica can enhance the porosity of the
product [67]. Positron lifetime distributions obtained by PALS analysis by the same authors
show that that these silica exhibit interconnected mesopores [65].

Nitrogen adsorption–desorption isotherms showed the difference between the calci-
nation temperature and the washing pretreatment of the husk. This study shows that at
higher temperatures (also confirmed by Alyosef), larger particles are formed (sintering of
particles), which also makes the mesoporosity diminish [50,68].

4.2. Ordered Mesoporous RH-SiO2 Nanoparticles

Ordered structures of silica, known as the MCM (Mobil Composition of Matter) family,
have the potential for a wide range of processes. These materials combine amorphous
characteristics with the ordered structure of homogeneous mesopores with adjustable
diameters from 2 to 10 nm, developing a specific surface area as high as 1000 m2/g due to
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very thin walls (1 nm) in between the pores. Rice husk has been explored as a raw material
to produce biogenic MCM-41 by hydrothermal methods.

Most studies use similar methodologies for the production of biogenic MCM. Rice
husk is pretreated with acid and then calcinated, then the silica in RHA is extracted by an
alkali solution to form a sodium silicate solution. This solution is mixed with a surfactant
solution such as CTAB, the pH is increased, and the solution is aged [69–72]. The solid
obtained needs to be treated, usually by calcination, in order to remove the surfactant.

Alyosef et al. (2014) [70] employed a pseudomorphic transformation methodology
to produce ordered mesoporous silica, MCM-41 and MCM-48, derived from rice husk
ash. This approach effectively preserved the macroscopic morphology inherent in the
original silica particles. The original RHA had a specific surface area (BET) of 313 m2/g
and a pore volume of 0.38 mL/g and was obtained by a thermochemical treatment, as
previously described by the same research group. This treatment did not involve the
milling step. The synthesis of MCM-41 from RHA involved utilizing surfactant CTAOH
(Cetyltrimethylammonium hydroxide). Hydrothermal synthesis in an autoclave at 393 K
was conducted for an appropriate duration, after which the surfactant was removed by
calcination. The optimal duration of the hydrothermal treatment was determined to be
6 days, resulting in a BET surface area of 1210 m2/g, compared to 545 m2/g, after one day.
MCM-48 was synthesized through the pseudomorphic transformation of MCM-41, which
was achieved by extending the reaction time from 1 to 3 days. Notably, no successful direct
transformation from RHA to MCM-48 was achieved.

This paper shows the most effective synthesis method for producing ordered meso-
porous silica materials using silica derived from rice husks. The cost-efficient nature of
this process establishes a trajectory for the development of advanced materials suitable for
diverse applications, such as water treatment and catalysis.

Costa J. et al. (2020) [71] reported a specific surface area of 500 m2/g for their MCM-41
and a diameter of the pores of 3.9 nm. Modifications of the synthesis, such as adding an iron
salt, result in the synthesis of magnetic MCM-41 [72]. FTIR spectra revealed an increase
of the Si-OH groups in MCM-41 when compared to non-ordered silica nanoparticles.
The specific surface areas of MCM-41 and magnetic MCM-41 were 972 and 696 m2/g,
respectively. The average pore size for both of them was 2.7 nm. The materials showed a
hysteresis type of IV in N2 adsorption isotherm, thus indicating their mesoporosity.

A similar procedure was followed by Zadeh R. et al. (2021) [73]; however, the selected
surfactant was polystyrene (ps35000). In this case, the pH of the surfactant-silicate solution
was lowered, and a precipitate was obtained and calcinated. Magnetic MCM-41 particles
were obtained by adding iron chloride to the process. Also, the latter were functionalized
with thiol groups (SH) by adding 3-mecaptopropyl siloxane (MPTMS). The specific surface
area for SH-magMCM41 was 135 m2/g. No surface area of the non-functionalized MCM-41
structure was reported.

4.3. Shaping RH-SiO2 NPs into Macroporous Structures

The assembly of mesoporous silica into macroporous structures such as monoliths
presents great advantages for industrial applications, such as flow processes.

The use of rice husk as a silica precursor for this material has been explored by Bahrami
et al. (2017) [74] by freeze-casting a water-based bio-silica solution.

Both amorphous (ARHA) and crystalline (CRHA) (80/20 cristobalite/tridymite) rice
husk ash were synthesized with acid-leaching pretreatment only for ARHA and calcination
at 600 and 900 ◦C, respectively. Obtained ARHA had a specific surface area of 151 m2/g
and pore volume of 0.23 mL/g, while CRHA particles form agglomerates with a specific
surface area of 1.5 m2/g. Before freeze-casting, both RHA were ground with a high-energy
planetary ball mill to produce a fine powder (d < 10 µm).

Freeze-cast monoliths with lamellar and cellular pore structures (macropores in the
range of 10–50 µm) were obtained from ARHA and CRHA. It was found that the crys-
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tallinity of the starting material does not have a significant impact on the macropores’
structure compared to other parameters of the synthesis (freezing rate and solid content).

The synthesis process consisted of a slurry preparation with the RHA silica suspended
in water, dextrin was used as a binder, and polyethyleneimines (PEI) were used as a
dispersant, which was then freeze cast. Then, the binder was removed with calcination at
650 ◦C for 2 h. The effect of sintering temperature (at 1200–1400 ◦C for 2 h) was studied on
CRHA monoliths to evaluate its consequence on the strength of the monoliths. Sintering
at 1300 and 1400 ◦C leads to an increase in the compressive strength to 2.2 MPa. The
compressive strength of monoliths with cellular pore structure is considerably higher than
that with lamellar pores. CRHA-monoliths are mainly macroporous and feature higher
mechanical strength than ARHA-monoliths (0.9 MPa).

The formation of ARHA-monoliths by freeze-casting caused a small decrease in meso-
porous surface area (from 151 to 108 m2/g) due to particles sintering, but the presence
of macropores leads to a suitable device to develop flow processes with mesoporous
RH-SiO2 NPs.

Both monoliths show interesting properties that can be useful for different applications,
in either ceramic monoliths, where mechanical strength is required (CRHA-monoliths), or
where the focus is made in hierarchical monolithic supports (ARHA-monoliths). Either
way, this study opens a research path full of unexplored possibilities for agricultural
waste-based materials.

5. RH-SiO2 Applications in the Literature

Silica nanoparticles have shown a great number of applications in fields like chemical
synthesis, medicine, energy storage, electronics, environmental remediation or wastewater
purification.

5.1. RH-SiO2 for Biomedical Applications

The main goals for biomedical applications such as drug delivery are to reduce side
effects and treatment costs. The use of biogenic nanomaterials produced from waste
resources accomplishes these objectives.

Biogenic silica nanoparticles (NPs) synthesized by acid leaching at 120 ◦C and calci-
nation at temperatures of 500–700 ◦C were tested for cell viability for human stem cells
revealing high biocompatibility [75]. In the same way, SiO2 NPs were produced and then
milled after calcination to an average diameter of <150 nm in order to be used as a carrier
of Penicillin-G. Once the drug was added to the silica, in vitro release was studied in
simulated body fluid (SBF), concluding that the silica NPs can act as a carrier that delays
the release of the drug in the body [37]. In other studies, silica mesoporous nanocarriers
were obtained from rice husk via the sol-gel method, and their Dox (anti-cancer drug)
loading efficiency and drug delivery potential were analyzed in vitro. Their efficiency was
compared to similarly made silica from wheat husk, which resulted in having a higher
loading efficiency due to its cylindrical pores, whereas rice husk showed less accessible
slit-like pores, even if RH silica NPs had higher surface area [64].

5.2. RH-SiO2 for Energy Storage

Nanosized SiO2 can also be used for photovoltaic and energy storage applications.
SiO2 NPs properties, such as high surface area and hydrophilic surface, enhance electro-
chemically active centers, which favors electrolyte transport through the material, which
can be applied in the development of supercapacitors [22]. SiO2/C composites obtained by
direct pyrolysis of rice husk were used for Li-ion sulfur batteries, showing high capacities
as electrode material [76]. Other researchers doped the silica with tin oxide in order to gain
reactivity through the sol-gel method. These showed good performance as electrodes for
making electrochemical supercapacitors [77].

Rice husk has also been used to develop CO2 capturers by producing silica supports
through alkaline extraction of SiO2 from RHA and then functionalized with polyethyleneimine
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(PEI). High adsorption capacity (61.6 mg CO2/g) was found due to the hexagonal shape of
the mesopores on silica promoting interaction with CO2 [78]. Similar materials have been
developed with different functionalizations, such as aminated silica for the adsorption of
CO2, CH4, H2 and N2 [49].

5.3. RH-SiO2 as Catalyst Support

Silica nanoparticles have been used as catalyst supports, taking advantage of their
large surface area. Silica prepared through microwave-assisted acid leaching and posterior
calcination was used as an iron-oxide-containing nanocatalyst for toluene alkylation and
oxidation of benzyl alcohol [66].

A SiO2/C-nickel-based catalyst was obtained through rice husk pyrolysis for the
selective hydrogenation of furfural derived from biomass [55]. A similar nickel-based
catalyst supported on RH silica showed high performance in yielding H2 production
during non-oxidative methane cracking [62]. As can be seen, silica’s thermal stability is
really attractive for use in catalytic reactions. Also, various studies have proved SiO2 to be
a better support for Ni than other traditional materials [79].

5.4. RH-SiO2 as Adsorbent for Water Cleaning

Adsorption is one of the most efficient techniques to remove organic contaminants
from waste-, surface-, and drinking water, which also enables reuse of the adsorbate.
Moreover, its operative easiness and adaptability to the nature of the contaminants make it
a very attractive solution for the removal of micropollutants in, e.g., wastewater [80].

5.4.1. Adsorption of Chemicals of Emerging Concern and Other Micropollutants

The current trends explored by researchers in adsorption are the utilization of agri-
waste-based biomass due to its low cost, simple design and the added value of being a
method of waste valorization [80].

Activated carbon has been the most traditionally used adsorbent, and it has been
demonstrated to be efficient with hydrophobic compounds but highly inefficient with
hydrophilic and electrically charged molecules. Moreover, the efficiency of activated
carbon is reduced in the presence of organic matter, and the regeneration of adsorbents is
questionable [81].

However, the ease of obtention of activated carbon from lignocellulosic residues via
pyrolysis at 500–600 ◦C and posterior activation at 700 ◦C has always made this material
extremely attractive. Moreover, it can be easily functionalized.

Therefore, the most recent advances that are being made in adsorption correspond to
the need to develop efficient, reusable and cheaper adsorbents than activated carbon, as
well as materials that can retain PMOCs (persistent mobile organic compounds) or PMTs
(persistent mobile and toxic). The recent introduction of nanotechnology into wastewater
treatment has shown to be a feasible solution to the issue of CECs [80,82].

Inorganic materials like silica are easily regenerated and thermally and chemically
stable. They are good adsorbents due to their porosities and high surface areas. Moreover,
nanoscale materials present an intrinsic advantage of higher activity. The use of mesoporous
silica nanoparticles as adsorbents for some drugs, dye pollutants and volatile organic
compounds has been largely studied [19,81,83–86]. Silica particles, through their hydroxyl
groups, can bond easily with polar contaminants but can be non-specific [83].

These silica NPs are not specific to certain contaminants naturally but can be easily
doped or functionalized due to their abundant surface silanol groups [86,87]. For instance,
magnetic nanoparticles doped with ferrite present the advantage of easy recovery, and to
make silica specific towards acidic dyes, it can be functionalized with carboxylic groups.
Amino groups can remove both cationic and anionic contaminants from water [88]. As for
functionalization with sulfur-containing groups, it is mostly used for the remediation of
heavy metals such as mercury or cadmium from water [89,90].
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The synthesis of nanoparticles usually implies the use of costly processes and toxic
chemicals; therefore, the development of green synthesis in nanotechnology has grown
in the last decade. Biogenic silica nanoparticles are synthesized from residues from
agroalimetary industry such as sugarcane bagasse, rice husk or rice straw [19].

In terms of remediation, silica nanoparticles were mainly studied as support and
stabilization materials for metal-based nanoparticles in the first decade of the 20th cen-
tury [91–93].

Regarding biogenic silica nanoparticles for dye adsorption, in 2019, Ghorbani et al.
developed core–shell magnetic nanocomposites of Fe3O4@SiO2 functionalized with amine
groups using rice husk as silica precursor. These nanocomposites were applied to the
absorbance of methyl red dye from aqueous environment [94]. Other researchers also
synthesized silica nanoparticles from rice husk and applied them to the adsorption of
methylene blue [95], as shown in Table 4 below.

Table 4. Rice husk-derived biogenic silica-based adsorbents used in the adsorption of different organic
pollutants (te = time to reach equilibrium; qe = experimental adsorption capacity at equilibrium).

Rice Husk
Origin

Silica-Based
Adsorbent Pollutants pH qe (mg·g−1) te (min) References

Iran Fe3O4@SiO2@NH2 Methyl red 5.24 81.39 - [94]

Brazil
MW-nSiO2 Methylene blue 6

679.9
240 [95]nSiO2 547.5

India RHA Pesticides mixture - 0.078–0.166 120–240 [96]

Ecuador RH-SiO2
Caffeine
Triclosan - 0.75

2.74
30
60 [97]

Iran SHmagMCM-41 Glyphosate
2,4-D 5 106.38

125.00
60
30 [73]

Brazil MCM-41 PAHs mixture 5.6 20 120 [71]

Besides the removal of dyes, a few biogenic silica nanoparticles from rice husk used
for micropollutant adsorption can be found in the literature. SiO2 NPs extracted through
acid-leaching and calcination of rice husk were applied to the removal of triclosan, a
bactericidal used in personal care products and caffeine. The highest adsorption capacities
were observed after 30 and 60 min of contact time, respectively; however, they were still
lower compared with other synthetic silica nanoparticles [97].

Simultaneous removal of a mixture of nine pesticides (50 µg/L each) in water was
studied both in batch and column adsorption experiments with acid-pretreated and cal-
cinated rice husk silica. Column experiments showed that 10 L of polluted water could
be treated with a removal efficiency of up to 90%, showing interesting results for future
scaling up of water treatment with bio-silica for removing multiple pesticides found in
surface waters [96].

Regarding mesoporous silica from rice husks such as MCM-41, a couple of exam-
ples are found in the literature for the removal of glyphosate and 2,4-D (herbicides) and
polycyclic aromatic hydrocarbons (PAHs). As for glyphosate and 2,4-D removal, func-
tionalization of the silica with thiol groups showed excellent removal compared to other
adsorbents in reference [73].

MCM-41 obtained from RHA and TEOS were compared for the removal of PAHs. Higher
removal rates were achieved for naphthalene, benzo[b]fluoranthene, benzo[k]fluoranthene
and benzo[a]pyrene with MCM-41 from RHA Also, regeneration and reuse experiments
showed no significant losses [71].

There are several research paths that could be pursued in the field of adsorption and
wastewater treatment using biogenic silica nanoparticles, such as optimizing the silica
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through functionalization to enhance their selectivity as well as exploring its combination
with other treatment technologies to achieve comprehensive water treatment.

Regarding the efficient performance that different bio-silica materials have shown
with simple water samples, there is a clear path to follow in order to develop adsorbent
materials that can be applied to a larger-scale treatment. The next steps comprise a more
realistic evaluation of the performance of these materials with real water samples, the
development of pilot scale studies, and the evaluation of regeneration methods to ensure
their real-world applicability.

5.4.2. Adsorption of Metals in Water

The adsorptive capacities of silica nanoparticles can be exploited for water cleaning
by the recovery of toxic metals present in wastewater. As mentioned before, for mi-
cropollutants, currently, there is a great interest in developing cost-effective, simple and
environmentally friendly techniques to deal with this issue. SiO2 has been applied to heavy
metal removal from water [98–102].

Silica derived from rice husk has been less studied as an adsorbent of metals. Silica
NPs extracted from RHA via the sol-gel method with a particle size of around 50 nm and a
surface area of 70 m2/g were studied for the removal of Fe2+ ions in water. Iron adsorption
capacity was found to be 9 mg/g at its maximum at pHs higher than 5 in 20 min [103].

SiO2 NPs were produced from rice husk by incubation in fungal biomass for its
biotransformation. These NPs were tested for their adsorption of Pb in water spiked with
88 ppb, the same concentration measured in samples from fish farms, showing maximum
adsorption after 120 h of contact time. Then, the goal of this study was to test the adsorption
ability of SiO2 NPs in vivo in fishes supplemented with Pb and silica NPs, which showed
effective adsorption of Pb at 1 ppm in the fish O. niloticus, hence reducing its mortality
rates [104].

The removal of Cr3+ and Cu2+ by milled rice husk was tested. In this case, no extraction
of SiO2 was performed, and the husk was used directly in a batch test with 100 ppm of each
metal. As previously seen in other studies, the highest adsorption capacity (22.5 mg Cr3+/g
and 30 mg Cu2+/g) reaches its peak at pH > 5 [105]. The use of rice husk ash directly as
an adsorbent has also been studied in the literature; however, rice husk ash has smaller
surface areas compared with amorphous SiO2 NPs [106]. These adsorption abilities can
be implemented for the treatment of real wastewater, such as tannery wastewater, which
is rich in Cr3+

. Silica NPs were obtained from calcinated and leached rice husks using the
sol-gel method. At pH 6, the highest adsorption capacity was determined to be 385 mg
Cr3+/g, and the chromium complexes were better adsorbed when the size of the pores was
increased since their diffusion into the particles seems to be the limiting factor [107].

While rice husks can be used directly for the adsorption of metals, it can be seen from
the literature (Table 5) that amorphous silica extracted from RH has a better performance.
Regarding adsorption conditions, researchers agree that working at pH > 5 provides higher
adsorption capacities due to the increment in the acidity of silanol groups on the silica
surface, but with the limitation of metal precipitation at high pHs. Also, Amirhandeh
S. et al. (2022) [107] propose the diffusion of the metallic complexes into the pores to be
the delimiting step of metal removal, so when working with big complexes such as the
ones that chromium forms at basic pHs, a decline in specific surface area may improve the
adsorption. Nickel removal from water with silica from rice husks was tested by Russo
et al., showing an adsorption capacity of 11.7 mg/g. This performance was achieved by
non-acid-leached silica, which had metal impurities and a low specific surface area of
15 m2/g. Surprisingly, acid-leached pure silica, with a surface area of 330 m2/g, had an
adsorption capacity of less than 1 mg/g. Their study showed the role of the impurities of
silica from untreated RH on their adsorption capacity, which seemed to have a positive
impact on metal removal [44].
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Table 5. Rice-husk-derived biogenic silica adsorbents for toxic metals in water. (te = time to reach
equilibrium; qe = experimental adsorption capacity at equilibrium).

Metal SiO2 Extraction Method pH qe (mg/g) te (min) References

Ni2+ Thermochemical from RH - 11.7 (24 h) [44]

Fe2+ Sol-gel from RHA 5 9.0 20 [103]

Pb2+ Biotransformation - 88.0 (120 h) [104]

Cr3+

Cu2+ Not extracted, whole RH 5 22.5
30.0 30 [105]

Cr3+ Sol-gel from RHA 6 385.0 (24 h) [107]

To summarize, among the different procedures outlined previously, the following
references focus on optimal techniques for generating high-surface silica nanoparticles from
rice husk, cost-effective methods for shaping silica nanoparticles into monoliths suitable for
flow applications, utilizing silica nanoparticles from rice husk for value-added materials
like MCM-41, and the economical application of silica materials derived from rice husk for
removing pollutants.

Gu et al. developed a comprehensive use of pyrolysis and calcination of acid-leached
rice husk, which represents a significant step towards a circular economy. The investigation
into the impact of pyrolysis gases, with an emphasis on optimizing their effects, influenced
silica purity, specific surface area (SSA) and pore volume, resulting in an SSA range of
204–352 m2/g. The choice of atmosphere, whether N2 or CO2, during pyrolysis had
distinct effects, with N2 enhancing nanosilica porosity and achieving a high surface area at
lower temperatures, while CO2 influenced silica purity without achieving higher surface
areas [45].

Bahrami et al. (2017) [74] introduce novel methodologies like freeze-casting for shap-
ing silica nanoparticles from rice husk into devices for flow applications, allowing the
synthesis of porous silica monoliths with tailored properties. Depending on the applica-
tion requirements, CRHA-derived monoliths may be preferred for applications needing
compressive strength (e.g., filters), whereas ARHA-derived monoliths are more suitable for
applications requiring high specific surface areas, such as adsorption.

Alyosef et al. (2014) [70] presented a methodology for producing ordered mesoporous
silica (MCM-41, MCM-48) from rice husk ash, maintaining the original macroscopic mor-
phology of RH particles and achieving notable BET surface areas, resulting in 1210 m2/g
for MCM-41. These materials have a direct application as sorbents or catalyst supports and
represent highly added-value biomass products.

As sorbent applications, Saha et al. (2014) [96] explored the application of rice husk
ash silica for pesticide removal from water, demonstrating a removal efficiency of 90% in
column studies with a breakthrough value of 10 L using 10 g of RHA. The estimated cost of
the RHA adsorbent was considerably lower than other carbon-based adsorbents.

These papers collectively highlight the adaptability of RHA-derived silica across
diverse applications, emphasizing its potential for cost-effective and efficient solutions
in water treatment, among other applications. The synergistic approach of harnessing
silica from rice husk through an optimized pathway, followed by the production of value-
added silica structures directly applicable in areas like water purification, catalysis or drug
delivery, represents a promising strategy for upgrading rice husk biomass waste into a
multitude of possibilities.

6. Conclusions and Future Prospects

Silica nanoparticles have great, well-known properties such as a tunable specific
surface area and particle shape and diameter. They can be obtained (i) directly after
acid-leaching of rice husk and controlled pyrolysis and/or calcination, (ii) by rice husk
calcination (leading to classical rice husk ash from industry) followed by silica dissolution
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by NaOH (or Na2CO3) and silica precipitation in acidic medium, and (iii) by pyrolysis
of acid-leached rice husk followed by NaOH dissolution and silica precipitation in acidic
medium. Pathways (i) and (iii) are recommended to obtain higher silica purity and high
surface area. They can be easily functionalized and transformed into other mesoporous
silica featuring very high surface areas, such as MCM-41 (1000 m2/g), or into composites
with other metals. These properties provide it with an excellent adsorption capacity, which
can be applied to medicine as drug carriers or into catalysis as metal support, among
others. When silica nanoparticles are extracted from biomass, they have been proven to
have excellent biocompatibility and properties similar to silica produced by traditional
methods but with a significant decrease in chemicals and energy consumption. SiO2
derived from secondary agricultural waste such as rice husk is also advantageous since
they are considered to be the major contributors in the future for sustainably sourced energy
and materials since their growth does not compete with food crops. With the intent of
harvesting most of the rice husk, applying circular economy to SiO2 extraction through
methods such as combined pyrolysis and calcination can lead to the obtention of valuable
by-products such as bio-oil and pyrolysis gas. By varying processing parameters, SiO2
nanoparticles can be tailored for specific applications. However, based on this review, the
authors believe there is a need for further research to be carried out to achieve the following:

1. Optimize conditions for pyrolysis of rice husk to obtain porous SiO2 while considering
the production of valuable bio-oil and pyrolysis gas;

2. Investigate the synthesis of hierarchical silica structures such as monoliths derived
from biogenic SiO2 as a precursor and the effect on the adsorptive ability [74];

3. To study the effects of organic matter on SiO2 adsorbent and the efficiency of cleaning
real waste-, surface- and drinking water. SiO2 has shown high performance in the
removal of contaminants in batch or continuous adsorption tests of single pollutants
or a simple mixture of pollutants in distilled water;

4. Regarding the last point, real contaminated water samples exhibit high complexity.
This complexity arises not only from organic matter and salts but also from the
multitude and diversity of pollutants present. Consequently, a critical aspect of
advancing silica as an adsorbent is its capacity to adapt to shifts in water composition.
Investigating how silica can be complemented with other techniques to address the
whole complexity of polluted waters will be a key point for its development;

5. All syntheses of silica NPs use a direct acidic pretreatment of RH before calcination
or, in some other cases, a basic extraction of silica to form sodium aluminate solution
to be used in more classical synthesis of silica-based materials. Both methods will
generate a large amount of waste solution (acid or alkaline). New strategies are
needed to solve this non-sustainable issue. The use of ionic liquid (IL) [108] seems
promising as silica NPs from RH featuring 240 m2/g have been obtained after pyrol-
ysis. The use of specific enzymes alone or in a cocktail (cellulase, lignin peroxidase,
lytic polysaccharide monooxygenase (LPMOs), etc.) [7] that is capable of promoting
dissociation and separation of lignocellulosic components by oxidative or hydrolytic
depolymerization [108–111] could be used alone or in combination with IL to produce
silica NPs directly from RH, avoiding thermal treatment to create a more economical
and sustainable route than acidic pretreatment or basic extraction.
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