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Abstract: Rice cultivation stands as a cornerstone of Sri Lanka’s economy, serving as a vital source 
of employment for rural communities. However, the constraints of limited land availability have 
prompted an escalating dependence on agrochemicals, notably for pest management, thereby 
posing significant threats to human health and the environment. This review delves into the 
exploration of silica nanoparticles as a promising eco-friendly substitute for conventional pesticides 
in the context of Sri Lankan rice farming. It comprehensively examines various aspects including 
the synthesis methods of silica nanoparticles, their encapsulation with synthetic pesticides, and an 
evaluation of their efficacy in pest control. Furthermore, it sheds light on the innovative utilization 
of agricultural waste such as rice husk and straw in the production of silica-based nano-pesticides. 
This approach not only demonstrates a shift towards sustainable agricultural practices but also 
aligns with the principles of green chemistry and circular economy, offering a holistic solution to 
the challenges faced by the rice farming sector in Sri Lanka. 
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1. Introduction 

During the second half of the nineteenth century, the strong growth of the world economy, 
including the industrial and agricultural sectors, led to the increasing production and use of 
agrochemicals, often with disastrous effects on the environment. The unwise use of pesticides and 
other persistent organic pollutants in agricultural soils has had devastating effects for the future [1]. 
The persistent and widespread presence of various agricultural pesticides and other organic 
pollutants due to their bioaccumulation and high toxicity has wreaked havoc on humans [1]. To 
overcome these obstacles and move the economy toward a more sustainable future, Anastas and 
Warner coined the term “green chemistry” in 1998. Twelve principles were used that were explored 
as ways to promote cleaner, more environmentally friendly chemistry, including the use of less 
hazardous substances and solvents and renewable feedstocks, and conceptual routes to encourage 
an atomic and energy economy through the reduction of unnecessary synthesis steps or the design 
of alternatives [2]. Based on the research summary of the application of green chemistry in agriculture 
in the past ten years, Perlatti et.al mentioned that one of the current trends in the development of 
biopesticides is nano-synthetic pesticides, because the technology can improve the stability and 
solubility of the natural products, and thus improve their efficacy [2]. 

The use of conventional pesticides has many negative externalities, including environmental 
degradation and pest resistance [3]. As a result, their use in commercial agriculture has been subject 
to regulatory restrictions, leading to a 2% annual decline in the use of synthetic pesticides and a 10% 
increase in the use of biopesticides as alternative agrochemicals [4]. Nanoparticles exhibit unique 
physical and chemical properties compared to bulk materials and have advantages due to these 
properties [5]. Similarly, silica nanoparticles play a variety of roles in various areas of agriculture and 
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exhibit unique physical and chemical properties over other sources of silica. Due to their unique 
properties, they have great potential for use in agriculture for mitigation of biotic and abiotic stresses. 
Silica nanoparticles can be used as insecticides for controlling a wide range of pests without pesticide 
hazards such as residue problems, environmental contamination, and the development of resistance, 
in addition to being a potential source of silica [6]. 

Rice (Oryza sativa L.) is a staple food in Sri Lanka. Rice cultivation is an important agricultural 
activity in Sri Lanka. As opportunities for further expansion of rice cultivation are limited, the 
government has prioritized increasing rice yields through active promotion of agrochemicals [7]. 
Although the country has banned a number of pesticides, excessive application of pesticides and poor 
policy enforcement have led to serious environmental pollution [8]. From 1991 to 2018, agricultural 
pesticide used in Sri Lanka increased by 43% [8]. 

Growing consumer concerns about the use of synthetic pesticides and their negative impacts, as 
well as the growing market for organic products, have forced the search for new alternatives, such as 
biopesticides. The use of these compounds has always been encouraged as they are promising 
alternatives for reducing the impacts caused by conventional systems. However, despite their many 
beneficial aspects, these compounds still face some challenges such as low storage capacity, rapid 
degradation, sensitivity to environmental conditions and poor field performance. As a result, 
commercially available chemical pesticides continue to dominate the global pesticide market [25]. 
Therefore, nano-pesticides are designed to reduce pesticide losses, increase pesticide utilization, and 
provide ideas for the development of sustainable agriculture. 

This review also aims to give a general overview of synthetic pesticide loaded on silica 
nanoparticles for the synthesis of controlled nanodelivery systems, nanopesticides, their advantages 
and limitations. This is followed by the results and discussion section which first presents current 
finding of cash crop yields in Sir Lanka, as they pertain rice. The factors affect farmers to use the 
pesticides, as well as major health consequences are discussed. The next section of the discussion 
reviews different types of nanoparticle technology are used to alternate the synthetic pesticides with 
a focus on the silica nanoparticle as insecticides. The application of silica nanoparticles to biopesticide 
is discussed as a strategy to improve the practicality of biopesticide. 

2. Synthetic Pesticides Usage in Sir Lanka 

Rice is a staple food in many Asian countries, with deep-rooted traditions and cultures, and as 
a result, it is widely cultivated in the region [9]. Similar to many other Asian countries, rice is the 
main crop grown in Sri Lanka. Currently, rice is the single most important food crop, accounting for 
34% (770,000 hectares) of the country’s total cultivated area. About 1.8 million farmers are engaged 
in rice cultivation throughout the island. Sri Lanka currently produces 2.7 million tons of rice 
annually, which meets 95% of the domestic demand. Rice provides 45% and 40% of the total calories 
[65]. 

A recent study estimated that 1.2 to 200 million tons of grain are lost annually in tropical Asian 
rice fields due to insects, diseases, and weeds [10]. The average loss in rice production across the 
region is estimated to be 37% [7]. The average region-wide loss of rice yield due to insect pests is 
estimated to be 37% [11]. Most farmers use pesticides to increase food production and crop yields. 
According to Jayasiri out of 20 pesticides tested in the water quality assessment, among them, 
diazinon and fipronil (shown in Figure 1) were detected as commonly used broad-spectrum active 
pesticides with the best concentration levels in the paddy field [12]. 
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Figure 1. The chemical structure of most often used pesticide in Sir Lanka. 

Even though Sri Lanka has restricted its use and banned a number of pesticides as recommended 
by the World Health Organization (WHO) guidelines, the excessive application of pesticides and 
poor policy implementation has led to serious environmental pollution. In fact, agricultural pesticide 
uses in Sri Lanka increased by 43% from 1991 to 2018 [13]. In addition, there have been multiple 
reports of pesticide misuse, including over-application, in rice cultivation in the country [7,15]. 
Rayasiri’s study found a variety of potentially adverse consequences of exposure to diazinon in fish, 
amphibians, insects, and beetles [15]. Imoro’s study also observed that that 50% of farmers are at risk 
of pesticide exposure through dermal contact, inhalation and ingestion during preparation and 
application to crops due to non-use of protective clothing [16]. 

It has been hypothesized that toxins and contaminants through food intake, direct ingestion of 
toxins, and chronic exposure to toxins and contaminants through drinking water may have a 
significant impact on the development of (chronic kidney disease of unknown etiology) CKDu in 
farmers working in rice fields [18]. In Sri Lanka, the study hypothesized that the CKDu causative 
factor is hydrogeochemical. Numerous publications have suggested that toxic elements found in 
agrochemicals are the likely cause of groundwater toxicity in the region [19,20]. The Wilgamuwa 
district is a CKDu-endemic area, and there is evidence of the presence of several compounds known 
to cause nephrotoxicity, many of which have been detected at concentrations higher than the 
recommended drinking water levels. Shipley testing of drinking water wells in the Wilgamuwa 
Agricultural District The most common chemical found in the samples was diazinon, which was 
detected throughout the year at levels well above the US EPA guideline of 7 µg/L [17]. 

In Sri Lanka, rice is harvested in only two seasons and therefore proper storage of rice is also an 
important factor in protecting the economy and food security. The rice weevil Sitophilus oryzae L. is a 
dominant pest of rice, wheat, maize and many other grain stores and has caused significant economic 
losses [22]. Over reliance and excessive use of synthetic pesticides especially insecticides over the last 
four decades have led to a wide range of pest problems such as pest resistance to chemicals, pest 
resurgence, residues in food and soil and threats to human and animal health, and environmental 
pollution [22]. 

Organophosphorus pesticides are excellent ecological alternatives to organochlorines, and they 
contain super-insecticides [23]. Aluminum phosphide (AlP) is used for crop protection storage and 
transportation [24]. But if farmers don’t handle and use AIP properly, AlP tablets release deadly 
phosphine gas when they come in contact with water. (The reaction mechanism is shown in Figure 
2). Unfortunately, there is currently no systemic treatment in dealing with phosphine gas poisoning 
[24]. 

 

Figure 2. The generation of phosphine gas when AIP reacts with water. 
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3. Biopesticides and Silica Nanoparticles 

Biopesticides are pest control agents made from microorganisms, plants and animals. Synthetic 
pesticides continue to strongly protect agricultural products, but their long-term use has similar 
consequences such as carcinogenicity and long-term environmental stability. To address these issues, 
there is a need to produce new types of pesticides [28]. Biopesticides are considered because they are 
safe and environmentally friendly. Biochemicals, microorganisms, and plant incorporated 
protectants (PIPs) are the three categories of biopesticides identified by the U.S. Environmental 
Protection Agency in Figure 3. 

 
Figure 3. Classification of pesticide based on synthetic and bio-pesticides. 

Microbial pesticides: Microorganisms such as viruses, bacteria, fungi, protozoa, and yeast are 
used in the production of biopesticides. Microbial pesticides are more effective alternatives to 
chemical insecticides. Their pathogenicity against target pests varies from species to species [29]. 
Most of the toxins produced by microbial pathogens are peptides, but they vary widely in structure 
and toxicity. Humans and other non-target species can benefit from the effectiveness and safety of 
pesticides. These pathogens leave little or no residue in food [27]. Microbial pesticides are ecologically 
safe and can increase biodiversity in managed ecosystems by eliminating the threat of other natural 
pests. Thus, microbial formulations are highly specific to the target pests, allowing beneficial insects 
to thrive in treated crops [27]. Subspecies and strains of Bacillus thuringiensis are the most widely 
used microbial pesticides in the control of as broad range of insects [29]. 

Biochemical pesticides are naturally occurring substances in the environment that control pests 
through non-toxic mechanisms. The mechanism of action of biochemical pesticides is different from 
that of conventional pesticides. While conventional pesticides act directly and destroy their targets, 
biochemical pesticides act indirectly. For example, they disrupt the sexual function of their targets. 
Natural plant-derived products such as terpenoids, alkaloids, phenols and other secondary chemicals 
can be used as biopesticides [27]. 

PIPs are pest control substances produced by plants and the genetic material needed by plants 
to make the substance. Most of the pesticides used are low molecular weight synthetic organic 
compounds. For example, Bacillus thuringiensis cotton is a genetically modified crop in which genes 
for the insecticidal proteins of Bacillus thuringiensis are introduced into the genome of the plant, 
enabling the plant to produce active peptides that kill the target pest directly However, genetically 
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modified organisms are still a controversial topic in agriculture, and there is more than a little 
resistance to their adoption [27]. 

Silica-based nanomaterials have been primarily evaluated for biomedical applications have 
become relatively new nanocarriers for agricultural applications [32–34,36–38]. Silica materials offer 
significant advantages over other materials because they provide a more mechanically stable 
structure than polymeric materials [39] and structural flexibility in the formation of nanomaterials 
with high-capacity active substance loading [40]. In addition, amorphous silica is biocompatible 
because it is classified by the U.S. Food and Drug Administration as a “Generally Recognized as Safe 
(GRAS)” material [27]. Previous studies have shown that silica-based nanomaterials, including 
nonporous silica nanoparticles, can be loaded and released with a variety of agrochemicals, 
mesoporous silica nanoparticles and hollow silica shell nanoparticles [41]. The latter is more 
favorable because the cores provide higher active substance loading capacity than non-porous and 
mesoporous silica nanoparticles [43]. In general, there are two techniques for active loading of core-
shell silica nanoparticles, namely post-loading and pre-loading. Post- loading is based on active 
substance diffusion into the internal space by submergence or high-pressure supercritical fluid 
[41,42]. 

The disadvantage of this method is that it promotes an initial burst of release in an aqueous-
based environment due to the presence of surface-associated active molecules, especially when 
water-soluble actives are used [44]. On the other hand, the preloading technique, which is based on 
the dissolution of the active substance in the template material prior to the formation of the silica 
shells, is more advantageous in reducing the possibility of the active substance adhering to the outer 
surface of the shells, thus increasing the flexibility of protection and release of the active substance 
[41]. Despite these advantages, the synthesis of core-shell silica nanoparticles most commonly 
involves chemical surfactants, templates, and toxic organic solvents, which must then be completely 
removed from the product [45]. Studies have shown that residual chemical surfactants embedded in 
silica nanomaterials can cause severe cytotoxicity [41]. This poses a significant environmental risk. In 
this regard, a superior strategy for synthesizing nanocarriers should enable preloading of actives with 
high loading capacity and involve only biocompatible components, thus avoiding time-consuming 
and cumbersome monitoring procedures to ensure complete removal of residual toxic components 
to a tolerable level. It may be considered environmentally safe [41]. 

3.1. Nanopesticide 

The addition of the prefix “nano” to the word pesticide denotes the formation of pesticide 
formulations of a specific size [26]. Bergeson suggests that very small particles of active ingredient or 
other small, engineered structures with preventive, eradicative, repellent, or mitigating properties 
for pests would be considered nanopesticides [49]. Thus, a wide range of nanomaterials that produce 
pesticide effects can be referred to as nanopesticides, such as nanometals and metal oxides, or non-
metals and their oxides [14,26,61]. 

In addition, nanomaterials have been used as carrier materials for the delivery of conventional 
pesticides. Certain nano-objects provide support for traditional pesticide active ingredients (AIs) to 
prepare nanostructured pesticide formulations through adsorption, ligand-mediated attachment, 
encapsulation, and encapsulation [50]. Nanomaterials for pesticide delivery, such as nanocapsules, 
nanocontainers and nanocages, and the utilization of these nanomaterials are good vehicles for the 
preparation of controlled release pesticide formulations (CRFs). These nanomaterials also protect 
active ingredients from premature degradation, improve stability and pest control efficacy, and 
reduce pesticide use [51]. 

3.2. Nanoencapsulation Silica Nanoparticles 

Pesticide nanocapsules are a delivery method in which the active ingredient is encapsulated in 
various nanomaterials and released in a controlled manner [27]. Nanomaterial encapsulation can 
prevent premature degradation (e.g., photolysis, hydrolysis, biodegradation, etc.) of the active 
ingredient as well as unnecessary losses due to leaching and volatilization, and is more effective than 
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traditional pesticide formulations in practical applications [27]. With rational design, nanomaterials 
can also enable the encapsulation system to exhibit slow-release behavior, extend the control cycle or 
give it stimulus-responsive release characteristics to achieve precise control [27]. 

Zhang et al. prepared novel targeted nanocapsules based on specific binding between receptor 
and ligand using covalent bonding of silica and dopamine to enhance the insecticidal efficacy of high 
potency lambda-cyhalothrin. The targeting release mechanism of λ-cypermethrin nanocapsules (NC) 
nanocapsules was verified by enzymatic analysis, fluorescent labeling and high performance liquid 
chromatography. The results showed that NC had a uniform particle size (800 nm) and about 31% 
(w/w) loading efficiency of λ-trifluthrin. The stability of λ-cypermethrin in nanocapsules was 
improved under different pH and temperature conditions [47]. 

Singh et al. reported a pioneering method for the green synthesis of high purity mesoporous 
silica nanoparticles by sol-gel method using aqueous extract of pericarp of Sapindus indica seeds as 
stabilizer [66]. The mesoporous nature of silica nanoparticles was utilized as a carrier for essential 
oils to develop carrier-based formulations. The in vitro antifungal activities of CEO and CEO-loaded 
silica nanoparticles (CEO-silica nanoparticles) were evaluated using agar plate assay. The UV-Vis 
results showed that the encapsulation rate of CEO in silica nanoparticles was 62.64%. The antifungal 
efficacy of CEO-silica nanoparticles against Fusarium spinosum showed the minimum inhibitory 
concentration (MIC) of 125 mg/L, whereas the MIC of CEO was 250 mg/L [66]. 

Ebadurahi et al. evaluated the encapsulation of thyme and thyme essential oils in silica MCM-
41 nanoparticles The major compound of T. eriocalyx was thymol (28.83%), while the major 
compound of T. kotschyanus was camphene (35.59%). Both the essential oils showed strong fumigant 
activity against female adults of the two-spotted leaf mite, T. kotschyanus. After encapsulation, the 
fumigation duration was extended by 14 days for T. eriocalyx and 13 days for T. kotschyanus 
compared to the crude essential oils Furthermore, the acaricidal activity was increased by 2.5-fold 
and 3.5-fold after encapsulation of the essential oils of T. eriocalyx and T. kotschyanus, respectively 
[46]. 

3.3. Nanoemulsion 

Oil/water emulsions consist of dispersed oil droplets stabilized in water. Nanoemulsions share 
the same principle, but they have a size range of 100 nm to 1 µm, whereas classical emulsions have a 
size larger than 1 µm [52]. One of the main characteristics that differentiate nanoemulsions from 
emulsions is the slow emulsification rate. Due to these characteristics nanoemulsions are guaranteed 
to have higher homogeneity and stability over the product life cycle [21,54]. 

Hashem et al. prepared and characterized a system based on the essential oil of Pimpinella anisum 
L. which contained >80% (E)-anetol. The authors also evaluated the bioactivity of the nanoemulsions 
against adult Erythrocystis spp. (morphological and histological effects). These results showed that the 
nanoemulsion had an average particle size of 198.9 nm, a PDI of 0.303, a zeta potential of -25.4 ± 4.47 
mV, and a conductivity of 0.029 mS/cm. the nanoemulsion was also effective in controlling A. 
ruderalis, with an LC50 of 9.3% v/v, and also showed significant morphological and histological 
damage. Thus, nanoemulsions showed higher efficacy against stored grain pests and contributed to 
the stability of essential oils [61]. 

Citronella oil and neem oil nanoemulsions alone and in combination were studied by Osman 
Mohamed Ali et al. as antifungal agents for crop pests. The droplet size of the nanoemulsions 
decreased with the increase in the ratio of surfactant to lemongrass oil or neem oil. Neem 
nanoemulsion combined with 5% lemongrass oil and lemongrass nanoemulsion combined with 5% 
neem oil were the best formulations among all the formulations tested. The ED 50 of neem oil 
nanoemulsions was 13.67 mg/L and 14.71 mg/L against Fusarium rickettsii and Fusarium rolfsii, 
respectively, whereas lemongrass nanoemulsions were 25.64 mg/L and 20.88 mg/L against Fusarium 
rickettsii and Fusarium rolfsii, respectively. The nanoemulsions showed higher antifungal activity as 
compared to the crude neem oil and lemongrass oil [52]. 

4. Preparation of Silica Nanoparticles 
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Mesoporous silica nanoparticles are considered as promising carrier materials for drug delivery 
systems due to their large specific surface area and pore volume, adjustable pore size and high 
biocompatibility [55,56]. Mesoporous silica nanoparticles are relatively safe for plants and have been 
reported to be used as pesticide carriers for pesticide delivery [57,58], and no growth inhibition or 
damage was observed in the applied plants during the experiments. In addition, the easily 
functionalized surface structure of mesoporous silica nanoparticles can be modified by responsive 
molecules or polymers,59,60 facilitating the construction of pesticide nanodelivery systems that are 
sensitive to external stimuli (e.g., pH, light, and temperature) for controlled release of pesticide 
components [35]. 

4.1. Silica Nanoparticles from Rice Husk 

According to Alhadhrami et.al experiment, they used silica sol-gel method to synthesis silica 
particles from ash by simultaneous hydrolysis and condensation reactions [65]. Silica nanoparticles 
were obtained from rice husk ash using the following steps: to remove dust and other soluble organic 
and inorganic impurities, rice husk was soaked and washed in distilled water. The washed rice husk 
was dried in an oven at 120°C for 24 hours. The dried rice husk was soaked in an acidic solution 
(HCl,0.2 mol/L) for 24 h (Eq. (1)) to dissolve the carbonate component [65]. Then rinsed repeatedly 
with distilled water to remove the acid, and then air-dried for another 24 h. The purified rice husk 
was combusted in a muffle furnace at 800°C for 1 h. The purified rice husk was then burned in a 
muffle furnace at 800°C for 1 h. Then, 10 g of burned rice husk ash was mixed with 2.5 M NaOH. The 
mixture was then heated for 4 hours and then filtered to obtain a colorless viscous solution. This 
solution was designated as Na2SiO3 reserve solution (Equation (2)) [65]. Next, the Na 2SiO3 solution 
was reacted with HCl to obtain an aqueous silica solution (Equation (3)) [65]. Subsequently, 1 g of the 
aqueous silica solution was mixed with 142.8 mL of ethanol, 20 mL of water, and 3.14 mL of ammonia 
solution and stirred at room temperature for 1 hour. The mixture was then mixed with a quaternary 
cationic ammonium surfactant and subsequently stirred at room temperature for 4 hours. The 
mixture was left for 48 hours to evaporate the solvent and form a gel. Finally, silica nanoparticles 
were prepared by calcining the gel at 600 °C for 2 hours (Equation (4)) [65]. 

𝑆𝑆𝑆𝑆𝑆𝑆2(𝑅𝑅𝑅𝑅𝑅𝑅)(𝑠𝑠) + 2𝐻𝐻𝐶𝐶𝐶𝐶(𝑎𝑎𝑎𝑎) + 𝐻𝐻2𝑂𝑂(𝑙𝑙) → 𝐻𝐻2𝑆𝑆𝑆𝑆𝑂𝑂3(𝑠𝑠) + 2𝐶𝐶𝐶𝐶(𝑎𝑎𝑎𝑎)
− + 2𝐻𝐻(𝑎𝑎𝑎𝑎)

+  (1) 
𝐻𝐻2𝑆𝑆𝑆𝑆𝑆𝑆3(𝑆𝑆) + 2𝑁𝑁𝑁𝑁𝑁𝑁𝐻𝐻(𝑙𝑙) 𝑁𝑁𝑁𝑁2𝑆𝑆𝑆𝑆𝑆𝑆3(𝑙𝑙)→

Δ + 2𝐻𝐻2𝑂𝑂(𝑙𝑙) (2) 
𝑁𝑁𝑁𝑁2𝑆𝑆𝑆𝑆𝑆𝑆3(𝑙𝑙) + 2𝐻𝐻𝐻𝐻𝑙𝑙(𝑙𝑙) → 𝑆𝑆𝑆𝑆𝑂𝑂2(𝑎𝑎𝑎𝑎) + 2𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶(𝑎𝑎𝑎𝑎) + 𝐻𝐻2𝑂𝑂(𝑙𝑙) (3) 
𝑆𝑆𝑆𝑆𝑂𝑂2(𝑎𝑎𝑎𝑎) + 𝐶𝐶2𝐻𝐻5𝑂𝑂𝑂𝑂,𝑁𝑁𝑁𝑁4𝑂𝑂𝑂𝑂 → 𝑆𝑆𝑆𝑆𝑂𝑂2𝑁𝑁𝑁𝑁𝑁𝑁 (4) 

4.2. Silica Nanoparticles from Paddy Straw 

The use of paddy straw (PS) to extract silica nanoparticles was proposed by Singh et al. The 
method is in a different order but similar in approach to that of Alhadhrami et.al. PS was rinsed with 
distilled water and dried at 105°C. The dried substrate was pulverized. The powdered PS was passed 
through a standardized 22 mesh sieve. The powdered straw was burnt to ash using a muffle furnace 
at 600°C for 4 hrs. 5 g of ash was suspended in 500 mL of 0.5 M NaOH. The solution was maintained 
at 100°C and stirred vigorously for 4 hours to produce a sodium silicate solution, slurry mixture. The 
slurry was further filtered, and non-reactive impurities were removed by washing with deionized 
water. The silica in the PS was dissolved in sodium hydroxide to produce a sodium silicate solution 
(Equation 5) [66]. The sodium silicate solution is further titrated with 10% hydrochloric acid and S. 
mukorossi aqueous extract to produce silica gel (Equation 6) [66]. For complete precipitation, the silica 
gel was precipitated by continuous stirring for 24 hours followed by providing stagnant conditions 
for another 48 hours. Sulfate was removed from the gel using water and ethanol and the resulting 
silica gel was dehydrated by freeze drying and further stored in a vacuum desiccator [66]. 

𝑆𝑆𝑆𝑆𝑂𝑂2(𝑠𝑠) + 2𝑁𝑁𝑁𝑁𝑁𝑁𝐻𝐻(𝑎𝑎𝑎𝑎) → 𝑁𝑁𝑁𝑁2𝑆𝑆𝑆𝑆𝑂𝑂3(𝑎𝑎𝑎𝑎) + 𝐻𝐻2𝑂𝑂(𝑙𝑙) (5) 
𝑁𝑁𝑁𝑁2𝑆𝑆𝑆𝑆𝑂𝑂3(𝑎𝑎𝑎𝑎) + 2𝐻𝐻𝐶𝐶𝐶𝐶(𝑎𝑎𝑎𝑎) → 𝑆𝑆𝑆𝑆𝑂𝑂2(𝑎𝑎𝑎𝑎) + 2𝑁𝑁𝑁𝑁𝑁𝑁𝑙𝑙(𝑎𝑎𝑎𝑎) + 𝐻𝐻2𝑂𝑂(𝑙𝑙) (6) 
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Figure 4. Schematic representation of silica nano synthesis by sol-gel method using aqueous extract 
of paddy straw. Adapted from 66. 

5. Preparation of Silica Nanopesticides 

Among nanomaterials, silica nanoparticles have received much attention as potential 
alternatives to conventional insecticides. The insecticidal properties of silica nanoparticles are 
thought to be due to direct abrasion of the insect cuticle [68–70] or adsorption through the cuticle [71]. 
Silica NPs may also have an indirect insecticidal effect on pests feeding on treated plants or food by 
blocking the digestive tract11 and inducing external morphological malformations. Silica may also 
damage the digestive tract of herbivorous insects that feed on silica-treated plants [72]. 

5.1. Silica Nanopesticides from Pickering Emulsion 

A new method for single-cell microencapsulation in oil-in-water (o/w) Pickering emulsions was 
presented by Yaakov et al. The water/paraffin emulsion is stabilized by amine-functionalized silica 
nanoparticles [36]. The highest stability of more than one year was achieved when the silica content 
was 5 wt% and the oil/water ratios were 20:80 and 30:70.36 The viability of Green Streptomyces 
conidiophores encapsulated in silica-NH2 Pickering emulsion was further characterized by culturing 
the Metarhizium Conidia on Sartre’s dextrose agar (SDA) growth medium. The germination rate of the 
encapsulated was 85 ± 8.3%. Mortality of larvae treated with conidia incorporated in Pickering 
emulsion was 75%. The incorporation of conidia into o/w silica-NH2 Pickering emulsion resulted in 
a substantial reduction in the time to lethality of the larvae of the northern Sabine nightshade to 4.89 
[36]. 
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Figure 5. Schematic representation of silica-NH2 oil/water Pickering emulsions for biopesticide 
formulations. (a) Dispersion of silica-NH2 particles in water, sonicated with paraffin oil to form silica-
NH2 Pickering emulsion. (b) Single-cell encapsulation of Metarhizium Conidia Pickering emulsion. (c) 
Spray assay of leaves to assess cell distribution and biological function. Adapted from 36. 

5.2. Loading Pesticide in Silica Nanoparticles 

To realize the sensitive response of nanopesticides to external stimuli, the outer surface of 
nanocomposites is usually modified with responsive gatekeeper molecules [62]. Polydopamine 
(PDA), a mussel-inspired material, has attracted much attention due to its good biocompatibility, 
strong adhesion, and high photothermal conversion efficiency [63]. 

Kan et al. constructed a smart pesticide nanocomposite with a PDA-modified mesoporous silica 
nanocomposite (MSN) framework, which enables alkali stimulation-triggered release of pesticide 
molecules. Chlorpyrifos (Cpf), a broad-spectrum organophosphorus insecticide with touch and 
stomach toxicity, was selected as a model pesticide because of its wide application in agriculture to 
kill pests [35]. For Cpf loading, 0.2 g of MSN was immersed in a Cpf/ethanol solution (20 mL) at a 
concentration of 10 g/L in an amber-colored glass tube; the suspension was then shaken overnight on 
a rotary shaker at room temperature. The products were then collected by 3 cycles of ultrapure water 
washing and centrifugation, and the Cpf-loaded MSNs were lyophilized and referred to as Cpf-MSNs 
[35]. 100 mg of Cpf-MSNs was dispersed in 100 mL of Tris-HCl buffer solution (pH 8.5, 10 mM). After 
stirring for a period, 100 mg of dopamine hydrochloride (1 g/L) was added, and stirring was 
continued at room temperature for 24 h. Finally, a black pellet was obtained by centrifugation and 
washed several times with ultrapure water to remove unpolymerized dopamine and lyophilized the 
PDA-encapsulated Cpf-MSNs abbreviated as Cpf-MSNs@PDA [35]. The possible mechanism is 
shown in Figure 6 [35]. 

 

Figure 6. Schematic diagram of Cpf-MSNs@PDA nanopesticide complexes constructed by Cpf 
loading and PDA modification [35].. 

Nanopesticides can be formulated in a variety of ways that can be further categorized according 
to their type. As shown in Table 1, various researchers have been working on these methods for more 
than a decade. The various methods in the table are listed in the following order: nanoemulsion, 
polymer-based and inorganic active intergredients. It has been observed that nanogels and 
nanofibers play an important role in the polymer-based portion of the table, and a special subsection 
is needed to highlight their contributions. Note that as the field advances, it should be recognized 
that other methods may emerge in addition to those listed below [48]. 

Table 1. Some of the different types of formulations for nanopesticides. 

Type and pesticide Improved extent modified by nanoformulations Ref 

1. Nanoemulsion 
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a. Clove oil 

Formulation of nanopesticides using ultrasonic 
emulsification with droplet size of 100 nm and validity of 

up to six months 
 

73 

b. Limonoids 

Lemon bitters is an agricultural acaricide with >9.7-fold 
acaricidal activity and is very effective against the 

vermilion mite. 
 

74 

c. Tebuconazole 
(TBZ) 

A low energy method was used to form TBZ 
nanoemulsions with droplet sizes ranging from 9 nm to 

250 nm. It can be used as an effective agricultural 
nanopesticide. 

 

75 

d. Avermectin 

The nanoemulsions exhibit improved performance 
compared to commercial products. The release of 
abamectin depends on the pH of the surrounding 

environment and therefore has a controlled release. 
 

76 

e. Piper 
aduncum extract 

The LC95 values of the two nanoemulsions BA.1 and AT.1 
against C. pavonana were 0.76% and 0.85%, respectively. 

 
77 

2. nanogels 
 
 

 

a. Polyvinyl 
alcohol (PVA)-valine 

derivative with 
emamectin benzoate 

Improved retention on plant leaves, excellent bioactivity, 
longer release of active ingredients and good stability 

over a wide temperature range. 
 

78 

b. MDI-PEG, 
polyurethane for 

gelation 

High viscosity protects against rainwater washout and is 
UV resistant. Reduces environmental pollution, unlike 
commercial products, because the internal AI is fully 

degradable. 

79 

c. Cetyl trimethyl 
ammonium chloride 

coating on copper 

Experiments have shown that its insecticidal effect is 64% 
higher than that of traditional copper-containing 

pesticides. In addition, it can promote plant growth. 
80 

3. Nanofiber 
 
 

 

a. Bagasse and 
turpentine oil. 

The formation of nanofibers prevents the pheromone 
from disappearing due to environmental factors such as 
rain and provides its controlled release, thus expanding 

its agricultural applications. 
 

81 

b. Polyamide 6 
with the pheromone 

Exhibits good drug loading and excellent controlled 
release system in aqueous and ethanol systems. 

82 

6. Silica Nanoparticles Potential Limitations and Solutions 

Traditional dosage forms of pesticides have the disadvantages of coarse particles, water 
solubility, poor dispersion, etc., which make it difficult to give full play to their efficacy [83]. For 
example, the new strobilurins fungicide pyraoxystrobin (Pyr) developed independently by Shenyang 
Research Institute of Chemical Industry,84 the compound exerts bactericidal activity by combining 
with the coenzyme Qo site of cytochrome b and blocking the electron transfer between cytochrome b 
and cytochrome c1 [85], which is highly efficient, broad-spectrum, and low-toxicity, and it has an 
effective preventive and control effect on Cuban downy mildew, wheat powdery mildew, and rice 
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blight, which is applicable to rice, crops and fruits and vegetables [86]. However, Pyr has a low 
solubility in water and is hardly transferred in plants [87]. Xu’s group used mesoporous silica 
nanoparticles as a carrier and pyraoxystrobin as an insecticide to explore the size effect of loading, 
release and transport in cucumber plants A comparative study was conducted to investigate the 
controlled-release performance, loading, uptake, and transport properties in cucumber plants. It was 
found that the loading increased with particle size; nanoparticles as carriers increased the solubility 
of insoluble Pyr, but nanoparticle size had no significant differential effect on the release rate. The 
cellular uptake efficiency was closely related to the particle size; the smaller the silica particle size, 
the easier it was absorbed and transported by the cucumber plants. Compared with free Pyr, the rate 
of upward transport of Pyr in the plant using silica particles as carriers was increased by 3.5-fold [85]. 

Meanwhile, there are some other studies focus on the utilization of mesoporous silica 
nanoparticles for pesticide delivery, more emphasize on storage and slow release of pesticides. 

Wanyika et al. studied the slow-release behavior of methomyl fungicide in mesoporous silica 
nanospheres, releasing 11.5% and 47% in soil and water, respectively, within 30 days. The release rate 
was much lower than 76% of free methomyl in soil [88]. Huang’s group also prepared quaternized 
chitosan-coated mesoporous silica nanoparticles for slow release of pyraclostrobin fungicides [89], in 
which electrostatic and hydrogen-bonding interactions were found to be the main driving forces for 
the formation of surface-capped nanoparticles. In their later work, pyrazoxystrobin-loaded 
mesoporous silica nanoparticles with a double-shell hollow structure and stable fluorescence 
exhibited good fungicidal activity against Phomopsis asparagi [90]. Recently, Chen et al. prepared a 
slow-release formulation of methyl eugenol using Schiff base-modified mesoporous silica as a carrier, 
and the entrapment rate of the formulation was up to 73% of that of pure methyl eugenol due to the 
large surface area of the carrier and the strong electrostatic interaction with methyl eugenol [91]. The 
pesticide slow-release formulation has the advantages of prolonging the release time and reducing 
the number of applications, which is beneficial for improving the utilization rate of pesticides and 
reducing the adverse reactions of pesticides [92]. 

It is clear that mesoporous silica-based nanopesticides have many advantages over conventional 
dosage forms, including small effective dose, enhanced photothermal stability, targeted delivery, 
long effective duration and high efficiency. Based on the urgent need to reduce the impact of 
conventional pesticide products on the environment and non-target organisms, mesoporous silica-
based nanopesticides are expected to be available soon. Until nanopesticides are widely used, a 
common issue is the environmental risk of these new products [93]. Therefore, scientifically reliable 
guidelines for risk assessment of different types of nanopesticides need to be established and 
recommended to be considered by regulatory agencies when registering nanopesticides. 
Unfortunately, the risk assessment of pesticide formulations based on nanocarriers still faces 
insurmountable bottlenecks [94]. 

With the field application of mesoporous silica-based nanopesticides, both the pesticide 
prodrugs and the mesoporous composite carriers enter the natural environment, including soil and 
water systems, and may undergo transformation processes such as adsorption, degradation, and 
reaction with other pollutants, which make it difficult to assess their environmental impacts [95]. 
Currently, pesticide risk assessments recommend comparisons between pesticides in their pure form, 
commercially available formulations and prepared nano-formulations. The durability of the 
nanopesticide is a key parameter in the risk analysis, which determines whether further decisions on 
exposure risks and environmental impacts are required [96]. If the durability of the nanopesticide is 
relatively short, there are no significant differences in fate parameters from conventional 
formulations. Conversely, if pesticide-nanocarrier complexes are found to be moderately durable in 
soils and water systems with strong mobility, further risk analysis is required based on 
environmental fate data specific to the complexes [95]. The environmental and ecological impacts of 
silica nanocarriers should also be considered rationally and scientifically. 

With the rapid development of drug delivery systems based on silica nanoparticle carriers, their 
biosafety in cells and animals has been gradually concerned [97]. Christen et al. have studied the 
toxicity of silica nanoparticles on fibroblasts of the broadhead fish Labeo rohita and found that they 
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induced endoplasmic reticulum stress response and altered cytochrome activity [98]. Krishna Priya 
et al. conducted a similar study to investigate the ecotoxicological effects of silica nanoparticles on 
the freshwater scleractinian fish Labeo rohita [99]. Changes in hematological, ionic regulation and 
enzymatic parameters were found to be associated with physiological stress induced by silica 
nanoparticle toxicity. Further studies are needed to investigate the toxicity of silica nanocarriers to 
aquatic or soil organisms, especially after long-term exposure [95]. 

Based on the aforementioned information, it is crucial to conduct in-depth and long-term studies 
on the environmental behavior of nano-pesticides, as this will significantly aid in their risk 
assessment and could ultimately determine how and when these innovative products enter the 
market. Although the risk assessment of nano-pesticides is challenging due to technological 
limitations and uncertainties in environmental conditions, there are measures that can be taken to 
mitigate their environmental risks. In addition to advanced pesticide spraying technologies, the 
release profile of nano-pesticides can be tailored by adjusting preparation conditions to match the 
actual dosage requirements of plants [95]. Moreover, efforts should be made to minimize the amount 
of residual pesticides that escape into the environment, beyond the quantities necessary for crop 
protection. This would demand precise control over the preparation process of mesoporous silica-
based nano-pesticide formulations, including the fine-tuning of pore size, shell thickness, particle 
size, shape, surface morphology, and the inclusion of suitable “gatekeepers.” On the other hand, the 
effective lifespan of nano-pesticides is also a crucial factor, which can be designed through 
preparation adjustments. A balance must be achieved between ensuring long-term efficacy of the 
pesticide and reducing residual levels, with consideration of the specific characteristics of pathogens, 
pests, or weeds, as well as crop growth cycles. Therefore, successfully formulating nano-pesticides 
that meet the required dosage and duration standards will help reduce their environmental risks and 
may expedite their commercialization [95]. 

7. Conclusions 

In order to improve rice yields, Sri Lankan farmers should gradually shift from the excessive use 
of chemical pesticides to the rational and controlled use of biopesticides. Pesticides are widely used 
to prevent insect pests and fungal infections in rice, and their irrational use can lead to infiltration of 
pesticides into rice fields. This poses a great challenge to the environment and human health. 
Fortunately, biopesticides encapsulated by silica nanoparticles facilitate the construction of a 
nanopesticide delivery system sensitive to external stimuli (e.g., pH, light, and temperature) to 
achieve controlled release of pesticide compositions. The encapsulated pesticide composition is the 
same as the unencapsulated commercial pesticide composition, and the pest management effect, 
efficacy retention time and efficacy controllability are significantly improved. In particular, the silica 
nanoparticles are mainly reused in the extraction of agricultural product wastes, such as rice husk 
and rice straw. The synthesized silica nanoparticles are modified by responsive gatekeeper molecules 
on the outer surface to achieve a sensitive response to external factors, as well as the use of 
nanoemulsion method for successful loading of biopesticides. In almost perfect compliance with the 
principles of green chemistry, sustainable development and circular economy, silica nanoparticles 
are likely to become one of the alternative strategies for pest control in emerging production systems 
such as organic agriculture. 

8. Future Direction 

The controlled-release properties of nano-encapsulated materials that utilize auto-sensing 
capabilities to release artifacts into the target area require further investigation [26]. Notably, the new 
technology of nano-delivery of RNAi (RNA interference) for specific control of plant-feeding pests) 
has the ability to create a “green revolution” in pest management in the future, where targeted pests 
can be more easily controlled or eradicated. or eradicated [51]. In today’s major challenge of meeting 
the food needs of a growing population in the face of dramatic and persistent climate change, 
sustainable development strategies should continue to be followed to promote the quality of 
agricultural products. To explore future applications of green chemistry, microfluidic sol-gel 
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methods can be used to synthesize highly monodisperse silica nanoparticles of near-perfect spherical 
structure [64]. Based on the reviewed methodology, the following is a proposed protocol to evaluate, 
test and explore silica nanopesticide. (Figure 7) 
1. Selection of paddy straw or rice husk is accessible and culturally relevant to Sri Lanka or Ghana. 
2. Extraction silicate source from paddy straw or rice husk ash by alkali solubilization and acid 

condensation. 
3. Synthesis of silica nanoparticles by solution-gel method from obtained silicate source. 
4. Characterize silica nanoparticles with the following analyses. 
a. X-ray spectroscopy analysis 
b. Transmission electron microscopy analysis 
c. Atomic force microscopy analysis 
d. UV-vis spectrometer analysis 
e. X-ray diffraction analysis 
f. Fourier transform infrared spectroscopy analysis 
g. Dynamic light scattering 
h. Water contact angle 
i. Analysis of surface area and pore volume 
5.  Loading pesticide into silica nanoparticles by Pickering emulsion or encapsulation method. 
6.  Characterize silica nanopesticides with the following analyses 
a. Scanning electron microscope analysis 
b. Transmission electron microscopy analysis 
c. Fourier transform infrared spectroscopy analysis 
d. Analysis of zeta potential and size distribution 
e. Analysis of nitrogen (N2) adsorption–desorption isotherm 
f. Thermogravimetric analysis 
g. X-ray photoelectron spectroscopy analysis 
7.  Rear insect colonies (S. oryzae) on rice, treat with pesticide alone and silica nanopesticides to 

determine the following data: 
a. Repellent activity 
b. Fumigant toxicity 
c. Acute toxicity 
d. Pesticide release profile 
e. Photothermal effect 
f. Adhesion performance 
g. Persistence and insecticidal mechanism 
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Figure 7. Schematic of the proposed protocol to prepare silica nanopesticides from rice husk and 
paddy straw, that target stored-product pests. 
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