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Abstract

The conversion of agricultural residues into functional silica materials offers opportuni-
ties to combine waste valorization with environmental remediation. This review critically 
examines biosilica production from rice husk and straw, corn, sugarcane, wheat, and se-
lected fruit and potato wastes, focusing on sol–gel processing, hydrothermal synthesis, 
and acid leaching. To address feedstock heterogeneity, reported silicon and silica contents 
are distinguished according to their analytical basis, including biomass and ash fractions. 
Synthesis routes are compared using available quantitative indicators, including silica yield, 
purity, specific surface area, and processing conditions, while accounting for differences 
in reporting practices and incomplete datasets. Particular attention is given to the rela-
tionships between precursor composition, synthesis parameters, surface chemistry, and 
contaminant-removal performance. The analysis highlights the importance of accessible 
surface sites, functional groups, and contaminant speciation, demonstrating that specific 
surface area alone cannot predict adsorption efficiency. Although biosilica shows potential 
for water treatment and soil remediation, practical implementation remains constrained 
by feedstock variability, limited testing under realistic conditions, regeneration challenges, 
and uncertainties regarding long-term safety. The review identifies key research priori-
ties for developing reproducible, economically viable, and environmentally sustainable 
biosilica technologies.

Keywords: biosilica; agricultural residues; adsorbents; hazardous contaminants; soil remediation; 
water treatment

1. Introduction
In recent years, silica (SiO2 ) has found increasingly widespread applications in envi-

ronmental protection, biomedicine, agriculture, and the chemical industry [1–7]. Among 
these applications, the use of silica in hazardous contaminant management has attracted 
particular attention because silica-based materials combine a high specific surface area, 
tunable porosity, thermal stability, and readily modifiable surfaces [1,2,5,8–11].

These features make silica attractive for the adsorption, immobilization, and controlled 
interaction of hazardous species in water, soil, and waste-derived matrices [1,8–11]. In 
environmental systems, silica has been investigated for the removal of dyes, heavy metals, 
nutrients, pesticides, and other problematic pollutants from aqueous media and for im-
proving the physicochemical performance of contaminated or degraded soils [1,3,6–11]. 
At the same time, the growing demand for silica, together with the high energy intensity 
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and cost of conventional production routes, has encouraged the search for more sustainable 
technological solutions [1,8–11]. In particular, methods based on biomass valorization 
enable biosilica production from renewable agricultural residues, such as rice husks, straw, 
and sugarcane waste, while offering opportunities to reduce waste accumulation and the 
environmental impact of silica production [1,8–11].

Such an approach links waste valorization with the development of functional materi-
als for pollution control and is therefore aligned with circular-economy and sustainable-
development principles [1–11].

Silicon is the second most abundant element in the Earth’s crust after oxygen [7]. 
Despite its natural abundance, specialty silica materials are predominantly produced us-
ing synthetic methods, including precipitation, sol–gel processing, and high-temperature 
synthesis routes [1,12–16].

Although these methods are well established and allow control over the properties of 
the final product, they may involve high energy consumption, the use of aggressive chemical 
reagents, and the generation of substantial waste streams. Among silicate-based materials, 
zeolites represent an important class of crystalline microporous aluminosilicates character-
ized by well-defined pore structures, ion-exchange capacity, and shape-selective properties. 
These characteristics contribute to their industrial significance, particularly in heterogeneous 
catalysis, petrochemical processing, and environmental remediation [10,17,18]. Zeolite-
based materials have also demonstrated considerable potential for contaminant removal 
from aqueous solutions, including the adsorption of heavy metals such as cadmium [18,19].

Silica can be obtained from various natural sources such as quartz sand, silicate rocks, 
clays, or volcanic soils, as well as from plant material, in which its content usually ranges 
from 0.1% to 10% [1,20–23]. In plant organisms, silica occurs mainly in the form of phytoliths, 
performing structural and protective functions [20–23]. Depending on the technological 
process and synthesis conditions, silica may be obtained in amorphous or crystalline form 
(Figure 1) [1,12–17,24–27].

The amorphous form, characterized by higher reactivity and a high specific surface 
area, is particularly valuable in technological and environmental applications, whereas 
crystalline forms such as quartz, tridymite, or cristobalite exhibit greater structural stability 
and are used mainly in construction materials and in the ceramic industry [12–17,20–29]. 
From the perspective of hazardous-materials research, the distinction between amorphous 
and crystalline forms is also important because it affects reactivity, sorption performance, 
environmental persistence, and the safety profile of the final material during production 
and application [1,12–17,20–29].

Studies suggest that plant-derived silica exhibits significant advantages compared with 
synthetic and mineral materials, especially in terms of energy consumption and environ-
mental impact. Its production can take place under milder conditions, with lower energy 
consumption and without the need to use complex apparatus and expensive reagents. Such 
processes often involve the extraction of silicon-containing species from biomass using 
alkaline solutions, followed by silica precipitation through acidification, which can yield 
materials with high purity and a well-developed porous structure.

At the same time, the use of agricultural waste as a feedstock fits the circular-economy 
concept, making it possible to reduce the amount of waste and decrease dependence on con-
ventional silica production. Such an approach also increases the added value of agricultural 
by-products and may contribute to the development of more sustainable local feedstock 
supply chains.
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Figure 1. Structure of crystalline and amorphous silica. Adapted from Ref. [30] with permission 
from Springer.

Despite the growing number of studies on biosilica derived from agricultural residues, 
a comprehensive assessment linking feedstock type and synthesis conditions with physico-
chemical properties and subsequent environmental performance is still needed [21,30–40]. 
Therefore, this review aims to summarize the main agricultural sources of biosilica, compare 
the most relevant synthesis routes, and evaluate how processing conditions influence mate-
rial properties relevant to hazardous contaminant removal and soil remediation. Particular 
attention is given to structure–property relationships and to the environmental relevance of 
the resulting materials.

Previous publications have examined biomass-derived silica from different perspec-
tives. Prabha et al. [30] reviewed plant-derived silica nanoparticles and composites, 
primarily addressing biomedical, sensing, and energy-storage applications, whereas 
Karande et al. [31] focused on green synthesis strategies. Errington et al. [32] evaluated the 
environmental implications of conventional and biomass-derived silica production using 
life-cycle assessment. Other studies have addressed nanosilica extraction from agricultural 
residues [33] and its applications in asphalt materials [35]. Although these publications 
provide valuable insights into production methods, sustainability, and selected applications, 
they do not comprehensively integrate material characteristics with contaminant-specific 
remediation performance. The novelty of the present review lies in establishing a structure–
property–performance perspective that connects agricultural feedstock selection and pro-
cessing conditions with adsorption mechanisms, contaminant immobilization, and soil 
remediation. Particular attention is given to regeneration potential, long-term environmen-
tal safety, and technological limitations affecting practical implementation. This approach 
enables the identification of critical research gaps and provides a basis for evaluating the 
applicability of biosilica in environmental technologies. In this review, the term “biosilica” is 
used broadly to describe silica obtained from biological or biomass-derived sources, particu-
larly agricultural residues [1,32]. In contrast, “nanosilica” and “silica nanoparticles” refer to 
silica materials produced at the nanoscale [30,31]. Thus, “biosilica” primarily describes the 
origin of the silica, whereas “nanosilica” or “silica nanoparticles” describe its dimensional 
scale. Accordingly, these terms are not fully interchangeable, since biomass-derived silica 
may occur in both nanoscale and larger particulate forms.

Literature Search Strategy
The literature included in this review was identified using the Scopus, Web of Science, 

and Google Scholar databases. Searches were performed using combinations of terms 
related to biosilica, agricultural residues, synthesis methods, material characterization, 
contaminant removal, and soil remediation. Representative keywords included “biosilica”, 
“biogenic silica”, “biomass-derived silica”, “agricultural waste silica”, “rice husk silica”, 
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“sol-gel”, “acid leaching”, “hydrothermal synthesis”, “adsorption”, “heavy metals”, “dyes”, 
“pharmaceuticals”, and “soil remediation”. Peer-reviewed articles and reviews directly rele-
vant to the scope of the manuscript were prioritized. Studies unrelated to silica-containing 
materials or not providing information relevant to biosilica production, characterization, 
or environmental performance were excluded. Recent publications were preferentially 
considered, while older studies were retained when they provided fundamental or method-
ologically relevant information. The overall structure and main thematic areas of this review 
are illustrated in Scheme 1.

Scheme 1. Schematic overview of the structure and main topics addressed in this review (prepared 
by the authors).

2. Phytogenic Silica in Plants as a Source of Functional Materials
Silica occurring in plants is referred to as phytogenic silica and is located both inside 

cells (in the cell wall and in the cell lumen) and in intercellular spaces and extracellular 
layers, including epidermal tissues [23,41,42]. Its distribution within plants depends on the 
species, developmental stage, and environmental conditions [41–43].

Structures of phytogenic silica present in intercellular spaces and extracellular lay-
ers are characterized by relatively low mechanical strength and are susceptible to degra-
dation, which makes them undergo relatively rapid transformations in the soil environ-
ment [41,44–46]. In contrast, silica deposits located within cell walls and cell lumina exhibit 
greater stability and resistance to environmental factors such as changes in pH, moisture, 
and microbial activity [41,44,46].
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As a result, they may survive in soil for long periods, reaching hundreds or even 
thousands of years, in the form of microscopic structures known as phytoliths. These 
structures are not only an important element of the silicon cycle in nature [45,46], but 
also a valuable tool in paleobotanical studies and the reconstruction of past environmental 
conditions [42,47,48].

Silicon in soils occurs predominantly in silicate minerals and silica phases, whereas 
dissolved silicon in soil solution is present mainly as monosilicic acid (H4 SiO4 ), with 
oligomeric and polymeric species occurring depending on solution conditions. Among 
them, monosilicic acid is the form directly assimilable by plants because it is soluble in water 
and easily transported in the soil solution. However, its concentration in soil is usually low 
and depends on many factors such as pH, temperature, biological activity, and the mineral 
composition of the soil. Polysilicic acid is formed as a result of polymerization processes of 
monosilicic acid, which may be initiated, among other things, by acidification of silicate 
solutions such as sodium silicate using mineral acids. This process leads to the formation 
of silica structures with varying degrees of condensation, which may eventually form gels 
or solid materials.

Organosilicon compounds, in turn, are formed as a result of interactions of silicon with 
soil organic matter and may constitute an important reservoir of this element, although 
their availability to plants is limited [49–53].

Silicon is taken up by plant roots primarily in the form of monosilicic acid (H4 SiO4 ), 
the predominant soluble and bioavailable silicon species in soil solution [51,54–56].

Silicon uptake and transport involve both passive and transporter-mediated processes, 
including the activity of specialized membrane proteins such as Lsi1 (Low silicon 1), 
which facilitates silicic acid influx, and Lsi2 (Low silicon 2), which mediates its efflux from 
cells [55,56]. After uptake by the root system, silicon is transported with water through 
the xylem, and the transpiration process promotes its concentration in the aboveground 
parts of the plant [54–57]. As a result of these processes, silica condenses and precipitates 
in the form of amorphous SiO2 ·nH2 O, which is then deposited mainly within cell walls 
and on their external surfaces, forming a layer that strengthens the structure of plant 
tissues [51,54–61]. This phenomenon plays an important role in increasing the stiffness and 
mechanical strength of plants, as well as in limiting water loss [51,54–61].

Numerous studies have shown that silicon accumulation in plants can enhance their 
resistance to abiotic and biotic stresses, potentially contributing to improved crop yields 
and ecosystem stability [62–65].

Silicon improves plant resistance to drought, salinity, high temperatures, and heavy 
metal toxicity, and also limits the development of pathogens and pests by creating a physical 
barrier and inducing defense mechanisms [62–66]. In agricultural plant–soil systems, silicon 
fertilizers are widely used to increase the productivity of silicon-accumulating crops such 
as rice, corn, wheat, or sugarcane, especially in (sub)tropical regions where soils are often 
characterized by a low content of available forms of silicon [62–64,67]. The role of silicon 
in improving crop quality and nutritional value is also increasingly emphasized [62–64]. 
The main plant sources of silica include rice husks and straw, sugarcane bagasse and leaves, 
corn cobs and ears, wheat, and various kinds of fruit waste [65,68–73]. These materials, 
often treated as waste, constitute valuable and readily available feedstocks for biosilica 
synthesis, especially in the context of managing agricultural waste and reducing its negative 
environmental impact [65,69–73]. Their use is consistent with sustainable development 
strategies and the circular economy [67,69,72,73].

In recent years, interest in producing silica nanoparticles from agricultural waste and 
by-products has increased [31,35,74,75]. This trend is primarily driven by the availability of 
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these residues and their potential as inexpensive, renewable feedstocks for the production 
of functional materials [33,74,75].

Nanosilica obtained from biomass often exhibits favorable properties, such as a high 
specific surface area, a porous structure, and the potential for surface functionalization, 
making it attractive for applications in catalysis, adsorption, medicine, and materials engi-
neering [31,75–78]. Further development of research in this area is focused on optimizing 
synthesis methods, improving control over particle size and morphology, and increasing 
the efficiency and scalability of production processes [31,35,75].

3. Agricultural Wastes Rich in Silica as Feedstocks for the Synthesis of 
Silica Materials

Based on the analysis of available literature data, substantial differences can be observed 
in the silica content of ashes obtained from different plant-derived materials [1,38,74,75].

These differences result primarily from the chemical composition of the biomass, 
including its mineral content and the intrinsic ability of a given plant species to take up and 
accumulate silicon [1,38]. They are also strongly influenced by plant growth conditions, 
such as soil type, climate, water availability, and fertilization regime [36]. In addition, 
the processing parameters used for silica recovery, including combustion temperature, 
exposure time, oxygen availability, and post-treatment procedures, play a crucial role in 
determining the purity, morphology, porosity, and degree of crystallinity of the resulting 
silica [1,32,75,79].

Materials such as rice husk, sugarcane bagasse, wheat straw, and corn residues are 
characterized by relatively high silica contents, which makes them attractive feedstocks for 
the synthesis of biosilica and functional materials with high added value [1,70,80–84]. Other 
agro-industrial residues, including cassava tuber peels and palm kernel shells, have also 
been considered as alternative sources of silica-rich ash or silica-containing materials [74,75]. 
Although their silica content may be lower or more variable than that of rice husk, their local 
availability, low cost, and current underutilization make them relevant from the perspective 
of circular bioeconomy and waste valorization [9,32,74,75].

Particular attention should also be given to naturally silicon-accumulating plants. 
Horsetail (Equisetum arvense L.) is recognized as one of the richest botanical sources of 
biogenic silica, while stinging nettle (Urtica dioica L.) may also accumulate amorphous silica 
in plant tissues. These species are especially interesting as potential local biomass sources 
for future studies focused on the extraction of biogenic silica and its transformation into 
functional materials for environmental applications.

Other sources, such as fruit wastes or biomass from plants with a lower capacity 
for silicon accumulation, for example, potato residues, generally contain much smaller 
amounts of silica. Nevertheless, their wide availability, continuous generation, and low 
acquisition costs make them interesting from the perspective of sustainable development. 
The inclusion of such feedstocks in technological processes may contribute to improving 
biomass utilization efficiency and reducing the environmental burden associated with 
agricultural and agro-industrial waste, even if they require more advanced methods of 
silica concentration or purification.

The selection of plant materials discussed in this manuscript, such as potato and maize, 
reflects not only their relevance in the literature but also their practical importance under 
Polish agroclimatic conditions. Potato and maize are widely cultivated in Poland and gener-
ate substantial amounts of agricultural or processing residues, while nettle and horsetail 
are commonly occurring silicon-containing plants. Therefore, their inclusion reflects not 
only literature-based relevance, but also the planned direction of future experimental work. 
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In subsequent studies, locally available biomass from these plant sources will be considered 
for biosilica extraction, functionalization, and application in environmental remediation.

3.1. Rice Husk and Rice Straw
Rice husk, a by-product of rice milling, represents approximately 20% of the grain 

mass and is widely available, particularly in rice-producing regions of Asia [85–87]. Its 
lignocellulosic structure and substantial silicon content make it a promising feedstock for 
biosilica production [81,85–88].

After the combustion process, the resulting ash, referred to as rice husk ash (RHA), 
contains a very high amount of silica, reaching as much as 93.20%. Depending on the 
combustion conditions (temperature, oxygen access, process duration), this silica may 
occur mainly in an amorphous or partially crystalline form, which is of key importance 
for its further use in the synthesis of materials with specific properties. An appropriately 
controlled combustion process makes it possible to obtain ash of high purity and a large 
specific surface area, which makes it a valuable precursor for the production of nanosilica, 
adsorption materials, or additives for cements and composites [80,81,85–91]. Rice straw is 
another lignocellulosic residue with considerable potential for biosilica recovery. Its ash may 
contain up to 75% SiO2 , making it a promising alternative silica source [82]. However, its 
complex composition and low bulk density may complicate processing and transportation. 
Controlled conversion of rice straw into silica-rich materials offers an alternative to open-
field burning and enables its utilization in the production of adsorbents and other functional 
materials [80,82,92,93].

3.2. Corn
Corn cobs are widely available lignocellulosic residues that can serve as precursors for 

silica recovery [70,80]. Their ash may contain approximately 50–60% SiO2 , together with 
minor amounts of calcium, potassium, and magnesium oxides. The mineral composition 
depends on cultivation conditions and combustion parameters, which influence the purity 
and properties of the recovered silica. These characteristics support the potential use of 
corn-cob-derived materials in adsorption and other environmental applications [94–98]. 
Ash derived from corn ears may contain approximately 64% SiO2  and can exhibit relatively 
uniform particle size, potentially reducing additional grinding requirements [66,69]. The 
recovered silica may possess a developed porous structure and a high specific surface area, 
making it suitable for adsorption, catalysis, and composite applications [91–95].

3.3. Sugarcane
Sugarcane processing generates substantial quantities of bagasse, straw, and leaf 

residues [99–101]. Approximately 250–270 kg of bagasse and 200 kg of straw and plant 
tops may be produced per tonne of processed sugarcane [98]. Although these residues 
are commonly used for energy generation, their mineral fractions also offer opportunities 
for silica recovery. The ash yield and composition depend on biomass characteristics and 
processing conditions [99–101]. In addition, leaf residues are often burned in fields in 
order to quickly prepare the soil for the next production cycle, which contributes to serious 
air pollution problems, including the emission of particulate matter, nitrogen oxides, and 
greenhouse gases.

Unused bagasse left in the environment may also promote the proliferation of insects 
and microorganisms that pose potential health risks.

Its high moisture and organic matter contents favor fermentation processes, further 
complicating storage and transport. About 50% of the generated residues are used in 
distilleries and sugar plants as an energy source, mainly through their combustion for 
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the generation of process steam and electricity. Such use is in line with the concept of 
energy self-sufficiency of industrial plants. The remaining part of the biomass is, however, 
often stored or undergoes uncontrolled burning, which leads to the formation of ash in 
an amount of about 1–4% of the initial biomass mass. Although this amount may seem 
small, on an industrial scale it means significant quantities of material that require further 
management [99–101].

Ash obtained from bagasse and sugarcane leaves is characterized by a high silica 
content, amounting to about 81.6% and 80.14%, respectively, which makes these materials an 
attractive feedstock for biosilica synthesis. Depending on combustion conditions, this silica 
may assume an amorphous or partially crystalline form, which affects its physicochemical 
properties and potential applications [99,101,102]. The high SiO2  content, combined with 
the high availability of the raw material and the low cost of its acquisition, makes sugarcane 
waste a promising alternative to traditional silica sources [1,83,101–104].

Sugarcane-derived silica can be further processed into nanosilica, porous adsorbents, 
composites, and catalyst-related materials, supporting the valorization of these agricultural 
residues [105,106].

3.4. Fruits
Fruit-processing residues, including coconut and walnut shells, orange and banana 

peels, and selected coffee wastes, have been investigated as alternative feedstocks for 
silica-containing materials [21,72,73,107–116]. Although their silicon content is gener-
ally lower and more variable than that of major silica-accumulating agricultural residues, 
their availability and lignocellulosic composition make them potential secondary feed-
stocks [72,73,108,111,113–115]. Thermal or chemical processing may facilitate silica 
recovery and influence the porosity and surface properties of the resulting materi-
als [108,111,113–116]. Banana peels have been reported to contain approximately 0.35% 
silica, substantially less than silica-rich residues such as rice husk ash [72,117–120]. Their 
potential utilization therefore depends on feedstock availability and the efficiency of sil-
ica recovery, while organic components may influence material properties during ther-
mal processing [108,117–120]. Coconut and walnut shells, as well as coffee-processing 
residues, have also been investigated as precursors for silica-containing and hybrid mate-
rials [110–113,121–126]. However, their suitability for biosilica production requires con-
sideration of silicon content, mineral impurities, and the processing conditions needed to 
recover silica of sufficient purity.

3.5. Potatoes
Potato plants are generally considered low silicon accumulators compared with crops 

such as rice and sugarcane [68,127,128]. Silicon uptake depends on the availability of soluble 
silicon species, transporter activity, and cultivation conditions [68,127–129]. Soil-related 
differences in the uptake and distribution of other mineral elements, including Ca, K, S, 
and Fe, have also been reported in potato plants [130]. Puppe et al. [68] reported relatively 
low silicon contents in potato leaves (up to 0.08% of dry mass) and roots (up to 0.30% of 
dry mass), whereas silicon concentrations in tuber skin and flesh were below the detection 
limit of the analytical method used. These findings indicate that potato tubers are not a 
particularly promising source of silicon for biosilica production.

Although silicon may contribute to stress tolerance in potato plants [129,131], their low 
silicon accumulation limits their suitability as primary feedstocks for biosilica production. 
Selected potato residues may nevertheless be considered supplementary sources when local 
availability and processing feasibility justify their use [68,127–131].
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3.6. Wheat
Wheat-processing residues, including straw, chaff, and husks, are widely available 

lignocellulosic materials that can serve as precursors for silica recovery [83,84,132]. Their 
cellulose, hemicellulose, and lignin contents influence thermal processing and the properties 
of the resulting ash. Wheat-derived silica-rich materials have been reported to contain up to 
86% SiO2 , indicating their potential for further purification and use in functional material 
synthesis [84,132]. A summary of the reported silica-related contents in selected plant 
materials is presented in Table 1. However, it should be noted that the literature reports 
these values on different analytical bases, including Si content in biomass, SiO2  content in 
dry biomass, and SiO2  content in ash. Therefore, the values should not be directly compared 
without considering the material fraction and analytical basis to which they refer. High SiO2 
contents reported for rice husk, wheat, sugarcane bagasse, and sugarcane leaves generally 
refer to the ash fraction, whereas substantially lower values reported for fruit wastes and 
potato tissues refer to the original or dry plant biomass. Accordingly, Table 1 distinguishes 
the reported parameter and the basis of each value to enable a more accurate assessment of 
the potential of different agricultural residues as feedstocks for biosilica recovery.

Table 1. Reported SiO2  contents in selected agricultural and plant-derived feedstocks on different 
analytical bases.

Plant Material Reported Parameter Reported Content [%] Basis/Material Analyzed Ref.

Rice husk SiO2 93.2 Ash [81]
Rice straw SiO2 75.0 Ash [82]
Corn cob SiO2 50.0–60.0 Ash [70,80]
Corn ears SiO2 64.0 Ash [70]

Sugarcane bagasse SiO2 81.6 Ash [1]
Sugarcane leaves SiO2 80.1 Ash [83]

Wheat husk and spike SiO2 86.0 Ash [132]
Banana peel SiO2 0.35 Biomass/plant material [72,117]

Potatoes Si up to 0.08 (leaves);
up to 0.30 (roots) Dry biomass [68]

This comparison highlights the importance of feedstock selection for efficient silica 
recovery [133,134]. Importantly, silica content alone should not be regarded as a direct 
predictor of the properties or performance of the resulting biosilica. The chemical and 
structural characteristics of the feedstock, including its mineral composition and lignocellu-
losic matrix, determine how the biomass responds to thermal and chemical treatment and 
consequently influence silica purity, porosity, surface area, and structural form. Thus, agri-
cultural residues with similar silica contents may yield materials with substantially different 
physicochemical properties, depending on both feedstock composition and processing 
conditions [38,81,83–91,132].

The data summarized in Table 1 indicate that rice husk ash has the highest reported SiO2 
content (93.2%), followed by wheat residues (86.0%), sugarcane bagasse (81.6%), sugarcane 
leaves (80.1%), and rice straw (75.0%). Lower values are reported for corn-derived ashes, 
ranging from 50.0 to 60.0% for corn cobs to 64.0% for corn ears [1,70,80–83,132]. These 
differences suggest that rice husk, wheat, and sugarcane residues may be particularly 
attractive feedstocks for silica recovery, although their practical suitability also depends on 
processing requirements and the quality of the resulting material.
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4. Methods of Biosilica Synthesis from Plant Materials
For the synthesis of nanosilica from plant materials, methods such as sol–gel, precipi-

tation, hydrothermal synthesis, and acid leaching are most commonly used. The choice of 
an appropriate technique depends on the expected properties of the final material, such as 
particle size, specific surface area, or degree of porosity [30,135–138].

Regardless of the selected method, feedstock preparation involves washing with dis-
tilled water to remove contaminants such as dust, mineral salts, and organic residues, 
followed by drying to remove moisture. This stage is essential for ensuring process repro-
ducibility and the quality of the final product [135–138].

From an environmental perspective, the main synthesis routes differ in the type of 
process burden they generate. Sol–gel and acid-leaching approaches require acids and 
alkalis and may generate substantial washing effluents, whereas thermal treatment and 
calcination contribute primarily to energy demand. Hydrothermal synthesis requires 
prolonged heating under pressure, which may also increase process energy requirements. 
Consequently, the environmental performance of biosilica production depends not only 
on the renewable origin of the feedstock but also on reagent consumption, water use, 
thermal energy demand, and waste management. These factors should be considered 
when comparing biomass-derived routes with conventional silica production [11–16,32,75]. 
In addition to the principal synthesis routes discussed below, other approaches include 
alkaline extraction followed by chemical precipitation, microwave-assisted processing, and 
controlled thermal treatment. These techniques may be applied independently or combined 
with other processing steps to improve silica recovery and control material properties. Their 
effectiveness depends on feedstock composition, operating conditions, and energy and 
reagent requirements [1,30,135–138]. The drying conditions of plant materials may differ 
depending on the applied research procedure, as presented in Table 2 [139–141]. This 
variability includes, among other things, drying temperature, process duration, and the 
method used (e.g., convective drying, vacuum drying, or freeze-drying). These differences 
may significantly affect the properties of the final material, particularly its reactivity, internal 
structure, and the efficiency of subsequent synthesis stages. Properly selected drying 
conditions make it possible to preserve the desired biomass structure and facilitate its later 
chemical and thermal processing.

Table 2. Drying conditions of materials after washing with distilled water.

Drying Method Drying Conditions Ref.

Freeze-drying 3 h, −50 °C [139]
Vacuum drying 1 h, from 0 °C to 100 °C, 0.5 atm [141]

Convective drying 4 days, RT + 2 h, 100 °C [142]
Convective drying 1 h, 120 °C [143]
Convective drying 24 h, 105 °C [144,145]
Convective drying 24 h, 110 °C [146]
Convective drying 2 h, 120 °C [147]

4.1. Sol–Gel Method
The sol–gel method (Figure 2) is one of the most commonly used approaches for ob-

taining silica from plant materials [1,30,145,148]. This process involves the transformation 
of a colloidal system (sol) into a three-dimensional gel network through hydrolysis and 
condensation reactions, resulting in the formation of Si-O-Si bonds. The obtained material 
is characterized by high uniformity, high purity, and the possibility of precise control of 
physicochemical properties such as porosity or particle size [148–152]. Thanks to this, 
silica obtained by the sol–gel method can be further processed into various forms such 
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as powders, fibers, or thin films, which significantly broadens the range of its applica-
tions [1,30,145,148–153].

 

Figure 2. Scheme of the sol–gel method for obtaining silica from agricultural waste (prepared by 
the authors).

In biomass-derived silica production, sol–gel processing is often preceded by acid 
leaching as a feedstock-purification step aimed at removing metallic contaminants such as 
K, Na, Ca, Mg, Al, and Fe. This pretreatment should be distinguished from acid leaching 
used as the principal silica-recovery route described in Section 4.3. At this stage, partial 
decomposition of the lignocellulosic matrix also occurs, which increases silica availability 
and facilitates its further processing [154,155]. The most commonly used reagents include 
both inorganic acids such as HCl and H2 SO4 , and organic acids, including oxalic acid, citric 
acid, and L-cysteine hydrochloride monohydrate [72,93,135,154–158].

The next stage involves controlled combustion of the material to produce ash, which 
can subsequently be processed to obtain amorphous silica with high reactivity, small particle 
size, and a high specific surface area. Combustion process parameters such as temperature 
and duration are of key importance for obtaining the desired material structure and avoiding 
the transformation of silica into crystalline forms. The obtained ash is then treated with an 
alkali solution (most often NaOH), as a result of which silica dissolves and sodium silicate 
is formed according to the reaction [72,84,159].

SiO2  + 2NaOH → Na2 SiO3  + H2 O

The resulting sodium silicate solution is then acidified, which leads to silica precipita-
tion according to the reaction:

Na2 SiO3  + H2 SO4 → SiO2  + Na2 SO4  + H2 O

The final stage involves washing the precipitate with distilled water to remove residual 
reagents, followed by drying. Depending on the processing conditions, silica with different 
structural properties can be obtained, making the sol–gel method a versatile approach for 
synthesizing nanostructured materials [85].

4.1.1. Influence of Process Parameters in the Sol–Gel Method on the Properties of Nanosilica
The properties of the final product are significantly affected by process parameters, in 

particular: (i) the type of acid used, (ii) alkali concentration, (iii) combustion temperature 
and time, and (iv) pH during silica gel formation. Appropriate control of these factors 
enables precise shaping of the structure, morphology, and surface properties of the obtained 
silica [135,160–162].

Type of Acid Used
In recent years, there has been growing interest in the use of organic acids such as 

citric acid and L-cysteine hydrochloride monohydrate (Figure 3), which constitute a more 
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environmentally friendly alternative to strong mineral acids. Their use not only allows the 
costs of wastewater treatment to be reduced, but may also beneficially affect the properties 
of the obtained silica, including its specific surface area and porosity [101,136,158,163,164]. 
Citric and oxalic acids also act as effective complexing agents, forming soluble complexes 
with metal ions and thereby facilitating the removal of inorganic impurities from biomass. 
This chelation mechanism contributes to the effectiveness of organic acid pretreatment in 
biosilica production [155,163,165].

   

Figure 3. Structural formulas of citric acid, gluconic acid, and L-cysteine hydrochloride monohydrate 
(prepared by the authors).

Studies have shown that L-cysteine hydrochloride monohydrate may be more effective 
in removing metallic contaminants than citric acid, which is attributed to the presence of 
chloride ions increasing extraction efficiency [158]. In addition, gluconic acid exhibits high 
effectiveness in removing metal oxides such as K2 O, Na2 O, and Al2 O3 , achieving efficiencies 
of 92–93%, 89–93%, and 95–97%, respectively [165].

The type of acid used may influence the specific surface area and porosity of the 
resulting silica through differences in impurity removal and particle formation. During 
biomass pretreatment, acid-dependent removal of metallic impurities can affect subsequent 
structural transformations during thermal processing [155,158,165]. During silica precip-
itation, the acid type and resulting pH conditions may influence particle formation and 
aggregation, thereby affecting the final textural properties. For example, Thuadaij and 
Yodyingyong [160] reported a specific surface area of 554.01 m2 /g for silica derived from 
sugarcane bagasse ash using citric acid, exceeding the values obtained with sulfuric, oxalic, 
and acetic acids under the investigated conditions.

Alkali Concentration
An important process parameter is also the concentration of the alkali, most often 

NaOH. An increase in alkali concentration and solvent volume promotes an increase in 
process yield through more effective silica dissolution and formation of soluble sodium 
silicate [161,166–168]. NaOH is commonly used for silica extraction because it promotes 
the dissolution of silica and the formation of soluble sodium silicate [161]. However, its 
effect on the structural properties and particle size of the final material depends on the 
synthesis conditions. Although more ordered pore structures and larger particles have been 
reported for NaOH-catalyzed systems compared with NH4 OH-catalyzed systems, these 
observations relate to specific mesoporous silica synthesis conditions and should not be 
generalized to biosilica extraction processes [169].

In practice, concentrations ranging from 0.5 M to 4 M are used, with optimum values 
often around 2 M. In the case of rice husk, the optimum concentration lies in the range 
of 1–4 M [166–168], whereas for sugarcane bagasse it is 2–4 M. Selecting an appropriate 
concentration is essential for balancing process efficiency and control over the structural 
properties of the material [161,166–169].
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Influence of Temperature and Combustion Time
The calcination temperature is one of the key factors affecting silica properties [135,170,171]. 

The optimum temperature range is usually 600–700 °C.
Increasing the calcination temperature promotes the decomposition and removal of 

organic constituents, thereby increasing the relative silica content. However, the removal of 
inorganic impurities depends on their chemical nature and may require additional acid-
leaching treatment [135,170,171].

For example, silica obtained from corn stalks at 700 °C exhibited higher purity (98.1%) 
compared with material obtained at 500 °C (91.1%). At the same time, temperature af-
fects the degree of particle agglomeration; materials obtained at higher temperatures ex-
hibit a lower tendency to form aggregates and possess a more homogeneous structure 
(Figures 4 and 5) [170].

However, excessively high processing temperatures (above 800 °C) may lead to unfa-
vorable structural changes, including decreases in specific surface area and pore volume 
associated with silica crystallization [172].

This transformation may be confirmed by X-ray diffraction (XRD) analysis and by mea-
surements of specific surface area using the BET method, where clear changes characteristic 
of crystalline silica are observed (Figures 6 and 7).

Figure 4. SEM images of silica obtained from corn stalk by calcination at (a) 500 °C, (b) 600 °C, and 
(c) 700 °C. Reproduced from Ref. [170] with permission from Springer.
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Figure 5. TEM images of silica obtained from corn stalk by calcination at (a) 500 °C, (b) 600 °C, and 
(c) 700 °C. Reproduced from Ref. [170] with permission from Springer.

Figure 6. Low-temperature nitrogen adsorption and desorption isotherm curves of the silica sample 
obtained from oat straw before (a) and after heating at different temperatures: (b) 600 °C, (c) 800 °C, 
(d) 1000 °C, and (e) 1200 °C. Reproduced from Ref. [173] with permission from Springer.
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Figure 7. XRD patterns of the silica sample obtained from oat straw before (a) and after heating 
at different temperatures: (b) 600 °C, (c) 800 °C, (d) 1000 °C, and (e) 1200 °C. Reproduced from 
Ref. [173] with permission from Springer.

Analysis of the low-temperature nitrogen adsorption–desorption isotherms presented 
in Figure 6 indicates that, according to the IUPAC classification, most of the studied samples 
exhibit type IV(a) isotherms with distinct hysteresis loops, characteristic of mesoporous materi-
als. The isotherms of oat-straw-derived samples treated at temperatures below 1000 °C exhibit 
similar profiles, although the hysteresis loops gradually change with increasing temperature.

After increasing the temperature to 1000 °C, the hysteresis loop disappears and the 
shape of the isotherm changes toward type II, which is characteristic of non-porous or 
macroporous materials. This change indicates degradation of the mesoporous structure 
and a decrease in the developed specific surface area of the material [173].

X-ray diffraction (XRD) analysis presented in Figure 7 indicates that the silica sample 
obtained from oat straw before thermal treatment exhibits a broad reflection in the range 
of 2θ = 14–36°, which is characteristic of the amorphous silica structure. After treatment 
at 600 °C, the first weak reflections corresponding to the crystalline phase appear in the 
diffraction pattern, overlapping the broad amorphous-phase peak. With an increase in 
temperature to 800 °C, a clear intensification of the signals originating from the crystalline 
phase is observed, and they begin to dominate in the diffraction image. At 1000 °C and 
above, the features characteristic of the amorphous structure disappear, and the XRD pattern 
exhibits sharp, well-defined reflections corresponding to the crystalline silica. This change 
indicates a phase transition and structural reorganization of the material as a result of 
intensive calcination [173,174].

The optimum combustion time is usually 2 h to 4 h, which allows a material with a 
high specific surface area, developed porosity, and high purity to be obtained. Extending 
the calcination time leads, in turn, to a decrease in specific surface area and an increase in 
the degree of silica crystallinity [92,175,176].

Effect of pH
Precise pH control during gelation is essential for regulating the physicochemical 

properties of the resulting silica. This parameter directly affects particle morphology, 
specific surface area, and particle size [162,174]. With increasing pH value, a decrease in 
the specific surface area of the material is observed. Studies by Liou et al. showed that 
for silica obtained from rice husk ash, the highest specific surface area (634 m2 /g) was 
obtained at pH = 3, whereas the lowest (237 m2 /g) was obtained at pH = 9 [174]. Moreover, 
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it was found that at pH values above 8, the formed gels become unstable and undergo 
partial dissolution, whereas at pH = 11, almost complete degradation of the gel structure is 
observed in an aqueous environment.

Thus, the optimal gelation pH depends on the desired material properties and process 
objectives. While acidic conditions may favor the development of a higher specific surface area, 
near-neutral conditions can be advantageous for silica recovery and gel formation [162,174].

4.1.2. Advantages and Disadvantages of the Sol–Gel Method
Despite its numerous advantages, the sol–gel method has certain limitations, including 

relatively long processing times and the need to perform some stages at elevated tempera-
tures. Nevertheless, it enables the production of materials with high purity, a homogeneous 
structure, and a large specific surface area, making it particularly attractive for nanomaterial 
synthesis [177–179].

Compared with the hydrothermal method, the sol–gel process is less energy-intensive 
and is considered more environmentally friendly, mainly because of reduced pollutant 
emissions [177].

To optimize biosilica synthesis from agricultural waste, reaction conditions are adjusted 
by varying the proportions of acids, alkaline solutions, and plant material to improve process 
yield [177,180].

4.1.3. Examples of Obtaining Biosilica by Sol–Gel Method
For example, Uda et al. [89] added 400 mL of 2.5 M NaOH solution to 20 g of rice straw 

ash. The mixture was stirred magnetically at 100 °C for 4 h. Subsequently, 2 M H2 SO4  was 
added to adjust the pH to approximately 7, and the mixture was stirred for an additional 18 h.

The obtained precipitate was washed with ethyl alcohol and distilled water and then 
dried at 80 °C for 30 min, yielding about 76% silica relative to the initial ash mass. The 
material obtained was characterized by FE-SEM and compared with ash obtained directly 
from the combustion of rice straw (Figures 8 and 9) [89].

 

Figure 8. FE-SEM image of rice straw ash. Reproduced from Ref. [89] with permission from Tay-
lor & Francis.

 

Figure 9. FE-SEM image of synthesized silica from rice straw. Reproduced from Ref. [89] with 
permission from Taylor & Francis.
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The FE-SEM image of the ash sample (Figure 8), recorded at a magnification of 150×, 
shows particles with a granular morphology. After treatment with alkali and acid solutions, 
silica nanoparticles with significantly more developed porosity were obtained (Figure 9). 
Studies show that the reaction of silica with NaOH leads to the formation of sodium silicate 
(Na2 SiO3 ), with water being formed as a by-product. Then, as a result of acidification of 
the solution, silica precipitates and inorganic impurities are removed, which favors the 
formation of a material with high porosity and an amorphous structure [89].

Table 3 summarizes selected conditions used for silica synthesis by the sol–gel method. 
Considerable variation in process parameters, including ash-production temperature, alkali 
concentration, and reaction conditions, reflects differences among the feedstocks used. In 
most cases, NaOH is used as the alkaline agent and HCl as the acidifying reagent, with a 
final pH close to neutral. This summary shows that despite differences in procedures, it is 
possible to obtain silica under a wide range of conditions, which confirms the flexibility of 
the sol–gel method. Recent developments in sol–gel processing have focused on integrating 
silica recovery with the valorization of other biomass components. Ehlan et al. [181] 
reported an optimized silica extraction yield exceeding 90% from rice husks, obtaining a 
mesoporous material with a specific surface area of 279 m2 /g. Their approach also enabled 
the production of solid fuel and potassium sulfate fertilizer, highlighting the potential of 
integrated biorefinery strategies.

Table 3. Summary of reagents and reaction conditions used for biosilica synthesis in the sol–gel method.

Material Ash
Production

Reaction Conditions 
with Base Acid Final pH 

Value Drying Environmental
Considerations Ref.

Cassava 
tuber peels 3 h, 500 °C 2 M NaOH,

3 h, 80 °C 1 M HCl 7.0 100 °C

Calcination; NaOH 
and HCl 

consumption; 
washing effluent

[143]

Rice husks 4 h, 650 °C 1 M NaOH,
2 h, 80 °C 1 M HCl 7.0 24 h,

110 °C

Prolonged 
calcination and 

drying; acid/alkali 
use; washing effluent

[182]

Corn cobs 500 °C NaOH, 1 h, 80 °C 1 M HCl 7.0 20 h,
700 °C

High-temperature 
drying; NaOH/HCl 
use; energy demand

[107]

Rice husks 2 h, 700 °C 2.5 M NaOH,
2 h, 100 °C 1 M HCl 7.0 8 h,

200 °C

High-temperature 
calcination; 

concentrated alkali; 
prolonged drying

[183]

Rice husks -
NaOH, 15–30 min, 

110–120 °C,
0.15–0.2 MPa

1 M HCl 7.0 20 h,
60 °C

Elevated tempera-
ture/pressure; 

acid/alkali 
consumption; long 

drying

[184]

Palm kernel 
shells 3 h, 750 °C 3 M NaOH, 2 h 3 M HCl 7.5–8.5 24 h,

80 °C

High-temperature 
calcination; 

concentrated 
acid/alkali; long 

drying

[185]
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Table 3. Cont.

Material Ash
Production

Reaction Conditions 
with Base Acid Final pH 

Value Drying Environmental
Considerations Ref.

Sugarcane 4 h, 650 °C 1 M NaOH,
1 h, 90 °C

1 M HCl

7.0 24 h,
100 °C

Calcination and 
prolonged drying; 

acid/alkali use; 
organic-acid 
alternatives

[186]
5% citric acid

5% L-cysteine 
hydrochloride 
monohydrate

Sugarcane 
bagasse 7 h, 900 °C 1 M NaOH 6 M H2 SO4 7.0 24 h,

80 °C

Very high calcination 
temperature; 

concentrated H2 SO4 ; 
high energy and 

chemical demand

[187]

Wheat 
husks 700 °C NaOH, 1 h, 80 °C 1 M HCl 7.0 20 h,

700 °C

High-temperature 
thermal treatment; 

acid/alkali use; 
energy demand

[188]

Environmental considerations are qualitative and are based on the reported process conditions, 
including thermal treatment, reagent use, pressure, and process duration.

4.2. Hydrothermal Method
Hydrothermal synthesis (Figure 10) is a widely used method for obtaining nanomate-

rials and involves reactions in aqueous media under controlled temperature and pressure 
conditions [1,189]. Depending on the feedstock and processing conditions, hydrothermal 
treatment may be conducted at temperatures of approximately 100–260 °C, with the selected 
temperature influencing the morphology and structural properties of the resulting materi-
als [189,190]. Pressure conditions resulting from the vapor pressure of reaction components 
play a key role in shaping the properties of the final product [189].

Figure 10. Scheme of the hydrothermal method for obtaining silica from agricultural waste (prepared 
by the authors).

Hydrothermal synthesis enables the preparation of materials with controlled mor-
phology and crystallinity, including crystalline phases that may be difficult to obtain using 
conventional high-temperature processing [1,190]. The main stages of biosilica synthesis 
by the hydrothermal method include:
• Mixing and heating—plant material constituting a source of silica is mixed with water 

and then placed in an autoclave. The system is heated to a specified temperature and 
maintained under pressure for a defined reaction time [191,192].

• Final treatment—the reaction product may undergo additional purification, including 
washing or acid leaching with HCl to remove residual impurities and improve the 
purity of the recovered silica [193].
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• Surface modification (capping agents)—additives such as polysaccharides or surfac-
tants may be used to control nanoparticle morphology [194].
Hydrothermal synthesis is carried out in autoclaves, which make it possible to control 

process parameters such as temperature and pressure. These parameters have a significant 
influence on particle size, degree of crystallinity, and morphology of the obtained material.

Bathla et al. [195] reported the hydrothermal synthesis of silica nanowires from rice 
husk ash. The resulting structures had diameters ranging from 15 to 35 nm and lengths 
of approximately 0.5 μm, demonstrating the potential of this method to control material 
morphology.

Hamidu et al. [196] investigated a combined treatment involving acid leaching, hy-
drothermal processing, and carbonization for silica recovery from rice husks. Treatment 
with 5% HCl, followed by hydrothermal processing and carbonization, yielded silica with 
a purity of 98.1% and a recovery yield of 19.8%. This study demonstrates the potential of 
integrating hydrothermal pretreatment with complementary purification steps.

4.3. Acid Leaching Method
The acid leaching method (Figure 11) involves the selective removal of impurities 

from solid materials using an acid solution. During this process, acid treatment removes 
contaminants from plant biomass, increasing the accessibility of silica for subsequent re-
covery [1,197,198]. In contrast to the sol–gel pathway, where acid treatment may serve as a 
preliminary purification step before alkaline extraction and gel formation, the acid-leaching 
route discussed here relies primarily on selective removal of mineral and metallic impurities 
followed by thermal recovery of silica-rich material. Thus, although the two routes may 
share individual processing steps, they differ in the dominant mechanism used for silica 
recovery and final material formation.

Figure 11. Scheme of the acid leaching method for obtaining silica from agricultural waste (prepared 
by the authors).

The key parameters affecting process efficiency include the choice of solvent (acid), 
reaction time, and temperature [1].

4.3.1. The Role of Acid Type and Concentration in the Acid Leaching Method
Both inorganic acids, such as nitric, sulfuric, and hydrochloric acids, and organic acids, 

including citric acid, are commonly used for acid leaching [1,135].
Mineral acids are effective in removing metallic impurities, which can facilitate the 

production of silica with a high specific surface area and a well-developed mesoporous 
structure [176,199,200]. Organic acids can also be used to obtain silica with favorable textural 
properties [197,201]. For example, Tessema et al. [176] obtained silica from teff straw with a 
specific surface area of 739 m2 /g using HCl, whereas Cahyani et al. [201] reported a specific 
surface area of 155 m2 /g for silica derived from rice husk using acetic acid. However, these 
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values cannot be directly compared to assess acid effectiveness because the studies involved 
different biomass feedstocks and processing conditions. Organic acids may offer advantages 
in terms of lower corrosiveness, although their environmental performance depends on 
the specific process conditions [197,201]. Comparisons conducted under identical reaction 
conditions indicate that inorganic acids can provide higher silica recovery yields than 
organic acids in certain systems (Figure 12) [200]. The influence of acid type is related not 
only to its strength but also to its ability to interact with metal-containing impurities present 
in the biomass. Strong mineral acids promote proton-assisted dissolution of inorganic 
species, whereas organic acids may additionally remove metal ions through complexation, 
depending on their dissociation and ligand structure. These differences affect the extent of 
matrix purification and the accessibility of the silica surface, including surface silanol groups 
and pore openings. Consequently, acid selection may influence the surface chemistry and 
adsorption-related properties of the resulting biosilica [136,155,158,165,197,200,201]. Díaz-
Tovar et al. [155] investigated the influence of acid type and pH on impurity removal from 
rice husks and the properties of the resulting biosilica. Under optimized leaching conditions, 
the obtained material exhibited a purity of 99.45 ± 0.04% and a specific surface area of 318 
± 10 m2 /g, demonstrating the importance of controlling pretreatment parameters.

Figure 12. Comparison chart of the amount of silica obtained from palm ash using HCl and citric 
acid. Reproduced from Ref. [200] under the terms of the Creative Commons Attribution 4.0 License.

4.3.2. Influence of Temperature and Reaction Time on the Acid Leaching Method
The temperature of the leaching process plays an important role in component solubility 

and silica extraction efficiency.
The leaching temperature is typically in the range of 70–100 °C, with higher tempera-

tures generally accelerating impurity removal. During subsequent calcination, temperatures 
of approximately 600–700 °C are commonly used to obtain high-purity silica while lim-
iting undesirable structural transformations. Reaction time also significantly affects the 
properties of the final product.

Leaching times of 60–150 min are commonly reported, although the optimal duration 
depends on the feedstock and reaction conditions. Extending the treatment may improve 
impurity removal, but does not necessarily result in a further increase in silica purity or 
specific surface area [1,155,202–205].

4.3.3. Examples of Obtaining Biosilica by the Acid Leaching Method
The acid leaching method is relatively simple and economical, and makes it possible to 

obtain silica of high purity. However, its main disadvantage is the need to use considerable 
amounts of acids and a relatively long reaction time, which may generate an environmental 
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burden [138,156,178]. For example, Maseko et al. used 50 g of sugarcane biomass, which 
was first washed with 1200 mL of distilled water and stirred for 2 h, and then dried at 100 °C 
overnight. The material was then subjected to leaching using 7 wt.% citric acid and sulfuric 
acid. After the leaching process, the material was washed again with distilled water and 
dried at 50 °C for 24 h. The next stage involved multistage calcination: 30 min at 310 °C, 60 
min at 450 °C, 210 min at 560 °C, and 30 min at 600 °C. As a result of this process, a material 
containing about 99.7% silica, with a specific surface area of 323 m2 /g and a pore diameter 
of about 5 nm, was obtained [138].

In another study, Schneider et al. [156] used 100 g of rice straw or horsetail as starting 
material, together with 1300 mL of distilled water and citric acid. As a result of the synthesis, 
silica with a purity of 99.7%, a specific surface area of 303 m2 /g, and pores with a diameter 
of 2–30 nm was obtained [156]. SEM analysis (Figures 13 and 14) showed that the obtained 
biosilica is characterized by the presence of empty interparticle spaces associated with 
particle agglomeration and the development of a porous structure [156].

Figure 13. SEM images of rice straw (top) and the obtained biosilica (bottom). Reproduced from 
Ref. [156] with permission from Springer.

Figure 14. SEM images of horsetail (top) and the obtained biosilica (bottom). Reproduced from 
Ref. [156] with permission from Springer.
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Table 4 presents an overview of selected acid leaching conditions used for obtaining 
silica from plant materials such as rice husks, sugarcane bagasse, or oil palm waste. The 
comparison includes key stages of the process, including acid digestion, washing to a 
specified pH, drying, and combustion, which determine the purity and properties of the 
obtained material. The variation in acid type, concentration, and processing parameters 
highlights the need to optimize treatment conditions for each biomass feedstock and the 
desired properties of the resulting silica.

Table 4. Summary of reagents and reaction conditions used in the acid leaching method.

Material Acid Reaction Conditions Washing 
(pH) Drying Combus-

tion
Environmental 
Considerations Ref.

Rice husks 10 wt.% 
H2 SO4 

3 h/80 °C 7.0 3/50 °C 4 
h/800 °C

Mineral-acid 
consumption; 

washing effluent; 
high-temperature 

calcination

[114,115]

Sugarcane 
bagasse

5 wt.% citric 
acid 24 h/80 °C 6.5 overnight 

at 40 °C
4 

h/700 °C

Organic acid; very 
long leaching; 

calcination energy 
demand

[64]

Rice husks 0.1 M HCl 24 h/RT 7.0 – 2 
h/800 °C

Long leaching; 
HCl consumption; 
high-temperature 

calcination

[116]

Rice husks 3 M HCl 4 h/80 °C – 6 
h/100 °C

4 
h/800 °C

Concentrated HCl; 
prolonged heating; 

high calcination 
demand

[117]

Oil palm 6% citric acid 1 h/70 °C – 1 h/60 °C 30 
min/800 °C

Organic-acid route; 
relatively short 

processing; high 
calcination 

temperature

[109]

Rice husks
3 M HCl/3 M 
H2 SO4 /3 M 

HNO3 
RT 7.0 24 

h/50 °C
2 

h/600 °C

Concentrated 
mineral acids; 

washing effluent; 
long drying

[118]

Rice husks 10% HCl 2 h – 24 
h/150 °C

2 
h/700 °C

HCl consumption; 
prolonged 

high-temperature 
drying; calcination 

energy demand

[119]

Environmental considerations are qualitative and refer to the principal process burdens associated 
with the reported synthesis conditions.

5. Comparison of Biosilica Production Methods
Direct comparison of biosilica production routes is complicated by differences in feed-

stock composition, pretreatment, process definition, and reporting basis [115,206,207]. In 
particular, acid leaching may function either as a preliminary purification step within a sol–
gel process or as the principal treatment preceding thermal silica recovery. Therefore, the 
methods should be compared according to their dominant silica-recovery mechanism rather 
than solely on the presence of individual processing steps. The sol–gel route offers high 
flexibility in controlling structure and surface properties, hydrothermal synthesis enables 
control of morphology and crystallinity under pressurized aqueous conditions, whereas acid 
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leaching provides efficient removal of mineral impurities and may yield high-purity silica. 
These differences should be considered together with reagent consumption, water demand, 
and thermal requirements [155,208]. Table 5 therefore provides a comparative assessment of 
representative synthesis routes in terms of silica yield, purity, specific surface area, reagent 
consumption, water use, temperature requirements, and major environmental limitations.

Table 5. Comparison of representative biosilica production routes in terms of material properties, 
process requirements, and environmental limitations.

Route/Feedstock Reported
Properties

Main Reagents and Processing
Conditions Key Limitations Ref.

Sol-gel
Teff straw

Yield: n.r.
Purity: n.r.

BET: 807.163 m2 /g

Acid and alkali; water washing required 
(volume n.r.)

Thermal treatment required 
(temperature n.r.)

Acid/alkali use; washing 
effluent; drying and thermal 

energy
[206]

Sol-gel
Rice husk

Yield: n.r.
Purity: n.r.
BET: n.r.

Acid and NaOH; washing required 
(volume n.r.)

Thermal treatment and drying required

Chemical consumption; 
washing effluent; drying [34]

Microwave-assisted 
sol-gel

Rice husk

Yield: n.r.
Purity: n.r.

BET: 400–700 m2 /g

Alkali and acid; water use n.r.
Microwave-assisted processing at 

elevated temperature

Reagent use; wastewater 
generation; 

thermal/microwave energy 
demand

[209]

Sol-gel
Rice straw ash

Yield: ~76%
Purity: n.r.
BET: n.r.

2.5 M NaOH and 2 M H2 SO4 ; 
distilled-water washing (volume n.r.)

Extraction: 100 °C; drying: 80 °C

Acid/alkali use; prolonged 
reaction; washing effluent [89]

Hydrothermal
Rice husk ash

Yield: n.r.
Purity: n.r.
BET: n.r.

NaOH and 1 N HCl; distilled-water 
washing (volume n.r.)

110–120 °C; 0.15–0.2 MPa; 15–30 min

Pressurized heating; alkali 
use; washing and drying [184]

Hydrothermal
Rice husk ash

Yield: n.r.
Purity: n.r.
BET: n.r.

Fe2 O3 -assisted system; water use n.r.
Hydrothermal conditions n.r.

Pressure and thermal-energy 
requirements; reagent use [195]

Acid leaching
Rice hull

Yield: n.r.
Purity: n.r.
BET: n.r.

Acid; washing required (volume n.r.)
Subsequent thermal treatment; typically 

~600–700 °C

Acid use; washing effluent; 
thermal treatment [88]

Acid leaching
Rice husk

Yield: n.r.
Purity: n.r.

BET: 234.25 m2 /g

Acid; washing required (volume n.r.)
Thermal treatment required 

(temperature n.r.)

Acid use; washing effluent; 
calcination [136]

Acid leaching
Rice straw/horsetail

Yield: n.r.
Purity: 99.7%
BET: 303 m2 /g

Citric acid; 1300 mL water per 100 g 
feedstock Thermal conditions n.r. in the 

cited example

Acid and water consumption; 
washing; drying/calcination 

energy
[156]

Acid leaching
Sugarcane biomass

Yield: n.r.
Purity: 99.7%
BET: 323 m2 /g

7 wt.% citric acid + H2 SO4 ; 1200 mL 
water per 50 g feedstock, plus washing
Multistage calcination: 310 → 450 → 560 

→ 600 °C

High water use; acid 
consumption; multistage 

heating and drying
[138]

Note: n.r.—not reported.

From an economic perspective, the main cost-related factors include feedstock col-
lection and pretreatment, reagent consumption, water use, energy demand, processing 
time, and waste management. Although Table 5 provides a qualitative comparison of these 
requirements, reliable quantitative production-cost estimates cannot be derived from the 
available literature due to differences in processing scale, experimental conditions, and 
reporting practices. Therefore, comprehensive techno-economic assessments are needed to 
evaluate the commercial feasibility of individual biosilica production routes.
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The comparison is based on the quantitative parameters reported in the original studies, 
without normalizing values obtained from different feedstocks or experimental conditions. 
Missing data are explicitly indicated as “n.r.” (not reported), and the resulting limitations 
are considered when interpreting differences between synthesis routes.

Overall, compared with conventionally produced silica, biosilica offers potential ad-
vantages associated with the use of low-cost renewable feedstocks, reduced dependence on 
mineral resources, and waste valorization. However, conventional synthesis routes gener-
ally allow more consistent control over silica purity, particle morphology, and structural 
reproducibility. In terms of adsorption performance and stability, no universal superiority 
of either material can be assumed, because these properties depend strongly on synthesis 
conditions, surface chemistry, functionalization, and the target contaminant. Similarly, 
potential reductions in production cost, energy consumption, and environmental burden 
are process-dependent and should be verified by comparative techno-economic and life-
cycle assessments.

The data presented in Table 5 reveal considerable differences in the physicochemical 
properties of biosilica obtained from agricultural residues. Sol–gel processing of teff straw 
yielded silica with a specific surface area of 807.1 m2 /g [206], whereas microwave-assisted 
processing of rice husk produced materials with values ranging from 400 to 700 m2 /g [209]. 
Acid-leaching treatments resulted in specific surface areas of 234.25 m2 /g for rice husk [136], 
303 m2 /g for rice straw and horsetail [156], and 323 m2 /g for sugarcane biomass [138]. 
Silica purities of 99.7% were reported for the latter two materials. However, differences 
in processing conditions and incomplete reporting of silica yield and purity limit direct 
comparisons between these studies.

5.1. Influence of Temperature on Silica Structure
A comparison of materials obtained by different synthesis routes indicates that temper-

ature is a major factor influencing the structure of biosilica. As shown in Figures 15 and 16, 
silica obtained by the sol–gel and acid-leaching methods exhibits a predominantly amor-
phous structure at 600 °C, whereas treatment at 850 °C promotes the formation of crystalline 
phases [82,210]. In contrast, hydrothermal conditions may enable the formation of crys-
talline structures at considerably lower temperatures because elevated pressure and the 
aqueous reaction environment facilitate structural reorganization [176,211]. These observa-
tions demonstrate that the structural outcome depends not only on temperature itself but 
also on the applied synthesis route.

Figure 15. XRD pattern for silica obtained by the sol–gel method with a combustion step performed 
at 600 °C and 850 °C. Reproduced from Ref. [210] with permission from Springer.
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Figure 16. XRD pattern for silica obtained by the acid leaching method with a combustion step 
performed at 600 °C and 850 °C. Reproduced from Ref. [210] with permission from Springer.

5.2. Porosity and Specific Surface Area of Silica in Different Synthesis Methods
The data summarized in Table 5 indicate that the investigated synthesis routes 

can yield materials with substantially different specific surface areas. Sol–gel syn-
thesis can produce both microporous and mesoporous materials, while hydrothermal 
and acid-leaching approaches may also yield silica with diverse textural characteris-
tics [88,92,136,156,190,206,209,212]. Consequently, no synthesis method can be considered 
universally superior on the basis of specific surface area or pore size alone. Selection of the 
synthesis route should instead consider the required combination of structural properties, 
intended application, process complexity, and environmental burden.

5.3. Influence of Synthesis Conditions on Surface Functional Groups
The density and accessibility of surface silanol (Si-OH) groups depend on the con-

ditions used to obtain biosilica. Acid pretreatment facilitates the removal of inorganic 
impurities, whereas alkaline extraction and subsequent precipitation influence the devel-
opment of the silica structure and its surface properties [155,165]. Thermal treatment can 
promote the condensation of neighboring silanol groups into siloxane (Si-O-Si) bridges, 
leading to a decrease in surface hydroxylation. Consequently, an increase in specific surface 
area does not necessarily correspond to a higher density of chemically active sites [79].

Optimization of synthesis conditions should therefore consider surface chemistry along-
side porosity and purity. FT-IR and solid-state29 Si NMR spectroscopy can provide information 
on silanol groups and the degree of silica network condensation, helping to establish relation-
ships between processing conditions and the availability of reactive surface sites [155].

6. Applications of Biosilica
Silica obtained using environmentally friendly methods has a wide range of applications 

in cosmetics, medicine, agriculture, and environmental remediation [1,24,35,73,101,213,214]. 
The growing interest in using waste biomass as a source of silica is in line with the circular 
economy concept, which suggests a potential increase in the importance of this type of 
material in the future [1,33,214]. However, the potential environmental risks associated with 
biosilica application, including nanoparticle mobility, contaminant leaching, and long-term 
ecological effects, must also be considered, as discussed in Section 6.3.
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6.1. Agriculture
Biosilica is particularly relevant to sustainable agriculture, where advances in envi-

ronmentally friendly fertilizers and nanotechnology offer new opportunities to improve 
crop production efficiency. The literature indicates that nanosilica may act as a carrier 
of nutrients with controlled release, which creates a basis for the development of more 
advanced fertilization systems adapted to environmental conditions [215–217]. Importantly, 
the agricultural value of waste-derived biosilica is determined not only by silicon supply but 
also by its material characteristics. Its porous structure and modifiable surface enable biosil-
ica to function as a solid platform whose interaction with nutrients and soil components 
can be tailored through synthesis and post-treatment. Thus, agricultural-waste-derived 
biosilica should be considered not merely as a source of plant-available silicon, but as a func-
tional material whose physicochemical properties can be adjusted for specific agricultural 
applications [67,213,218].

The use of silica nanomaterials obtained by “green synthesis” methods makes it possi-
ble to limit nutrient losses, reduce doses of chemical fertilizers and pesticides, and increase 
the efficiency of their use by plants [218–221]. Therefore, further development of multifunc-
tional silica materials is anticipated, which may combine fertilizing, protective, and plant-
growth-stimulating properties [219–221]. Biosilica obtained from agricultural waste may be 
used to improve soil structure and increase its sorption capacity, which affects the availability 
and uptake of key nutrients such as carbon, nitrogen, and phosphorus [182,213,218,222].

Future applications may include the targeted modification of soil physicochemical 
properties to meet specific cultivation requirements and address challenges associated 
with climate change [213,218–222]. Thanks to its high specific surface area and developed 
porosity, silica exhibits the ability to store water, which is of particular importance under 
drought conditions [223,224]. Its use may lead to increased plant resistance to water 
stress and limitation of yield losses resulting from water deficiency [224–227]. In the 
context of progressing climate change, it is indicated that silica materials may constitute an 
important element of adaptation strategies in agriculture, especially in regions exposed to 
water deficit [225–229]. Drought-induced abiotic stress disrupts cell division, limits CO2 
assimilation, reduces leaf area, impairs photosynthetic activity, induces stomatal closure, and 
disturbs ionic homeostasis, ultimately decreasing plant productivity (Figure 17) [225–227]. 

Figure 17. Effect of drought on plants. Reproduced from Ref. [226] under the terms of the Creative 
Commons Attribution 4.0 License.
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In addition, biosilica may support nutrient uptake and contribute to improved plant 
growth and crop quality [225,230]. Under saline conditions, silicon supplementation 
may help limit the accumulation of potentially harmful ions, particularly Na+  and Cl− , 
in plant tissues [227,230]. One proposed mechanism involves silicon deposition in the 
root apoplast, which may strengthen apoplastic barriers and reduce the movement of ions 
into the xylem [227]. Although these effects demonstrate the potential benefits of silicon 
for plant stress tolerance, their direct applicability to agricultural-waste-derived biosilica 
requires further investigation.

6.2. Hazardous Contaminant Removal and Soil Remediation
In the context of progressive ecosystem degradation driven by intensive industrial-

ization, urbanization, and increasing anthropogenic pressure, the contamination of water 
and soil resources with heavy metals, metalloids, persistent organic pollutants (POPs), 
nutrients, pharmaceuticals, dyes, and agrochemicals remains one of the major challenges 
in contemporary environmental engineering [231]. Conventional treatment technologies 
based on physicochemical and biological processes are widely applied. However, their 
efficiency is often constrained by high operational costs, limited selectivity, sensitivity to 
wastewater matrix composition, and the generation of secondary waste requiring further 
management [231]. Within this framework, the circular economy paradigm has stimulated 
increasing interest in adsorbent materials derived from locally available bioresources, in-
cluding agricultural residues. Biosilica obtained from rice husk, wheat straw, sugarcane 
bagasse, and other lignocellulosic by-products represents a promising alternative to selected 
synthetic silica adsorbents produced from mineral raw materials through energy-intensive 
processes [35,232,233].

In the following discussion, direct performance comparisons are restricted to biosilica, 
silica derived from agricultural residues, and biosilica-containing composites. Raw agricul-
tural residues, biochars, and activated carbons are cited only as contextual references and 
are explicitly distinguished from silica-based materials because their surface chemistry and 
dominant adsorption mechanisms differ.

The potential of biosilica arises from its amorphous structure, developed porosity, 
reactive surface chemistry, and the possibility of valorizing large-volume agricultural waste 
streams [79,232,234].

Nevertheless, biosilica should not be considered a uniform class of materials, as its 
physicochemical properties strongly depend on the biomass source, pretreatment method, 
combustion or extraction conditions, post-synthetic modification, and particle size distribu-
tion [3,79,232]. These factors determine the specific surface area, pore architecture, surface 
silanol (Si-OH) density, ash purity, and the content of residual inorganic or organic compo-
nents [79,232]. The contaminant-removal performance of biosilica is therefore closely linked 
to both its porous architecture and surface chemistry [233–235]. In contrast to crystalline 
silica, amorphous biogenic silica is characterized by a hydroxylated surface containing 
silanol groups, which may participate in adsorption, ion exchange, surface complexation, 
hydrogen bonding, and further chemical functionalization [234,235].

These structure–property relationships are directly relevant to remediation performance 
because the accessibility and chemical nature of active surface sites determine not only adsorp-
tion capacity but also contaminant selectivity and immobilization efficiency. Consequently, 
biosilica performance should be interpreted in relation to both material characteristics and 
contaminant speciation rather than solely on the basis of maximum adsorption capacity. This is 
particularly important when comparing materials obtained from different agricultural residues 
and synthesis routes, for which differences in porosity, surface chemistry, and functionalization 
may lead to different dominant removal mechanisms.
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At the molecular level, metal-ion retention on biosilica surfaces may involve inner-
sphere complexation through direct coordination with surface oxygen atoms, as well as 
outer-sphere associations mediated by electrostatic interactions. The acid–base equilibrium 
of surface silanol groups and a simplified representation of divalent metal-ion binding can 
be expressed as follows:

≡Si-OH ⇌ ≡Si-O−  + H+ 

≡Si-O−  + M2+ ⇌ ≡Si-O-M+ 

where M2+  represents a divalent metal cation. Sjöberg [236] described the role of silica 
surface acid–base equilibria and metal-ion complexation in aqueous environments, while 
Mason et al. [237] provided experimental NMR evidence supporting the formation of inner-
sphere complexes involving Cu2+  and Ni2+  on deprotonated silanol sites of amorphous silica. 
Nevertheless, the relative contributions of different adsorption pathways depend on metal 
speciation, solution conditions, and surface characteristics. Therefore, adsorption isotherms 
and kinetic models alone are insufficient to establish the dominant binding mechanism, 
and complementary spectroscopic investigations are required for its reliable identification.

Despite the favorable properties of native biosilica, surface modification is frequently 
required to achieve higher selectivity toward specific contaminants, particularly in com-
plex water and wastewater matrices [235]. One of the most widely used approaches is 
silanization, which enables the introduction of targeted functional groups onto the SiO2 
surface. For instance, APTES (3-aminopropyltriethoxysilane) can form Si-O-Si linkages 
with surface silanols and introduce amino groups. Under acidic or near-neutral conditions, 
protonation of these amino groups may generate positively charged sites, thereby enhancing 
the adsorption of anionic dyes and oxyanions [238]. Such modification may improve the 
removal of anionic dyes, including methyl orange and Congo red, and may also support 
the binding of selected metal ions through complexation, chelation, and pH-dependent 
electrostatic interactions [235].

Another important modification pathway involves the incorporation of natural poly-
mers, such as chitosan and alginates, or synthetic polymers, including polyethyleneimine 
(PEI) and polyaniline (PANI). These hybrid systems combine the structural stability of the 
SiO2 matrix with a high density of polymer-derived binding sites [235]. Promising results 
have also been reported for biosilica hybrids with reduced graphene oxide (rGO).

Their synthesis may promote the formation of Si-O-C bridges, interfacial polarization, 
and heterogeneous active sites associated with structural defects [238]. In such systems, 
adsorption may involve π-π interactions, cation-π interactions, hydrogen bonding, and 
donor-acceptor interactions, which are particularly relevant for aromatic organic contami-
nants and dyes [238].

The incorporation of magnetic nanoparticles, such as Fe3 O4 , into silica-based matrices 
enables the separation of the adsorbent from treated water using an external magnetic 
field. This strategy may facilitate material recovery and regeneration. However, its practical 
applicability depends on synthesis cost, magnetic stability, resistance to iron leaching, 
regeneration efficiency, and the number of feasible reuse cycles [233,239]. Functionalization 
of biosilica with amino acids, such as L-cysteine, provides another route to introduce thiol, 
amino, and carboxyl groups. Such surfaces may exhibit zwitterionic character and high 
affinity toward Hg(II) species, mainly due to sulfur and nitrogen donor atoms. Materials 
of this type may retain sorption capacity even under acidic conditions, for example at 
pH ≈ 3, although their stability and selectivity should be verified individually in relevant 
environmental matrices [240].

The main surface active sites and their interactions with different classes of environ-
mental contaminants are summarized in Table 6.

https://doi.org/10.3390/ijms27219737

https://doi.org/10.3390/ijms27219737


Int. J. Mol. Sci. 2026, 27, 9737 29 of 46

Table 6. Surface active sites and their interactions with environmental contaminants.

Active Sites Contaminants Interaction Mechanism Ref.

Si–OH, Si–O− Pb2+ , Cu2+ , Ni2+ Surface complexation; 
electrostatic interactions [231,236,237,241]

–NH3 + Anionic dyes Electrostatic attraction [235]

–SH, –NH2 , –COOH Hg(II) and selected metal ions Coordination; chelation [240]

Metal-oxide surface sites (Fe, Al, Mn) Arsenic oxyanions Surface complexation; ligand 
exchange [235]

Aromatic sites in silica–rGO hybrids Aromatic dyes π-π interactions; hydrogen 
bonding [238]

Hydrophobic surface groups Persistent organic pollutants Hydrophobic interactions; van 
der Waals forces [242,243]

6.2.1. Removal of Inorganic Contaminants from Water and Wastewater
Heavy Metals

Due to the tunability of its surface properties, biosilica can be applied in the treatment 
of surface water, groundwater, and industrial wastewater. The adsorption of metal ions on 
silica-based materials occurs mainly through surface complexation, ion exchange involving 
protons from silanol groups, and electrostatic interactions controlled by pH, ionic strength, 
competing ions, and dissolved organic matter [234]. Therefore, adsorption capacities 
obtained in single-solute model systems should be interpreted cautiously, as real wastewater 
matrices may substantially alter sorption performance through competition, fouling, or 
changes in metal speciation. For comparison, non-silica agricultural adsorbents, including 
corn-straw and municipal-sludge-derived biochars [244] and raw rice husk biosorbent [245], 
have also been investigated for heavy-metal removal. However, their adsorption mechanisms 
are governed largely by carbonaceous and biomass-derived surface functionalities and are 
therefore not directly comparable with biosilica.

Lead ions (Pb2+ ) can exhibit considerable affinity for silica-based adsorbents, de-
pending on their surface chemistry and solution conditions. In studies on amphoteric 
polymer scaffolds containing biosilica (ACS-4B), an adsorption capacity of 539 mg/g was 
achieved [246]. Rice-husk-derived silica showed adsorption capacities of 270.63, 52.14, and 
21.69 mg/g for Pb2+ , Ni2+ , and Fe3+ , respectively, in battery wastewater [247], while a 
later study using rice-husk-derived silica nanoparticles reported capacities of 44.93 mg/g 
for Pb2+  and 37.91 mg/g for Cd2+ , with only 6–7% capacity loss after seven regeneration 
cycles [248].

Chromium occurs in industrial wastewater mainly in two oxidation states: Cr(III), 
which is generally less toxic and less mobile, and Cr(VI), which is highly toxic and carcino-
genic and may exhibit greater mobility depending on environmental conditions. Non-silica 
agricultural adsorbents have also been investigated for chromium removal. Wheat and corn 
straw showed adsorption capacities of 125.6 and 87.4 mg/g for Cr6+ , respectively [249], 
while activated carbon produced from sugarcane bagasse has also been applied to Cr6+ 
removal [250].

These examples are retained only as contextual comparisons and are not included in 
the direct assessment of biosilica performance because their adsorption mechanisms arise 
predominantly from lignocellulosic or carbonaceous surface functionalities. In addition, 
adsorption processes requiring strongly acidic conditions may have limited practical appli-
cability because of increased operating costs, corrosion risks, the need for post-treatment 
neutralization, and secondary waste generation. The maximum adsorption capacities re-
ported for selected biosilica and biosilica-containing materials are summarized in Table 7. 
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Direct comparison is restricted to materials in which silica constitutes the adsorbent matrix 
or a defined functional component, thereby avoiding comparison with raw biomass and 
conventional biochars having fundamentally different surface chemistries.

Table 7. Comparison of maximum adsorption capacities (Qmax ) of selected biosilica and biosilica-
containing materials for heavy-metal removal.

Adsorbent Metal Qmax  (mg/g) Optimum pH Isotherm Model Ref.

ACS-4B scaffold Pb2+ 539.0 2.9 n.d. [246]
ACS-4B scaffold Cr 585.0 2.9 n.d. [246]

SiO2 NPs@25 Pb2+ 270.63 8.0 Freundlich [247]
SiO2 NPs@25 Fe3+ 21.69 8.0 Freundlich [247]
SiO2 NPs@25 Ni2+ 52.14 8.0 Freundlich [247]

Rice husk silica-modified sludge-based biochar Pb2+ 230.5 n.d. n.d. [251]
Note: n.d.—not determined.

Metalloids and Oxyanions
For the removal of nutrient pollutants, silica-based materials modified with metal 

ions and zeolitic materials synthesized from rice husk ash are of particular interest. For 
example, Fe-ZSM-5 obtained from silica extracted from rice husk ash demonstrated the 
ability to adsorb ammonium and phosphate ions, indicating the potential of such materials 
for mitigating eutrophication [234]. In the case of arsenic, it is necessary to distinguish 
between As(III) and As(V), as these species differ markedly in speciation, charge, mobility, 
and affinity toward adsorbent surfaces. As(V) usually occurs as anionic species, whereas 
As(III), at near-neutral pH, may occur predominantly as a weakly dissociated or neutral 
species. Consequently, surface modification with iron, aluminum, or manganese oxides is 
commonly applied to enhance arsenic removal, and in some systems a prior oxidation step 
converting As(III) to As(V) may be required [234,235].

6.2.2. Removal of Organic Contaminants from Aquatic Systems
Textile Dyes

Dye pollutants originating from the textile industry constitute an important envi-
ronmental problem because many synthetic dyes exhibit toxicity, persistence, complex 
molecular structures, and limited biodegradability.

Functionalized biosilica enables dye removal through multiple mechanisms, including 
hydrophobic interactions, hydrogen bonding, electrostatic interactions, and, in systems 
containing aromatic structures, π-π interactions [235]. The stability of adsorbents during 
regeneration cycles depends on the nature of the contaminant, the type of functionalization, 
and the eluent used. Literature data indicate that selected silica adsorbents and nanoadsor-
bents may retain high performance after several regeneration cycles and may be suitable for 
repeated use when appropriate washing strategies are applied, including pH adjustment, 
salt solutions, solvents, or complexing agents [235,252]. Nevertheless, regeneration effi-
ciency should be evaluated together with possible loss of functional groups, desorption of 
retained contaminants, eluent toxicity, and the management of spent regenerant solutions. 
Moreover, repeated-use studies should include possible silica dissolution, leaching of incor-
porated metals or surface modifiers, changes in adsorption selectivity, and contaminant 
release during successive regeneration cycles, particularly under environmentally relevant 
pH, ionic-strength, and dissolved-organic-matter conditions.

Dyes such as methylene blue (MB, cationic) and Congo red (CR, anionic) can be removed 
simultaneously using advanced silica-based adsorbents. Amphoteric composite materials, 
such as ACS-4B, exploit the presence of -SiOH, -COOH, and -NH2  groups to regulate surface 
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charge as a function of solution pH [246]. For contextual comparison, untreated or processed 
lignocellulosic materials such as sugarcane bagasse pulp have also shown high methylene-blue 
removal efficiency [253]. However, these materials are not included in the direct comparison of 
biosilica performance because adsorption on lignocellulosic surfaces is governed by a different 
set of functional groups and structural features.

Dye adsorption kinetics are frequently described using the pseudo-second-order model; 
however, a good fit to this model does not, by itself, establish the underlying adsorption 
mechanism or identify the rate-controlling step [253].

Pharmaceuticals and Antibiotics
The increasing occurrence of pharmaceutical residues in surface waters necessitates 

the development of efficient methods for their extraction, immobilization, or degradation. 
Biosilica and biosilica-derived composites show potential in this field due to their tunable 
surface chemistry, but their selectivity and performance are strongly compound-specific 
and matrix-dependent.

Silica nanoparticles (SNPs) synthesized from sugarcane bagasse have been success-
fully applied for tetracycline removal, with optimal performance achieved at pH 7.0 [254]. 
Other agricultural-waste-derived materials, including N,S-codoped magnetic bagasse 
biochar [255] and biochars obtained from cotton-gin waste and guayule bagasse [256], 
have also been investigated for pharmaceutical adsorption.

These materials are mentioned only as contextual examples because their adsorption 
behavior is dominated by carbonaceous surface chemistry and cannot be directly extrapo-
lated to biosilica. Biochars derived from cotton and guayule waste have also demonstrated 
the ability to remove sulfapyridine (SPY), docusate (DCT), and erythromycin (ETM) [256]. 
Broader reviews of agricultural-waste-derived adsorbents have proposed parameters such 
as the Drug Mass Removal Rate (DMRR) for comparing pharmaceutical removal by non-
silica biosorbents [257]. Activated carbons and other carbonaceous materials derived from 
agricultural residues have also been investigated for pharmaceutical and related organic 
contaminant removal [257,258]. However, because these materials differ fundamentally 
from biosilica in composition and adsorption mechanism, their quantitative performance is 
not directly compared with biosilica in the present review.

Therefore, the limited number of studies directly investigating agricultural-waste-
derived biosilica for the removal of pharmaceuticals and antibiotics represents an important 
research gap.

Pesticides and Agrochemicals
Direct evidence for pesticide removal using agricultural-waste-derived biosilica re-

mains limited. Raw agricultural residues, including eucalyptus bark, corn cobs, and rice 
husks, have been investigated as sorbents for atrazine and imidacloprid [259], while biochar 
has also been evaluated as a soil amendment in systems containing glyphosate [260]. How-
ever, these materials are not biosilica, and their adsorption behavior is strongly influenced 
by lignocellulosic or carbonaceous domains, aromaticity, surface polarity, and organic func-
tional groups. Therefore, they are retained here only as contextual evidence and are not 
directly compared with biosilica. This distinction highlights the need for dedicated studies 
evaluating the contribution of silanol groups, silica porosity, and surface functionalization 
to pesticide adsorption by agricultural-waste-derived biosilica.

Persistent Organic Pollutants
Persistent organic pollutants (POPs), including organochlorine pesticides, polychlo-

rinated biphenyls (PCBs), and dioxins, represent a global environmental threat due to 
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their persistence, toxicity, bioaccumulation potential, and biomagnification in trophic 
chains [239,242,261]. Conventional wastewater treatment methods, such as coagulation 
and activated sludge processes, may be insufficient for some POPs, especially at low con-
centrations, under conditions of high hydrophobicity, or in the presence of complex or-
ganic matrices [239]. Silica nanomaterials, particularly after modification aimed at increas-
ing hydrophobicity or donor-acceptor affinity, may support POPs removal through van 
der Waals forces, hydrophobic interactions, π-π interactions, and donor-acceptor interac-
tions [242,243]. The integration of biosilica with advanced oxidation processes (AOPs) may 
expand its function from adsorption alone to supporting the degradation or mineralization 
of persistent organic compounds. However, in such systems, the formation and toxicity 
of transformation products must be carefully monitored, as partial degradation does not 
necessarily correspond to complete detoxification [262].

6.2.3. Soil Remediation Using Biosilica and Nanosilica
Soil is a complex matrix in which contaminants occur in various chemical forms that 

determine their mobility, bioavailability, and toxicity to plants and microorganisms. The 
application of biosilica and nanosilica in soil remediation is primarily aimed at reduc-
ing heavy metal mobility through adsorption, immobilization, and changes in chemical 
speciation [241,263]. The addition of nanosilica to contaminated soil may initiate several 
physicochemical processes. First, nanosilica may affect soil pH. In selected experimental 
systems, nanosilica application has been associated with an increase in soil pH, which may 
reduce the solubility of some metals through sorption, precipitation, or formation of less 
mobile species. However, this effect depends on soil type, buffering capacity, carbonate 
content, organic matter, and material dosage [262,264].

Second, metals such as Pb, Cu, and Zn may bind to silica surfaces or form surface com-
plexes and poorly soluble silicate species, thereby reducing their bioavailability [241,264]. 
Third, nanosilica may alter metal speciation. Sequential extraction studies have shown that 
nanosilica applied at doses of approximately 1000 mg/kg may decrease the proportion of 
metals in exchangeable fractions while increasing their association with Fe-Mn oxides, organic 
matter, and residual fractions [231]. At a nanosilica dose of 1000 mg/kg, the exchangeable 
fractions of Pb, Cu, Zn, Ni, and Cr decreased by 4.5–8.0% relative to the control, indicating the 
potential of nanosilica to reduce metal mobility in contaminated soils [231].

Importantly, this type of remediation primarily decreases contaminant mobility and 
bioavailability rather than the total contaminant concentration in soil [231,241]. The im-
mobilization effect should not be regarded as necessarily permanent, because changes in 
pH, redox conditions, ionic composition, or organic matter may modify contaminant speci-
ation and surface interactions, potentially leading to partial remobilization [231,241,263]. 
Therefore, long-term stability should be evaluated under variable environmental conditions 
rather than inferred solely from short-term decreases in mobile or extractable contaminant 
fractions. Moreover, silica nanoparticles may influence soil microbial communities, either 
directly through nanoparticle–microorganism interactions or indirectly through changes 
in soil chemistry, nutrient availability, and contaminant bioavailability. For example, Tian 
et al. demonstrated that SiO2  nanoparticle application altered soil metabolite profiles and 
bacterial and fungal community composition in the rhizosphere of pakchoi grown in con-
taminated mine soil [264]. Thus, assessment of microbial community structure and activity 
should be included in future long-term studies of biosilica-assisted soil remediation.

6.3. Limitations and Potential Environmental Risks of Biosilica Applications
Despite its potential benefits, biosilica application may also involve environmental 

risks that depend on soil properties, material characteristics, and application rates. Changes 
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in soil water retention and nutrient dynamics may influence water availability and nutrient 
transport under specific environmental conditions. Therefore, the long-term effects of 
biosilica application on soil hydrology and nutrient mobility should be evaluated under 
field conditions [223].

Additional risks may arise from the composition and physicochemical form of the 
biosilica itself. Residual inorganic or organic contaminants originating from the agricultural 
feedstock or introduced during processing may remain in the final material, while surface 
modifiers or incorporated metal-containing phases may potentially undergo leaching during 
environmental exposure. In the case of nanoscale biosilica, particle mobility, transformation, 
and interactions with biological components of soil should also be considered. Importantly, 
high adsorption or immobilization efficiency should not automatically be interpreted as 
reduced ecological risk, particularly when material ageing or changing environmental 
conditions affect contaminant retention [231,241,260,264].

Therefore, environmental safety assessments should complement conventional adsorption-
performance testing and include the evaluation of material purity, leaching behavior, ecotoxicity, 
long-term stability, and the environmental fate of nanoscale fractions.

7. Challenges, Research Gaps and Future Directions
7.1. Limitations of Current Biosilica Research

Despite the dynamic development of research on biosilica synthesis from agricultural 
waste, the current state of knowledge indicates that these technologies are still at a transi-
tional stage between basic research and potential industrial implementation [32,75,265].

One of the main limitations is the fragmented nature of available studies, which usually 
focus on selected aspects of the process, such as biomass type or individual synthesis 
parameters, without integrating them into a comprehensive framework. As a result, it is 
difficult to unequivocally determine optimal biosilica production strategies depending on 
its target application.

A significant challenge remains the high variability of biomass chemical composition, 
resulting from environmental, species-related, and agronomic differences. This variability 
directly affects the quality and reproducibility of the resulting materials, making it difficult 
to control their physicochemical properties. Consequently, synthesis processes often require 
additional purification stages, which increases their complexity and limits their scaling 
potential [38,79].

Despite extensive research on biomass-derived silica, several important knowledge 
gaps remain. In particular, quantitative evidence linking specific surface characteristics 
to contaminant selectivity and removal mechanisms is still insufficient. The effects of 
competing ions and organic matter on adsorption behavior have not been systematically 
evaluated across different biosilica materials. Furthermore, comparative studies addressing 
regeneration efficiency, contaminant desorption, and changes in surface properties during 
repeated adsorption cycles remain limited. These gaps restrict the assessment of biosilica 
performance under environmentally relevant conditions and hinder the identification of 
materials suitable for specific remediation applications.

7.2. Challenges for Scale-Up and Environmental Implementation
Another key challenge is process scalability. Most studies are carried out under labora-

tory conditions that do not reflect the complexity of industrial processes.
Scaling up these technologies requires optimization of energy consumption, reagent 

use, and processing time while maintaining consistent product quality. In this context, 
it becomes particularly important to take economic aspects and material efficiency into 
account [265].
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Paradoxically, although biosilica synthesis is often described as “green”, these processes 
may still require the use of strong chemical reagents, which generate additional environmen-
tal burdens. This points to the need for a more critical assessment of the actual sustainability 
of these technologies, taking into account the full life cycle of the material [32,75].

In the context of agricultural applications, the shortage of long-term studies and 
experiments conducted under field conditions is particularly visible. Current results, based 
mainly on laboratory and greenhouse studies, do not fully reflect the complexity of soil–
plant systems. This limits the possibility of assessing the actual effectiveness of biosilica 
and its impact on plant productivity and soil properties over the longer term [226,230].

An equally important research gap is the limited understanding of the long-term 
environmental impacts of biosilica. It remains particularly important to understand its 
mobility, transformations, and interactions with soil microorganisms. Increased water 
retention and changes in nutrient availability may lead to unintended environmental effects 
that require further investigation [223,224]. From the application perspective, there is also 
a clear shortage of comprehensive life-cycle and techno-economic assessments covering 
feedstock collection, reagent and water consumption, energy demand, waste generation, 
regeneration, and end-of-life management. Without such quantitative analyses, claims re-
garding the sustainability, economic competitiveness, or suitability of biosilica technologies 
for large-scale implementation should remain cautious.

7.3. Future Research Perspectives
Although pilot-scale production and field applications of silica-based materials have 

already been investigated, further research on agricultural-waste-derived biosilica should 
focus on the molecular mechanisms governing contaminant adsorption and immobiliza-
tion. Particular attention should be given to the influence of surface silanol groups, pore 
accessibility, and contaminant speciation on adsorption selectivity. Combining advanced 
spectroscopic techniques, such as FT-IR, XPS, and X-ray absorption spectroscopy, with molec-
ular modeling could provide deeper insight into surface complexation and competitive 
adsorption in multicomponent systems [231,235,241,263].

Another important direction is elucidating the mechanisms responsible for contami-
nant remobilization during changes in pH, ionic strength, and redox conditions, including 
the role of silica dissolution and surface transformations. Investigating these processes 
alongside biosilica-microorganism interactions could support the development of predic-
tive structure–property–performance relationships and the design of materials tailored to 
specific environmental applications [231,241,264].

8. Conclusions
Agricultural residues offer promising opportunities for biosilica production, combining 

waste valorization with environmental remediation. The reviewed studies demonstrate that 
feedstock composition and synthesis conditions determine the physicochemical properties 
of the resulting materials, while contaminant-specific surface interactions govern their 
removal efficiency. Although biosilica shows potential for water treatment and soil reme-
diation, its practical implementation remains limited by feedstock variability, insufficient 
validation under realistic environmental conditions, and uncertainties regarding regen-
eration and long-term stability. Future research should therefore focus on reproducible 
synthesis, performance evaluation in complex environmental matrices, and comprehensive 
environmental and techno-economic assessments. Addressing these challenges will be 
essential for developing biosilica-based remediation technologies that are effective, reliable, 
and sustainable.
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G.J. Quantification of Silicon Concentration in Sugarcane Ash Using the Neutron Activation Technique with an Isotopic Source 
Silva. Aust. J. Crop Sci. 2023, 17, 862–866. [CrossRef]

105. Martins, T.; de Sá, M.S.; Silva, W.R.; Schmitt, C.C.; Moreira, R.; Raffelt, K.; Dahmen, N.; Wisniewski, A. Sugarcane Biorefinery: 
Unlocking the Potential of the Pyrolytic Process to Convert Waste Biomasses into Value-Added Products. Energy Convers. Manag. 
2024, 318, 118913. [CrossRef]

106. Szczerbowski, D.; Pitarelo, A.P.; Zandoná Filho, A.; Ramos, L.P. Sugarcane Biomass for Biorefineries: Comparative Composition 
of Carbohydrate and Non-Carbohydrate Components of Bagasse and Straw. Carbohydr. Polym. 2014, 114, 95–101. [CrossRef] 
[PubMed]

https://doi.org/10.3390/ijms27219737

https://doi.org/10.18178/ijcea.2016.7.5.603
https://doi.org/10.1016/j.envres.2023.116002
https://www.ncbi.nlm.nih.gov/pubmed/37105288
https://doi.org/10.1051/bioconf/202520201003
https://doi.org/10.46488/NEPT.2023.v22i01.046
https://doi.org/10.1007/s12633-021-01293-z
https://doi.org/10.1080/10826068.2020.1793174
https://www.ncbi.nlm.nih.gov/pubmed/32713293
https://doi.org/10.4028/www.scientific.net/MSF.1010.532
https://doi.org/10.1016/j.proeng.2016.06.515
https://doi.org/10.3390/su14010539
https://doi.org/10.1007/s40684-024-00682-0
https://doi.org/10.5109/6792887
https://doi.org/10.1016/j.conbuildmat.2022.129142
https://doi.org/10.1016/j.jclepro.2022.131974
https://doi.org/10.1016/j.jiec.2015.04.009
https://doi.org/10.1016/j.jiec.2015.05.029
https://doi.org/10.1155/2017/6129035
https://doi.org/10.1039/D2RA07490G
https://www.ncbi.nlm.nih.gov/pubmed/36686953
https://doi.org/10.1080/02726351.2020.1734700
https://doi.org/10.1016/j.sajce.2026.100859
https://doi.org/10.21475/ajcs.23.17.11.p4017
https://doi.org/10.1016/j.enconman.2024.118913
https://doi.org/10.1016/j.carbpol.2014.07.052
https://www.ncbi.nlm.nih.gov/pubmed/25263869
https://doi.org/10.3390/ijms27219737


Int. J. Mol. Sci. 2026, 27, 9737 40 of 46

107. Manigandan, P.; Senthil Vadivu, K.; Veera, P.E.; Arul Jothi, G. Valorisation of Corn Waste as Fiber, Biosilica, and Their Epoxy 
Composites: Fatigue, Fracture Toughness, Water Absorption, and Drilling Properties. Biomass Convers. Biorefin. 2025, 15, 
16891–16903. [CrossRef]

108. Mohamad, D.F.; Osman, N.S.; Nazri, M.K.H.M.; Mazlan, A.A.; Hanafi, M.F.; Esa, Y.A.M.; Rafi, M.I.I.M.; Zailani, M.N.; Rahman, 
N.N.; Rahman, A.H.A.; et al. Synthesis of Mesoporous Silica Nanoparticle from Banana Peel Ash for Removal of Phenol and 
Methyl Orange in Aqueous Solution. Mater. Today Proc. 2019, 19, 1119–1125. [CrossRef]

109. Karumanchi, M.; Ruben, N.; Mikkili, I. Extraction and Microstructural Characteristics of Nanosilica from Cultivated Agricultural 
Wastes. J. Build. Pathol. Rehabil. 2022, 7, 15. [CrossRef]

110. Wahyuni; Zein, K.C.S.; Munawir; Ariadi, P.N. Effect of Mixing Coffee Husk Ash and as a Cement Replacement on The Strength of 
Concrete. IOP Conf. Ser. Earth Environ. Sci. 2023, 1140, 012019. [CrossRef]

111. Anuar, M.F.; Fen, Y.W.; Zaid, M.H.M.; Matori, K.A.; Khaidir, R.E.M. The Physical and Optical Studies of Crystalline Silica Derived 
from the Green Synthesis of Coconut Husk Ash. Appl. Sci. 2020, 10, 2128. [CrossRef]

112. Sahoo, S.; Basu, D.; Kumar, A.; Nawale, M.; Kadam, S.; Bhujbal, A.; Rajkumar, K.; Bhowmick, A.; Chattopadhyay, S. Bio-Based Oil 
Derived from Waste Coconut Shell: A Potential Additive for Enhancing Silanization in Silica Filled Styrene Butadiene Copolymer. 
J. Polym. Res. 2022, 29, 311. [CrossRef]

113. Sarker, A.; Rabbi, A.S.; Nadi, N.A.; Rahman, A.K.M.L.; Momin, A.A.; Ahmed, K.S.; Simol, H.A. Structural and Transport Properties 
of Newly Synthesized ZSM-5 Sourcing Silica from Coconut Shell Ash. Results Chem. 2024, 11, 101810. [CrossRef]

114. Tahir, Z.; Khan, M.I.; Ashraf, U.; Adan, I.R.D.N.; Mubarik, U. Industrial Application of Orange Peel Waste: A Review. Int. J. Agric. 
Biosci. 2023, 12, 71–76. [CrossRef] [PubMed]

115. Zanotti, K.; Igal, K.; Colombo Migliorero, M.B.; Gomes Zuin, V.; Vázquez, P.G. Synthesis of Silica-Based Materials Using 
Bio-Residues through the Sol-Gel Technique. Sustain. Chem. 2021, 2, 670–685. [CrossRef]

116. Retno, D.; Oktavia, B.; Dewata, I.; Khair, M. Determination of Optimum Conditions for Nitrate Anion (NO3 − ) Desorption on 
Mesoporous Silica Modified with Dimethylamine (DMA). IOP Conf. Ser. Earth Environ. Sci. 2023, 1228, 012038. [CrossRef]

117. Sapawe, N.; Osman, N.S.; Zakaria, M.Z.; Fikry, S.A.S.S.M.; Aris, M.A.M. Synthesis of Green Silica from Agricultural Waste by 
Sol-Gel Method. Mater. Today Proc. 2018, 5, 21861–21866. [CrossRef]

118. Jeelani, P.G.; Swetha, P.; Priya, S.; Ramalingam, C. Biogenic Systems of Mesoporous Silica and Its Potential Application in 
Agrochemical Delivery System. Int. J. Nanotechnol. 2021, 18, 545. [CrossRef]

119. Baah, T.T.; Balkan, M.; Carruthers, K.; Jung, S.E.; Kim, H.J. Integrating Waste Valorization into Engineering Education: Experiential 
Learning with Powdered Banana Peel as a Sustainable Cementitious Materials. Next Mater. 2026, 10, 101552. [CrossRef]

120. Sreeja, M.D.; Nalanth, N. Physicochemical Characterization of Natural Nanomaterial as a Sustainable Replacement of Cement. 
Mater. Today Proc. 2022, 65, 1120–1132. [CrossRef]

121. Hanumanthappa, S.; Bharath, T.K.; Chethan Naik, H.O.; Vaishali; Rajendra Prasad, D.S.; Pradeep, A.R. Investigation on Partial 
Replacement of Cement with Coconut Shell Ash and Coarse Aggregate with Coconut Shell with the Addition of Steel Fibers. 
Struct. Eng. Mech. 2025, 93, 125–134. [CrossRef]

122. Mohankumararadhya, H.M.; Wadappi, P.; Chandrashekar, A.; Naik, Y. Studies on Bio Waste Product Particle Reinforced Polymer 
Composites. AIP Conf. Proc. 2020, 2274, 030047. [CrossRef]

123. Arumugam, M.; Gopinath, S.C.B.; Anbu, P.; Packirisamy, V.; Yaakub, A.R.W.; Wu, Y.S. Efficient Copper Adsorption from Wastewa-
ter Using Silica Nanoparticles Derived from Incinerated Coconut Shell Ash. BioNanoScience 2024, 14, 2739–2749. [CrossRef]

124. Rafidah, H.S.; Prasetia, H.; Safaat, M.; Kurniawan, H.H.; Saefumillah, A. Potential of Coffee Waste as Nanocomposite and Activated 
Carbon for Efficiency Removal of PFOA and PFOS in Water. AIP Conf. Proc. 2023, 2902, 020006. [CrossRef]

125. Dewi, R.P.; Saputra, T.J.; Widodo, S. Techno Economic Analysis of Utilization of Coffee Husk Waste as an Alternative Energy 
Source. AIP Conf. Proc. 2023, 2706, 020164. [CrossRef]

126. Lee, S.; Qin, L.; Li, O.L. Reducing Sugar Production from Spent Coffee Grounds Using Microbubble-Assisted Synthesis of Silica 
Acid Catalyst. Catal. Today 2022, 388–389, 3–11. [CrossRef]

127. Kumar, S.; Soukup, M.; Elbaum, R. Silicification in Grasses: Variation between Different Cell Types. Front. Plant Sci. 2017, 8, 438. 
[CrossRef] [PubMed]

128. Zexer, N.; Kumar, S.; Elbaum, R. Silica Deposition in Plants: Scaffolding the Mineralization. Ann. Bot. 2023, 131, 897–908. 
[CrossRef] [PubMed]

129. Alam, P.; Yalcin, M.; Faizan, M.; Albalawi, T. Response of Tomato to Silicon Dioxide Nanoparticles under Salinity: Impact 
on Photosynthesis, Antioxidant Enzymes Activity, Stress Biomarkers and Osmoregulatory Substances. Plant Nano Biol. 2025, 
13, 100171. [CrossRef]

130. Coelho, A.R.F.; Simões, M.; Almeida, J.; Reboredo, F.H.; Cawina, J.; Lidon, F. Uptake, Translocation, and Yield Assessment of Ca, 
K, S, and Fe in Three Potato (Solanum tuberosum L.) Cultivars (Agria, Désirée, and Red Lady) Grown Under Varying Soil Types. 
Plants 2025, 14, 1351. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27219737

https://doi.org/10.1007/s13399-024-06306-6
https://doi.org/10.1016/j.matpr.2019.11.004
https://doi.org/10.1007/s41024-021-00152-z
https://doi.org/10.1088/1755-1315/1140/1/012019
https://doi.org/10.3390/app10062128
https://doi.org/10.1007/s10965-022-03168-2
https://doi.org/10.1016/j.rechem.2024.101810
https://doi.org/10.47278/journal.ijab/2023.046
https://www.ncbi.nlm.nih.gov/pubmed/38655229
https://doi.org/10.3390/suschem2040037
https://doi.org/10.1088/1755-1315/1228/1/012038
https://doi.org/10.1016/j.matpr.2018.07.043
https://doi.org/10.1504/IJNT.2021.116173
https://doi.org/10.1016/j.nxmate.2025.101552
https://doi.org/10.1016/j.matpr.2022.04.163
https://doi.org/10.12989/sem.2025.93.2.125
https://doi.org/10.1063/5.0022746
https://doi.org/10.1007/s12668-024-01523-9
https://doi.org/10.1063/5.0173062
https://doi.org/10.1063/5.0120293
https://doi.org/10.1016/j.cattod.2021.11.014
https://doi.org/10.3389/fpls.2017.00438
https://www.ncbi.nlm.nih.gov/pubmed/28400787
https://doi.org/10.1093/aob/mcad056
https://www.ncbi.nlm.nih.gov/pubmed/37094329
https://doi.org/10.1016/j.plana.2025.100171
https://doi.org/10.3390/plants14091351
https://www.ncbi.nlm.nih.gov/pubmed/40364380
https://doi.org/10.3390/ijms27219737


Int. J. Mol. Sci. 2026, 27, 9737 41 of 46

131. Mostofa, M.G.; Rahman, M.M.; Ansary, M.M.U.; Keya, S.S.; Abdelrahman, M.; Miah, G.; Tran, L.-S.P. Silicon in Mitigation of 
Abiotic Stress-Induced Oxidative Damage in Plants. Crit. Rev. Biotechnol. 2021, 41, 918–934. [CrossRef] [PubMed]

132. Hernández-Martínez, D.; Leyva-Verduzco, A.A.; Rodríguez-Félix, F.; Acosta-Elías, M.; Wong-Corral, F.J. Obtaining and Char-
acterization of Silicon(Si) from Wheat Husk Ash for Its Possible Application in Solar Cells. J. Clean. Prod. 2020, 271, 122698. 
[CrossRef]

133. Pinpat, W.; Keawwattana, W.; Tangbunsuk, S. Effect of Ashes as Biomass in Silica Filled Natural Rubber. Key Eng. Mater. 2017, 
735, 153–157. [CrossRef]

134. Zewide, Y.T.; Yemata, T.A.; Ayalew, A.A.; Kedir, H.J.; Tadesse, A.A.; Fekad, A.Y.; Shibesh, A.K.; Getie, F.A.; Tessema, T.D.; 
Wubieneh, T.A.; et al. Application of Response Surface Methodology (RSM) for Experimental Optimization in Biogenic Silica 
Extraction from Rice Husk and Straw Ash. Sci. Rep. 2025, 15, 132. [CrossRef] [PubMed]

135. Rakesh, B.; Chitdeshwari, T.; Maragatham, S.; Jeya Sundara Sharmila, D.; Senthil, A.; Chitra, N. Synthesis of Nanosilica from Rice 
Husk: Characterization and Silicon Release Pattern in Soil. Chem. Pap. 2025, 79, 685–697. [CrossRef]

136. Salim, Z.A.S.A.; Ismail, H.; Hassan, A.; Ismail, N.H.C.; Hashim, F. Characterisation of high purity rice husk silica synthesised 
using solvent-thermal treatment with different concentration of acid leaching. J. Teknol. 2023, 85, 101–110. [CrossRef]

137. Bageru, A.B.; Srivastava, V.C. Preparation and Characterisation of Biosilica from Teff (Eragrostis tef ) Straw by Thermal Method. 
Mater. Lett. 2017, 206, 13–17. [CrossRef]

138. Maseko, N.N.; Schneider, D.; Wassersleben, S.; Enke, D.; Iwarere, S.A.; Pocock, J.; Stark, A. The Production of Biogenic Silica 
from Different South African Agricultural Residues through a Thermo-Chemical Treatment Method. Sustainability 2021, 13, 577. 
[CrossRef]

139. Abla, K.K.; Mehanna, M.M. Freeze-Drying as a Tool for Preparing Porous Materials: From Proof of Concept to Recent Pharmaceu-
tical Applications. AAPS PharmSciTech 2025, 26, 159. [CrossRef] [PubMed]

140. Sonawane, S.; Setty, Y.P.; Sapavatu, S.N. Chemical and Bioprocess Engineering; Apple Academic Press: Waretown, NJ, USA, 2015; 
ISBN 9780429159749.

141. Khozyaev, I.; Savenkov, D.; Shcherbakov, A.; Mekhraliev, R.; Serdyuk, V. Vacuum Infrared Dryer for Drying Fruit. IOP Conf. Ser. 
Earth Environ. Sci. 2021, 937, 022092. [CrossRef]

142. Prabhakaran, P.; Raj, R.A.; Chanakyan, C.; Kumar, P.R. Synthesis of Biosilica from Tectonagrandis Leaves and It’s Incorporation in 
Solanumprocumbens Stem Fiber–Reinforced Epoxy Composites. Silicon 2025, 17, 4535–4546. [CrossRef]

143. Srithar, A.; Kaliappan, S.; Natrayan, L.; Ramya, M. Sustainable Synthesis of Biosilica Nanoparticles from Cassava Peels and 
Bamboo Fiber-Reinforced Epoxy Composite and Analyse Their Performances. Silicon 2025, 17, 4331–4340. [CrossRef]

144. Zing, B.Z.; Ambassa, L.M.M.; Ejolle, E.E.; Belibi, D.P.B.; Kede, C.M. Protection of Stored Common Bean and Maize Grains Using 
Optimally Synthesized Biosilica from Rice Husk Ash. J. Food Biochem 2024, 2024, 3741615. [CrossRef]

145. Yuan, S.; Hou, Y.; Liu, S.; Ma, Y. A Comparative Study on Rice Husk, as Agricultural Waste, in the Production of Silica Nanoparticles 
via Different Methods. Materials 2024, 17, 1271. [CrossRef] [PubMed]

146. Ngabirano, A.; Yiga, V.A.; Lubwama, M. Synthesis and Characterization of Mesoporous Bio-Silica Nanoparticles Developed from 
Rice Husks for Oil Spillage Remediation. Results Eng. 2026, 29, 109369. [CrossRef]

147. Narayanan, L.; Muthukumaran, S. Development of Silane-Treated Corn Husk Fiber and Agro-Waste BiofillerReinforced Epoxy 
Composite: Effects on Wear, Mechanical, Thermal, and Water Absorption Properties. Biomass Convers. Biorefin. 2024, 14, 
30801–30817. [CrossRef]

148. Singh, J.; Boddula, R.; Digambar Jirimali, H. Utilization of Secondary Agricultural Products for the Preparation of Value Added 
Silica Materials and Their Important Applications: A Review. J. Sol.-Gel Sci. Technol. 2020, 96, 15–33. [CrossRef]

149. El-Nahhal, I.M.; Salem, J.K.; Tabasi, N.S.; Hempelmann, R.; Kodeh, F.S. Synthesis and Structural Characterization of ZnO-and 
CuO-NPs Supported Mesoporous Silica Materials (Hexagonal SBA-15 and Lamellar-SiO2 ). Chem. Phys. Lett. 2018, 691, 211–218. 
[CrossRef]

150. Abreu, J.S.; Costa, L.M.; Ferreira, L.D.L.; de Oliveira, R.K.F.G.; Souza, T.d.C.C.d.; Nunes, E.H.M.; Houmard, M. Hydrothermal 
Treatment as a Tool to Tailor the Mesoporous Structure of Sol-Gel Silica. J. Non. Cryst. Solids 2023, 610, 122323. [CrossRef]

151. Aliyu, A.S.; Aliyu, U.S.; Hamza, A.M.; Nyakuma, B.B.; Liman, M.S.; Gaya, U.I.; Dunama, A.M.; Zira, J.D.; Liman, M.M. Synthesis 
and Characterisation of Rice Husk and Palm Fruit Bunch Silica: Compositional, Structural, and Thermal Analyses. Biomass 
Convers. Biorefin. 2025, 15, 3533–3544. [CrossRef]

152. Lei, Q.; Guo, J.; Noureddine, A.; Wang, A.; Wuttke, S.; Brinker, C.J.; Zhu, W. Sol–Gel-Based Advanced Porous Silica Materials for 
Biomedical Applications. Adv. Funct. Mater. 2020, 30, 1909539. [CrossRef]

153. Biswal, T. Biogenic Silica as Filler Material for Elastomers. In Biogenic Silica: Fundamentals and Applications; Nadda, A.K., Gupta, 
V.K., Eds.; Royal Society of Chemistry: Cambridge, UK, 2024; pp. 218–238. [CrossRef]

154. Kootstra, A.M.J.; Beeftink, H.H.; Scott, E.L.; Sanders, J.P.M. Comparison of Dilute Mineral and Organic Acid Pretreatment for 
Enzymatic Hydrolysis of Wheat Straw. Biochem. Eng. J. 2009, 46, 126–131. [CrossRef]

https://doi.org/10.3390/ijms27219737

https://doi.org/10.1080/07388551.2021.1892582
https://www.ncbi.nlm.nih.gov/pubmed/33784900
https://doi.org/10.1016/j.jclepro.2020.122698
https://doi.org/10.4028/www.scientific.net/KEM.735.153
https://doi.org/10.1038/s41598-024-83724-6
https://www.ncbi.nlm.nih.gov/pubmed/39747502
https://doi.org/10.1007/s11696-024-03805-8
https://doi.org/10.11113/jurnalteknologi.v85.18631
https://doi.org/10.1016/j.matlet.2017.06.100
https://doi.org/10.3390/su13020577
https://doi.org/10.1208/s12249-025-03117-4
https://www.ncbi.nlm.nih.gov/pubmed/40461910
https://doi.org/10.1088/1755-1315/937/2/022092
https://doi.org/10.1007/s12633-025-03522-1
https://doi.org/10.1007/s12633-025-03492-4
https://doi.org/10.1155/2024/3741615
https://doi.org/10.3390/ma17061271
https://www.ncbi.nlm.nih.gov/pubmed/38541425
https://doi.org/10.1016/j.rineng.2026.109369
https://doi.org/10.1007/s13399-024-05837-2
https://doi.org/10.1007/s10971-020-05353-5
https://doi.org/10.1016/j.cplett.2017.11.030
https://doi.org/10.1016/j.jnoncrysol.2023.122323
https://doi.org/10.1007/s13399-024-05525-1
https://doi.org/10.1002/adfm.201909539
https://doi.org/10.1039/9781839169717-00218
https://doi.org/10.1016/j.bej.2009.04.020
https://doi.org/10.3390/ijms27219737


Int. J. Mol. Sci. 2026, 27, 9737 42 of 46

155. Díaz-Tovar, D.; Centeno, M.A.; Molina, R.; Moreno, S. Comprehensive Understanding of the Experimental Factors Determining 
the Leaching of Rice Husk, and Their Effect on the Thermochemical Properties and Characteristics of Bio-Silica. Mater. Today 
Sustain. 2025, 30, 101122. [CrossRef]

156. Schneider, D.; Wassersleben, S.; Weiß, M.; Denecke, R.; Stark, A.; Enke, D. A Generalized Procedure for the Production of 
High-Grade, Porous Biogenic Silica. Waste Biomass Valorization 2020, 11, 1–15. [CrossRef]

157. Bageru, A.B.; Srivastava, V.C. Biosilica Preparation from Abundantly Available African Biomass Teff (Eragrostis tef ) Straw Ash by 
Sol-Gel Method and Its Characterization. Biomass Convers. Biorefin. 2018, 8, 971–978. [CrossRef]

158. Seroka, N.S.; Taziwa, R.; Khotseng, L. Green Synthesis of Crystalline Silica from Sugarcane Bagasse Ash: Physico-Chemical 
Properties. Nanomaterials 2022, 12, 2184. [CrossRef] [PubMed]

159. Heryanto, H. Rice Husk-Derived Biosilica/Clay Hybrids for Photocatalytic Dye Degradation. Mater. Chem. Phys. 2025, 332, 130245. 
[CrossRef]

160. Thuadaij, P.; Yodyingyong, S. Green Nanosilica and Highly Efficient Removal of Methylene Blue. Adv. Nat. Sci. Nanosci. 
Nanotechnol. 2023, 14, 035017. [CrossRef]

161. Setyawan, N.; Hoerudin; Wulanawati, A. Simple Extraction of Silica Nanoparticles from Rice Husk Using Technical Grade Solvent: 
Effect of Volume and Concentration. IOP Conf. Ser. Earth Environ. Sci. 2019, 309, 012032. [CrossRef]

162. Riyanto, A.; Machmudah, S.; Purwaningsih, S.Y.; Pratapa, S. Rice Husk-Based Silica: A Structural and Optical Study of Xerogel, 
Amorphous, and Crystalline Phases. Opt. Mater. 2025, 166, 117115. [CrossRef]

163. Astuti, W.; Hirajima, T.; Sasaki, K.; Okibe, N. Comparison of Effectiveness of Citric Acid and Other Acids in Leaching of Low-Grade 
Indonesian Saprolitic Ores. Miner. Eng. 2016, 85, 1–16. [CrossRef]

164. Osman, N.S.; Sapawe, N. Preparation of Amorphous Oil Palm Frond Ash (OPFA) via Acid Leaching Treatment as Precursor for 
Silica Synthesis. Mater. Today Proc. 2020, 31, 253–256. [CrossRef]

165. Setiawan, W.K.; Chiang, K.Y. Eco-Friendly Rice Husk Pre-Treatment for Preparing Biogenic Silica: Gluconic Acid and Citric Acid 
Comparative Study. Chemosphere 2021, 279, 130541. [CrossRef] [PubMed]

166. Andreola, F.; Barbieri, L.; Lancellotti, I. The Environmental Friendly Route to Obtain Sodium Silicate Solution from Rice Husk 
Ash: A Comparative Study with Commercial Silicates Deflocculating Agents. Waste Biomass Valorization 2020, 11, 6295–6305. 
[CrossRef]

167. Megawati; Fardhyanti, D.S.; Putri, R.D.A.; Fianti, O.; Simalango, A.F.; Akhir, A.E. Synthesis of Silica Powder from Sugar Cane 
Bagasse Ash and Its Application as Adsorbent in Adsorptive-Distillation of EthanolWater Solution. MATEC Web Conf. 2018, 237, 
02002. [CrossRef]

168. Rahmat, N.; Sabali, A.; Sandu, A.V.; Sahiron, N.; Sandu, I.G. Study of Calcination Temperature and Concentration of NaOH Effect 
on Crystallinity of Silica from Sugarcane Bagasse Ash (SCBA). Rev. Chim. 2016, 69, 1872–1875.

169. Lai, S.M.; Lai, H.Y.; Chou, M.Y. A Facile Approach for the Tunable Wormlike or Ordered Pore Morphology of Mesoporous Silica: 
Effect of Catalyst Types and Polyethylene Glycol. Microporous Mesoporous Mater. 2014, 196, 31–40. [CrossRef]

170. Rakesh, B.; Thiyagarajan, C.; Subbu, M.; Sharmila, J.S.; Alagarsamy, S.; Narayanasamy, C. Maize Stalks Derived Nanosilica: 
Synthesis, Characterization and Its Kinetics in Soil. J. Environ. Biol. 2024, 45, 476–486. [CrossRef]

171. Trinh, T.Q.; Mai, L.T.; Le, D.H.; Bon, V.; Simon, F.; Löffler, M.; Rellinghaus, B.; Al Aiti, M.; Cuniberti, G. Morphological 
Characteristics of Silica Nanoparticles Derived from Rice Husk for Expected Agricultural Application. Ceram. Int. 2024, 50, 
42072–42080. [CrossRef]

172. Chou, Y.J.; Shih, C.J.; Shih, S.J. Texture Evaluation of Sol-Gel Derived Mesoporous Bioactive Glass. Appl. Mech. Mater. 2013, 
284–287, 230–234. [CrossRef]

173. Naddaf, M.; Al-Shatter, R.; Harmlani, H.; Jeejan, T. Structural and Morphological Properties of Silica Extracted from Wild Oat 
Straw: Effect of Post-Thermal Treatment. Inorg. Mater. 2023, 59, 1034–1043. [CrossRef]

174. Liou, T.H.; Yang, C.C. Synthesis and Surface Characteristics of Nanosilica Produced from Alkali-Extracted Rice Husk Ash. Mater. 
Sci. Eng. B 2011, 176, 521–529. [CrossRef]

175. Elanthikkal, S.; Mohamed, H.H.; Alomair, N.A. Extraction of Biosilica from Date Palm Biomass Ash and Its Application in 
Photocatalysis. Arab. J. Chem. 2023, 16, 104522. [CrossRef]

176. Tessema, B.; Gonfa, G.; Hailegiorgis, S.M.; Venkatesa Prabhu, S. Characteristic Investigations on Bio-Silica Gel Prepared from Teff 
(Eragrostis tef ) Straw: Effect of Calcination Time. Mater. Res. Express 2023, 10, 115102. [CrossRef]

177. Nawaz, S.; Jamil, F.; Akhter, P.; Hussain, M.; Jang, H.; Park, Y.K. Valorization of Lignocellulosic Rice Husk Producing Biosilica and 
Biofuels—A Review. J. Phys. Energy 2023, 5, 012003. [CrossRef]

178. Bahoria, B.V.; Nandurkar, B.P.; Giri, P.J. Comprehensive Study on the Synthesis of Biosilica from Agricultural Wastes by Geoply-
merisation Technique. J. Ilin Univ. 2023, 42, 420–435. [CrossRef]

179. Carter, C.B.; Norton, M.G. Ceramic Materials: Science and Engineering, 2nd ed.; Springer: New York, NY, USA, 2013; ISBN 
978-1-4614-3522-8.

https://doi.org/10.3390/ijms27219737

https://doi.org/10.1016/j.mtsust.2025.101122
https://doi.org/10.1007/s12649-018-0415-6
https://doi.org/10.1007/s13399-018-0335-5
https://doi.org/10.3390/nano12132184
https://www.ncbi.nlm.nih.gov/pubmed/35808020
https://doi.org/10.1016/j.matchemphys.2024.130245
https://doi.org/10.1088/2043-6262/acf28b
https://doi.org/10.1088/1755-1315/309/1/012032
https://doi.org/10.1016/j.optmat.2025.117115
https://doi.org/10.1016/j.mineng.2015.10.001
https://doi.org/10.1016/j.matpr.2020.05.333
https://doi.org/10.1016/j.chemosphere.2021.130541
https://www.ncbi.nlm.nih.gov/pubmed/33873070
https://doi.org/10.1007/s12649-019-00849-w
https://doi.org/10.1051/matecconf/201823702002
https://doi.org/10.1016/j.micromeso.2014.04.043
https://doi.org/10.22438/jeb/45/4/MRN-5251
https://doi.org/10.1016/j.ceramint.2024.08.050
https://doi.org/10.4028/www.scientific.net/AMM.284-287.230
https://doi.org/10.1134/S0020168523090091
https://doi.org/10.1016/j.mseb.2011.01.007
https://doi.org/10.1016/j.arabjc.2022.104522
https://doi.org/10.1088/2053-1591/ad09a7
https://doi.org/10.1088/2515-7655/aca5b4
https://doi.org/10.5281/zenodo.8378439
https://doi.org/10.3390/ijms27219737


Int. J. Mol. Sci. 2026, 27, 9737 43 of 46

180. Sapei, L.; Suseno, N.; Riadi, L.; Padmawijaya, K.S.; Sari, T.; Wurarah, G.; Dewi, V. Biosilica Recovery from Pulped Rice Husk by 
Acid Precipitation. In Proceedings of the Chemeca 2018, Queenstown, New Zealand, 30 September–3 October 2018.

181. Ehlan, K.B.; Richardson, Y.; Lare, Y.; Ouedraogo, I.W.K.; Schubert, P.J. Eco-friendly synthesis of mesoporous silica from rice husk 
with coproduction of solid fuel and K2 SO4  fertilizer for biorefinery applications. Biomass Bioenergy 2026, 208, 108836. [CrossRef]

182. Dorairaj, D.; Govender, N.; Zakaria, S.; Wickneswari, R. Green Synthesis and Characterization of UKMRC-8 Rice Husk-Derived 
Mesoporous Silica Nanoparticle for Agricultural Application. Sci. Rep. 2022, 12, 20162. [CrossRef] [PubMed]

183. Al-Abboodi, S.M.T.; Al-Shaibani, E.J.A.; Alrubai, E.A. Preparation and Characterization of Nano Silica Prepared by Different 
Precipitation Methods. IOP Conf. Ser. Mater. Sci. Eng. 2020, 978, 012031. [CrossRef]

184. Hindarso, H.; Epriliati, I.; Hoerudin, D.; Yuliani, S. Synthesis and Characterization of Biosilica from Rice Husks as a Catalyst for 
the Production of Biodiesel. Fine Chem. Eng. 2021, 2, 41–46. [CrossRef]

185. Imoisili, P.E.; Ukoba, K.O.; Jen, T.C. Green Technology Extraction and Characterisation of Silica Nanoparticles from Palm Kernel 
Shell Ash via Sol–Gel. J. Mater. Res. Technol. 2020, 9, 307–313. [CrossRef]

186. September, L.A.; Kheswa, N.; Seroka, N.S.; Khotseng, L. Green Synthesis of Amorphous Silica Nanoparticles (SiO2 NPs) from 
Sugarcane Bagasse Ash by Sol-Gel Method. Next Mater. 2026, 10, 101396. [CrossRef]

187. Vaibhav, V.; Vijayalakshmi, U.; Roopan, S.M. Agricultural Waste as a Source for the Production of Silica Nanoparticles. Spectrochim. 
Acta A Mol. Biomol. Spectrosc. 2015, 139, 515–520. [CrossRef] [PubMed]

188. Thilagham, K.T.; Devi, G.G.; Kadirvel, A.; Kumar, D. Development of Wheat Husk Biosilica and Characterization of Its Areca 
Reinforced Polyester Composite. Biomass Convers. Biorefin. 2024, 14, 15483–15492. [CrossRef]

189. Gan, Y.X.; Jayatissa, A.H.; Yu, Z.; Chen, X.; Li, M. Hydrothermal Synthesis of Nanomaterials. J. Nanomater. 2020, 2020, 1–3. 
[CrossRef]

190. Hasri; Putri, S.E.; Anwar, M.; Askar, M. Synthesis of Rice Husk Nanosilica Using the Hydrothermal Method. IOP Conf. Ser. Earth 
Environ. Sci. 2023, 1209, 012011. [CrossRef]

191. Mathanker, A.; Das, S.; Pudasainee, D.; Khan, M.; Kumar, A.; Gupta, R. A Review of Hydrothermal Liquefaction of Biomass for 
Biofuels Production with a Special Focus on the Effect of Process Parameters, Co-Solvents, and Extraction Solvents. Energies 2021, 
14, 4916. [CrossRef]

192. Xiong, G.; Meng, F.; Liu, J.; Liu, L.; Zhao, L. Rapid Hydrothermal Synthesis of Hierarchical ZSM-5/Beta Composite Zeolites. RSC 
Adv. 2021, 11, 21235–21247. [CrossRef] [PubMed]

193. Zedin, N.K.; Ajeel, S.A.; Sukkar, K.A. Nanosilicon Powder Extraction as a Sustainable Source (from Iraqi Rice Husks) by 
Hydrothermal Process. AIP Conf. Proc. 2020, 2213, 020155. [CrossRef]

194. Vishakha, V.; Abdel-Mohsen, A.M.; Michalicka, J.; White, P.B.; Lepcio, P.; Tinoco Navarro, L.K.; Jančář, J. Carboxymethyl Starch as a 
Reducing and Capping Agent in the Hydrothermal Synthesis of Selenium Nanostructures for Use with Three-Dimensional-Printed 
Hydrogel Carriers. R. Soc. Open Sci. 2023, 10, 230829. [CrossRef] [PubMed]

195. Bathla, A.; Narula, C.; Chauhan, R.P. Hydrothermal Synthesis and Characterization of Silica Nanowires Using Rice Husk Ash: 
An Agricultural Waste. J. Mater. Sci. Mater. Electron. 2018, 29, 6225–6231. [CrossRef]

196. Hamidu, I.; Afotey, B.; Kwakye-Awuah, B.; Anang, D.A. Pretreatment strategies for rice husk valorization: Comparative analysis 
of leaching and hydrothermal regimes on silica recovery and purity. Waste Manag. Bull. 2026, 4, 100340. [CrossRef]

197. Faizul, C.P.; Chik, A.; Bari, F.; Noorina, H.J. Extraction of Silica from Palm Ash Using Organic Acid Leaching Treatment. Key Eng. 
Mater. 2013, 594–595, 329–333. [CrossRef]

198. Fadzil, N.F.M.; Zakaria, M.S.; Nordin, R.M.; Halim, K.A.A.; Hayazi, N.F.; Ibrahim, L.H. Short Review: Biowaste as a Source of 
Silica and Its Application as a Filler to Fabricate the Superhydrophobic Silica-Based Coating. Int. J. Nanoelectron. Mater. 2024, 17, 
327–332. [CrossRef]

199. Okada, K.; Arimitsu, N.; Kameshima, Y.; Nakajima, A.; MacKenzie, K.J.D. Preparation of Porous Silica from Chlorite by Selective 
Acid Leaching. Appl. Clay Sci. 2005, 30, 116–124. [CrossRef]

200. Pa, F.C.; Chik, A.; Bari, M.F. Palm Ash as an Alternative Source for Silica Production. MATEC Web Conf. 2016, 78, 01062. [CrossRef]
201. Cahyani, A.; Purwanto, P. Studies on Influence of Organic Acid Leaching Using CH3COOH and C4H6O6 on The Characteristics 

of Green Silica Produced for Sustainable Industrial Purpose. E3S Web Conf. 2024, 576, 06008. [CrossRef]
202. Prameswara, G.; Rahim, H.; Diana, S.; Azwar, M.; Baasir, N.R.; Trisnawati, I.; Supriadi, C.P.; Puspita, F. Silica Precipitation from 

Rice Husk Ash Leachate: Optimization and Kinetic Analysis. Chem. Pap. 2024, 78, 6363–6369. [CrossRef]
203. Azat, S.; Sartova, Z.; Bekseitova, K.; Askaruly, K. Extraction of High-Purity Silica from Rice Husk via Hydrochloric Acid 

Leachingtreatment. Turk. J. Chem. 2019, 43, 1258–1269. [CrossRef]
204. Azhar, M.H.A.M.; Bakar, M.A.A.; Ab Azam, S.A.A. Extraction of Silica from Sugarcane Bagasse via Acid Leaching Treatment. In 

International Conference and Exhibition on Sustainable Energy and Advanced Materials; Springer: Berlin/Heidelberg, Germany, 2022; 
pp. 63–67. [CrossRef]

205. Faizul, C.P.; Abdullah, C.; Fazlul, B. Extraction of Silica from Palm Ash via Citric Acid Leaching Treatment. Adv. Environ. Biol. 
2013, 7, 3690–3695.

https://doi.org/10.3390/ijms27219737

https://doi.org/10.1016/j.biombioe.2025.108836
https://doi.org/10.1038/s41598-022-24484-z
https://www.ncbi.nlm.nih.gov/pubmed/36424408
https://doi.org/10.1088/1757-899X/978/1/012031
https://doi.org/10.37256/fce.222021735
https://doi.org/10.1016/j.jmrt.2019.10.059
https://doi.org/10.1016/j.nxmate.2025.101396
https://doi.org/10.1016/j.saa.2014.12.083
https://www.ncbi.nlm.nih.gov/pubmed/25576950
https://doi.org/10.1007/s13399-022-03549-z
https://doi.org/10.1155/2020/8917013
https://doi.org/10.1088/1755-1315/1209/1/012011
https://doi.org/10.3390/en14164916
https://doi.org/10.1039/D1RA03064G
https://www.ncbi.nlm.nih.gov/pubmed/35478824
https://doi.org/10.1063/5.0000147
https://doi.org/10.1098/rsos.230829
https://www.ncbi.nlm.nih.gov/pubmed/37830030
https://doi.org/10.1007/s10854-018-8598-y
https://doi.org/10.1016/j.wmb.2026.100340
https://doi.org/10.4028/www.scientific.net/KEM.594-595.329
https://doi.org/10.58915/ijneam.v17i3.1119
https://doi.org/10.1016/j.clay.2005.04.001
https://doi.org/10.1051/matecconf/20167801062
https://doi.org/10.1051/e3sconf/202457606008
https://doi.org/10.1007/s11696-024-03541-z
https://doi.org/10.3906/kim-1903-53
https://doi.org/10.1007/978-981-19-3179-6_13
https://doi.org/10.3390/ijms27219737


Int. J. Mol. Sci. 2026, 27, 9737 44 of 46

206. Tessema, B.; Gonfa, G.; Hailegiorgis, S.M.; Venkatesa Prabhu, S. Synthesis and Characterization of Biosilica Gel Produced from 
Teff (Eragrostis tef ) Straw Using the Sol-Gel Technique. Bioresour. Technol. Rep. 2023, 22, 101497. [CrossRef]

207. Cividanes, L.S.; Campos, T.M.B.; Rodrigues, L.A.; Brunelli, D.D.; Thim, G.P. Review of Mullite Synthesis Routes by Sol–Gel 
Method. J. Sol.-Gel Sci. Technol. 2010, 55, 111–125. [CrossRef]

208. Shchipunov, Y. Biomimetic Sol–Gel Chemistry to Tailor Structure, Properties, and Functionality of Bionanocomposites by 
Biopolymers and Cells. Materials 2023, 17, 224. [CrossRef] [PubMed]

209. Pijarn, N.; Galajak, P. New Insight Technique for Synthesis of Silica Gel from Rice Husk Ash by Using Microwave Radiation. Adv. 
Mat. Res. 2014, 1025–1026, 574–579. [CrossRef]

210. Thayyullathil, A.; Naseera, C.M.; Liyakhath, F.M.; Vydhehi, E.K.; Sheeja, S.R.; Naduparambath, S.; Sasidharan, S. Effect of 
Temperature and Method of Synthesis on Morphology and Phase Transition of Amorphous and Crystalline Nano Silica Extracted 
from Mission Grass (Pennisetum polystachion). Silicon 2024, 16, 3491–3501. [CrossRef]

211. Zhang, X.; Jiang, S.; Liu, S.; Chen, L.; Tong, L. Influences of Crystallization Time and Molar Composition of Hydrogel on the 
Preparation of Sodalite, Cancrinite and Analcime. Dig. J. Nanomater. Biostruct. 2022, 17, 507–518. [CrossRef]

212. Polshettiwar, V. Dendritic Fibrous Nanosilica: Discovery, Synthesis, Formation Mechanism, Catalysis, and CO2  Capture–
Conversion. Acc. Chem. Res. 2022, 55, 1395–1410. [CrossRef] [PubMed]

213. Mindari, W.; Chakim, M.G.; Widjajani, B.W.; Sasongko, P.E.; Aditya, H.F.; Pazi, A.M.M.; Gandaseca, S. The Optimization of 
Biosilica and Humic Acid to Increase Soil Nutrient Availability and Nutrient Uptake in Rice Plant in Sandy Soil. Caraka Tani J. 
Sustain. Agric. 2024, 40, 18–33. [CrossRef]

214. Kumar, D.; Angural, S.; Sakshi; Dhawan, M.; Parmar, M.; Sharma, S. Production and Characterization of Biogenic Silica. In 
Biogenic Silica: Fundamentals and Applications; Nadda, A.K., Gupta, V.K., Eds.; Royal Society of Chemistry: Cambridge, UK, 2024; 
pp. 64–78.

215. Stojanova, M.T.; Djukic, D.A.; Stojanova, M. Nanofertilizers: A New Approach to Horticultural Nutrition. Int. J. Nanosci. 
Nanotechnol. 2025, 21, 49–58. [CrossRef]

216. Pan, W.; Zhang, H.-J.; Zhang, Y.-F.; Wang, M.; Tsui, M.T.-K.; Yang, L.; Miao, A.-J. Silica Nanoparticle Accumulation in Plants: 
Current State and Future Perspectives. Nanoscale 2023, 15, 15079–15091. [CrossRef] [PubMed]

217. Thakur, N.; Yadav, A.N. Nanotechnology in Agriculture: A Review on Precision Farming and Sustainable Crop Production. 
BioNanoScience 2025, 15, 243. [CrossRef]

218. Siwach, D.; Gupta, A. Efficacious Role of Biogenically Synthesized Silica Nanoparticles for Promoting Growth and Reducing 
Leaching in Wheat. J. Sustain. Agric. Environ. 2026, 5, e70142. [CrossRef]

219. Younas, A.; Fiaz, S.; Younis, R.M.W.; Riaz, N.; Rashid, M.; Tufail, A.; Noreen, Z.; Tariq, N. Applicability of Nanomaterials in 
Agriculture. In Revolutionizing Agriculture: A Comprehensive Exploration of Agri-Nanotechnology; Springer: Berlin/Heidelberg, 
Germany, 2024; pp. 17–56. [CrossRef]

220. Fincheira, P.; Tortella, G.; Seabra, A.B.; Quiroz, A.; Diez, M.C.; Rubilar, O. Nanotechnology Advances for Sustainable Agriculture: 
Current Knowledge and Prospects in Plant Growth Modulation and Nutrition. Planta 2021, 254, 66. [CrossRef] [PubMed]

221. Swain, R.; Behera, M.; Sahoo, S.; Rout, G.R. Nanoscience in Plant Stress Mitigation: A Comprehensive Review. BioNanoScience 
2025, 15, 24. [CrossRef]

222. Nadeem, M.; Anwar-Ul-Haq, M.; Xin, X.; Shohag, M.J.I.; Ayub, M.A.; Ahmad, W.; He, Z. Exogenous Application of Silica and Nano 
Silica Particles Improves Nutrient Acquisition and Growth of Maize (Zea mays L.) Under Saline and Water Deficit Conditions. 
Commun. Soil Sci. Plant Anal. 2025, 56, 1872–1888. [CrossRef]

223. Schaller, J.; Frei, S.; Rohn, L.; Gilfedder, B.S. Amorphous Silica Controls Water Storage Capacity and Phosphorus Mobility in Soils. 
Front. Environ. Sci. 2020, 8, 94. [CrossRef]

224. Schaller, J.; Cramer, A.; Carminati, A.; Zarebanadkouki, M. Biogenic Amorphous Silica as Main Driver for Plant Available Water 
in Soils. Sci. Rep. 2020, 10, 2424. [CrossRef] [PubMed]

225. Mathur, P.; Roy, S. Nanosilica Facilitates Silica Uptake, Growth and Stress Tolerance in Plants. Plant Physiol. Biochem. 2020, 157, 
114–127. [CrossRef] [PubMed]

226. Rakesh, B.; Chitdeshwari, T.; Mohanapriya, G. Fascinating Role of Nanosilica in Mitigating Drought and Nutrient Stress—A 
Review. Plant Stress 2024, 14, 100672. [CrossRef]

227. Thorne, S.J.; Hartley, S.E.; Maathuis, F.J.M. Is Silicon a Panacea for Alleviating Drought and Salt Stress in Crops? Front. Plant Sci. 
2020, 11, 1221. [CrossRef] [PubMed]

228. Husen, A.; Jawaid, M. (Eds.) Nanomaterials for Agriculture and Forestry Applications; Elsevier: Amsterdam, The Netherlands, 2020; 
ISBN 9780128178522.

229. Etesami, H. Enhancing Crop Disease Management through Integrating Biocontrol Bacteria and Silicon Fertilizers: Challenges 
and Opportunities. J. Environ. Manag. 2024, 371, 123102. [CrossRef] [PubMed]

230. Bekkam, R.; Thiyagarajan, C.; Ganesan, M. Nanosilica: Synthesis and Its Impact on Plant Nutrition and Stress Management. J. 
Soil Sci. Plant Nutr. 2025, 25, 5341–5365. [CrossRef]

https://doi.org/10.3390/ijms27219737

https://doi.org/10.1016/j.biteb.2023.101497
https://doi.org/10.1007/s10971-010-2222-9
https://doi.org/10.3390/ma17010224
https://www.ncbi.nlm.nih.gov/pubmed/38204077
https://doi.org/10.4028/www.scientific.net/AMR.1025-1026.574
https://doi.org/10.1007/s12633-024-02932-x
https://doi.org/10.15251/DJNB.2022.172.507
https://doi.org/10.1021/acs.accounts.2c00031
https://www.ncbi.nlm.nih.gov/pubmed/35499964
https://doi.org/10.20961/carakatani.v40i1.89018
https://doi.org/10.22034/ijnn.2025.2049877.2622
https://doi.org/10.1039/D3NR02221H
https://www.ncbi.nlm.nih.gov/pubmed/37697950
https://doi.org/10.1007/s12668-025-01861-2
https://doi.org/10.1002/sae2.70142
https://doi.org/10.1007/978-3-031-76000-6_2
https://doi.org/10.1007/s00425-021-03714-0
https://www.ncbi.nlm.nih.gov/pubmed/34491441
https://doi.org/10.1007/s12668-024-01734-0
https://doi.org/10.1080/00103624.2025.2480126
https://doi.org/10.3389/fenvs.2020.00094
https://doi.org/10.1038/s41598-020-59437-x
https://www.ncbi.nlm.nih.gov/pubmed/32051537
https://doi.org/10.1016/j.plaphy.2020.10.011
https://www.ncbi.nlm.nih.gov/pubmed/33099119
https://doi.org/10.1016/j.stress.2024.100672
https://doi.org/10.3389/fpls.2020.01221
https://www.ncbi.nlm.nih.gov/pubmed/32973824
https://doi.org/10.1016/j.jenvman.2024.123102
https://www.ncbi.nlm.nih.gov/pubmed/39471603
https://doi.org/10.1007/s42729-025-02468-y
https://doi.org/10.3390/ijms27219737


Int. J. Mol. Sci. 2026, 27, 9737 45 of 46

231. Samani, M.; Ahlawat, Y.K.; Golchin, A.; Alikhani, H.A.; Fathi-Gerdelidani, A.; Ahlawat, U.; Malik, A.; Panwar, R.; Maan, D.S.; 
Ahmed, M.; et al. Nano silica-mediated stabilization of heavy metals in contaminated soils. Sci. Rep. 2024, 14, 20496. [CrossRef] 
[PubMed]

232. Hamidu, I.; Afotey, B.; Kwakye-Awuah, B.; Anang, D.A. Synthesis of silica and silicon from rice husk feedstock: A review. Heliyon 
2025, 11, e42491. [CrossRef] [PubMed]

233. Gupta, N.; Tileshwar; Bhuneshwar; Bhumika; Khushboo; Tanu; Jagriti; Patel, A.R. Silica-Based Nanotechnologies for Dye Pollutant 
Removal: A Review of Functionalized versus Biogenic Approaches. Silicon 2026, 18, 1–24. [CrossRef]

234. Eren, S.; Türk, F.N.; Arslanoğlu, H. Synthesis of Zeolite from Industrial Wastes: A Review on Characterization and Heavy Metal 
and Dye Removal. Environ. Sci. Pollut. Res. 2024, 31, 41791–41823. [CrossRef] [PubMed]

235. Oduro, A.A.; Caesar, A.T. Surface Functionalization of Silica Materials for Enhanced Selectivity in Dye Adsorption. A Review of 
Chemical Modification Strategies. Int. J. Frontline Res. Eng. Technol. 2026, 5, 001–008. [CrossRef]

236. Sjöberg, S. Silica in aqueous environments. J. Non-Cryst. Solids 1996, 196, 51–57. [CrossRef]
237. Mason, H.E.; Harley, S.J.; Maxwell, R.S.; Carroll, S.A. Probing the Surface Structure of Divalent Transition Metals Using Surface 

Specific Solid-State NMR Spectroscopy. Environ. Sci. Technol. 2012, 46, 2806–2812. [CrossRef] [PubMed]
238. Leão, M.B.; Lopes, M.C.; Vendrame, L.F.; Dias, L.C.; Zanella, I.; Fagan, S.B.; Burrow, R.; Jauris, I.M.; de Matos Jauris, C.F. Interfacial 

synergy between biogenic silica and reduced graphene oxide: Experimental and theoretical insights into cationic pollutant 
adsorption. RSC Appl. Interfaces 2026, 3, 1067–1079. [CrossRef]

239. Kristanti, R.A.; Hadibarata, T.; Niculescu, A.G.; Mihaiescu, D.E.; Grumezescu, A.M. Nanomaterials for Persistent Organic 
Pollutants Decontamination in Water: Mechanisms, Challenges, and Future Perspectives. Nanomaterials 2025, 15, 1133. [CrossRef] 
[PubMed]

240. Moran-Salazar, R.G.; Manríquez-González, R.; Peregrina-Lucano, A.A.; Gutierréz-Ortega, J.A.; Lara, A.; Orozco-Guareño, E.; 
Macias-Lamas, A.M.; Badillo-Camacho, J.; Shenderovich, I.G.; Vazquez-Lepe, M.; et al. From Surface Energetics to Environmental 
Functionality: Mechanistic Insights into Hg (II) Removal by L-Cysteine-Modified Silica Gel. Gels 2026, 12, 141. [CrossRef] 
[PubMed]

241. Roy, P.; Ash, M. Influence of Silicon on Plant Uptake of Heavy Metals and Metalloid from Soil. In Futuristic Trends in Agriculture 
Engineering & Food Sciences; Ghosh, A., Mahajan, A., Langangmeilu, G., Ghosh, A., Soujanya, K., Eds.; IIP Series: Chikmagalur, 
India, 2022; pp. 107–129. [CrossRef]

242. Sağsöz, Y.D.; Mustafaoğlu, D. Persistent Organic Pollutants: Environmental Impact Assessment, Mechanisms of Transport, and 
Natural Degradation Approaches. Environ. Res. Technol. 2026, 9, 334–344. [CrossRef]

243. Boulkhessaim, S.; Gacem, A.; Khan, S.H.; Amari, A.; Yadav, V.K.; Harharah, H.N.; Elkhaleefa, A.M.; Yadav, K.K.; Rather, A.U.; 
Ahn, H.J.; et al. Emerging trends in the remediation of persistent organic pollutants using nanomaterials and related processes: A 
review. Nanomaterials 2022, 12, 2148. [CrossRef] [PubMed]

244. Wang, S.; Guo, W.; Gao, F.; Yang, R. Characterization and Pb(II) removal potential of corn straw- and municipal sludge-derived 
biochars. R. Soc. Open Sci. 2017, 4, 170402. [CrossRef] [PubMed]

245. Parashar, J.; Rajpoot, A. Adsorption of Heavy Metals from Synthetic Wastewater Using Rice Husk as a Biosorbent. Int. J. Eng. Res. 
Dev. 2025, 21, 254–259.

246. Joshi, U.; Satsangi, P.G. Amphoteric Polyelectrolyte Biosilica Scaffolds: Effective Adsorbents for Pollutant Removal. Langmuir 
2026, 42, 5863–5877. [CrossRef] [PubMed]

247. Mustapha, L.S.; Durosinmi, S.O.; Jacob-Oricha, S.O.; Lau, S.Y.; Obayomi, K.S. Rapid and effective adsorption of selected heavy 
metals from battery wastewater using silicon-oxide nanoparticles derived rice husk. Groundw. Sustain. Dev. 2023, 23, 101024. 
[CrossRef]

248. El-Nazer, W.Y.; Farrag, T.E.; Beheary, M.S.; Mansour, R.A. Biosynthesis, Characterization, and Utilization of Rice Husk Nanosilica 
in the Adsorption of Heavy Metals from Simulated Wastewater. Next Mater. 2025, 9, 101219. [CrossRef]

249. Chen, Y.; Chen, Q.; Zhao, H.; Dang, J.; Jin, R.; Zhao, W.; Li, Y. Wheat Straws and Corn Straws as Adsorbents for the Removal 
of Cr(VI) and Cr(III) from Aqueous Solution: Kinetics, Isotherm, and Mechanism. ACS Omega 2020, 5, 6003–6009. [CrossRef] 
[PubMed]

250. Ahmed, R.; Block, I.; Otte, F.; Günter, C.; Duarte-Rodrigues, A.; Hesemann, P.; Banerji, A.; Taubert, A. Activated Carbon from 
Sugarcane Bagasse: A Low-Cost Approach towards Cr(VI) Removal from Wastewater. Chemistry 2023, 5, 1124–1137. [CrossRef]

251. Li, Y.; Zhao, M.; Yan, H.; Chen, Y.; Liu, Y.; Jiang, H.; Chen, L.; Hou, S.; Chi, N.; Jia, S. Silica from rice husk for sludge-based biochar 
modification: As a novel adsorbent for lead. J. Water Process Eng. 2024, 60, 105218. [CrossRef]

252. Ighalo, J.O.; Yap, P.S.; Iwuozor, K.O.; Aniagor, C.O.; Liu, T.; Dulta, K.; Iwuchukwu, F.U.; Rangabhashiyam, S. Adsorption of 
persistent organic pollutants (POPs) from the aqueous environment by nano-adsorbents: A review. Environ. Res. 2022, 212, 
113123. [CrossRef] [PubMed]

253. Jawad, A.H.; Kadhum, A.M.; Abdulhameed, A.S. Wastewater treatment via sugarcane bagasse pulp for methylene blue removal: 
Adsorption kinetics, isotherm and thermodynamic studies. Int. J. Environ. Sci. Technol. 2023, 20, 12755–12770. [CrossRef]

https://doi.org/10.3390/ijms27219737

https://doi.org/10.1038/s41598-024-69182-0
https://www.ncbi.nlm.nih.gov/pubmed/39227459
https://doi.org/10.1016/j.heliyon.2025.e42491
https://www.ncbi.nlm.nih.gov/pubmed/40028602
https://doi.org/10.1007/s12633-025-03549-4
https://doi.org/10.1007/s11356-024-33863-0
https://www.ncbi.nlm.nih.gov/pubmed/38861062
https://doi.org/10.56355/ijfret.2026.5.1.0011
https://doi.org/10.1016/0022-3093(95)00562-5
https://doi.org/10.1021/es203733c
https://www.ncbi.nlm.nih.gov/pubmed/22316095
https://doi.org/10.1039/D5LF00350D
https://doi.org/10.3390/nano15141133
https://www.ncbi.nlm.nih.gov/pubmed/40711251
https://doi.org/10.3390/gels12020141
https://www.ncbi.nlm.nih.gov/pubmed/41745013
https://doi.org/10.58532/V2BS9CH10
https://doi.org/10.35208/ert.1618932
https://doi.org/10.3390/nano12132148
https://www.ncbi.nlm.nih.gov/pubmed/35807983
https://doi.org/10.1098/rsos.170402
https://www.ncbi.nlm.nih.gov/pubmed/28989751
https://doi.org/10.1021/acs.langmuir.5c06197
https://www.ncbi.nlm.nih.gov/pubmed/41816999
https://doi.org/10.1016/j.gsd.2023.101024
https://doi.org/10.1016/j.nxmate.2025.101219
https://doi.org/10.1021/acsomega.9b04356
https://www.ncbi.nlm.nih.gov/pubmed/32226881
https://doi.org/10.3390/chemistry5020077
https://doi.org/10.1016/j.jwpe.2024.105218
https://doi.org/10.1016/j.envres.2022.113123
https://www.ncbi.nlm.nih.gov/pubmed/35339467
https://doi.org/10.1007/s13762-023-04831-x
https://doi.org/10.3390/ijms27219737


Int. J. Mol. Sci. 2026, 27, 9737 46 of 46

254. Awodi, G.O.; Omoike, B.A.; Oloche, A.J.; Imoisi, C. Synthesis and characterization of silica nanoparticles derived from sugarcane 
bagasse for tetracycline removal from wastewater. Int. J. Biol. Chem. 2026, 20, 1–12. [CrossRef]

255. Wu, J.; Hou, B.; Wang, X.; Liu, Z.; Wang, Z.; Liu, B.; Li, S.; Gao, H.; Zhu, X.; Mao, Y. Preparation of N,S-Codoped Magnetic Bagasse 
Biochar and Adsorption Characteristics for Tetracycline. RSC Adv. 2022, 12, 11786–11795. [CrossRef] [PubMed]

256. Ndoun, M.C.; Elliott, H.A.; Preisendanz, H.E.; Williams, C.F.; Knopf, A.; Watson, J.E. Adsorption of Pharmaceuticals from 
Aqueous Solutions Using Biochar Derived from Cotton Gin Waste and Guayule Bagasse. Biochar 2021, 3, 89–104. [CrossRef]

257. Estrada-Almeida, A.G.; Castrejón-Godínez, M.L.; Mussali-Galante, P.; Tovar-Sánchez, E.; Rodríguez, A. Pharmaceutical pollutants: 
Ecotoxicological impacts and the use of agro-industrial waste for their removal from aquatic environments. J. Xenobiot. 2024, 14, 
1465–1518. [CrossRef] [PubMed]

258. Alrowais, R.; Said, N.; Bashir, M.T.; Ghazy, A.; Alwushayh, B.; Abdel Daiem, M.M. Adsorption of Diphenolic Acid from 
Contaminated Water onto Commercial and Prepared Activated Carbons from Wheat Straw. Water 2023, 15, 555. [CrossRef]

259. Mandal, A.; Singh, N.; Nain, L. Agro-waste biosorbents: Effect of physico-chemical properties on atrazine and imidacloprid 
sorption. J. Environ. Sci. Health B 2017, 52, 671–682. [CrossRef] [PubMed]

260. Dlamini, N.P.; Otomo, P.V. High rates of biochar soil amendment cause increased incidences of neurotoxic and oxidative stress in 
Eisenia fetida (Oligochaeta) exposed to glyphosate. Appl. Sci. 2022, 12, 2381. [CrossRef]

261. Kiki, C.; Ahlonsou, E.D.; Chabi, K.; Adéoyé, A.B.E. Persistent Organic Pollutants from Plastics: Sources, Environmental Monitoring, 
Toxicity, and Remediation Strategies. In Persistent Organic Pollutants—Monitoring, Treatment Technologies, and Health Effects; 
IntechOpen: London, UK, 2025. [CrossRef]

262. Singh, A.; Majumder, A.; Saidulu, D.; Bhattacharya, A.; Bhatnagar, A.; Gupta, A.K. Oxidative treatment of micropollutants present 
in wastewater: A special emphasis on transformation products, their toxicity, detection, and field-scale investigations. J. Environ. 
Manag. 2024, 354, 120339. [CrossRef] [PubMed]

263. Jan, S.; Bhardwaj, S.; Singh, B.; Kapoor, D. Silicon Efficacy for the Remediation of Metal Contaminated Soil. 3 Biotech 2024, 14, 212. 
[CrossRef] [PubMed]

264. Tian, L.; Shen, J.; Sun, G.; Wang, B.; Ji, R.; Zhao, L. Foliar Application of SiO2  Nanoparticles Alters Soil Metabolite Profiles and 
Microbial Community Composition in the Pakchoi (Brassica chinensis L.) Rhizosphere Grown in Contaminated Mine Soil. Environ. 
Sci. Technol. 2020, 54, 13137–13146. [CrossRef] [PubMed]

265. Van Hoang, C.; Thoai, D.N.; Cam, N.T.D.; Phuong, T.T.T.; Lieu, N.T.; Hien, T.T.T.; Nhiem, D.N.; Pham, T.-D.; Tung, M.H.T.; 
Tran, N.T.T.; et al. Large-Scale Synthesis of Nanosilica from Silica Sand for Plant Stimulant Applications. ACS Omega 2022, 7, 
41687–41695. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual 
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury 
to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27219737

https://doi.org/10.3923/ijbc.2026.01.12
https://doi.org/10.1039/D1RA08404F
https://www.ncbi.nlm.nih.gov/pubmed/35481070
https://doi.org/10.1007/s42773-020-00070-2
https://doi.org/10.3390/jox14040082
https://www.ncbi.nlm.nih.gov/pubmed/39449423
https://doi.org/10.3390/w15030555
https://doi.org/10.1080/03601234.2017.1331677
https://www.ncbi.nlm.nih.gov/pubmed/28679066
https://doi.org/10.3390/app12052381
https://doi.org/10.5772/intechopen.1011788
https://doi.org/10.1016/j.jenvman.2024.120339
https://www.ncbi.nlm.nih.gov/pubmed/38401495
https://doi.org/10.1007/s13205-024-04049-9
https://www.ncbi.nlm.nih.gov/pubmed/39193011
https://doi.org/10.1021/acs.est.0c03767
https://www.ncbi.nlm.nih.gov/pubmed/32954728
https://doi.org/10.1021/acsomega.2c05760
https://www.ncbi.nlm.nih.gov/pubmed/36406494
https://doi.org/10.3390/ijms27219737

	Introduction 
	Phytogenic Silica in Plants as a Source of Functional Materials 
	Agricultural Wastes Rich in Silica as Feedstocks for the Synthesis of Silica Materials 
	Rice Husk and Rice Straw 
	Corn 
	Sugarcane 
	Fruits 
	Potatoes 
	Wheat 

	Methods of Biosilica Synthesis from Plant Materials 
	Sol–Gel Method 
	Influence of Process Parameters in the Sol–Gel Method on the Properties of Nanosilica 
	Advantages and Disadvantages of the Sol–Gel Method 
	Examples of Obtaining Biosilica by Sol–Gel Method 

	Hydrothermal Method 
	Acid Leaching Method 
	The Role of Acid Type and Concentration in the Acid Leaching Method 
	Influence of Temperature and Reaction Time on the Acid Leaching Method 
	Examples of Obtaining Biosilica by the Acid Leaching Method 


	Comparison of Biosilica Production Methods 
	Influence of Temperature on Silica Structure 
	Porosity and Specific Surface Area of Silica in Different Synthesis Methods 
	Influence of Synthesis Conditions on Surface Functional Groups 

	Applications of Biosilica 
	Agriculture 
	Hazardous Contaminant Removal and Soil Remediation 
	Removal of Inorganic Contaminants from Water and Wastewater 
	Removal of Organic Contaminants from Aquatic Systems 
	Soil Remediation Using Biosilica and Nanosilica 

	Limitations and Potential Environmental Risks of Biosilica Applications 

	Challenges, Research Gaps and Future Directions 
	Limitations of Current Biosilica Research 
	Challenges for Scale-Up and Environmental Implementation 
	Future Research Perspectives 

	Conclusions 
	References



