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ABSTRACT 

The increasing global agricultural waste burden poses environmental and health challenges while 

offering a resource for sustainable materials. In Africa alone, millions of tonnes of agricultural 

wastes such as rice husks, sugarcane bagasse, and palm kernel shells are generated annually. This 

review examines nanoparticle synthesis from agricultural-based waste as potential reinforcing 

materials in addition to several other applications. Nanoparticles obtained from agro-based wastes 

were highlighted as potent materials for multiple applications including water purification, nano-

fertilizers, drug delivery and composites. While synthesis protocol for nanoparticles is widely 

available from top-down to bottom-up approaches, challenges still remain on scalability due to 

variable waste composition, standardization of the protocols and nanoparticle toxicity. Thus, 

recommendations for future research, development of scalable synthesis methods, exploring new 

trend and novel applications are outlined.  
 

Keywords: Sustainable materials, environmental pollution, synthesis, circular economy, 

remediation, agro-waste.  
 

INTRODUCTION 

Agricultural wastes are unused or residual materials generated from agricultural produce and agro-

industrial by-products, such as crop residues, animal waste, and other associated waste streams. 

Agricultural wastes pose significant environmental and health risks but offers a resource 

opportunity for sustainable materials development [1]. Globally, approximately 1.3 billion tonnes 

of agricultural wastes are produced annually, driven by food loss and crop processing [2]. Nigeria 

alone produces about 30-40 million tonnes of agricultural wastes including rice husks, sugarcane 

bagasse, cassava peels, and palm kernel shells, contribute to environmental pollution due to 
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inadequate treatment and disposal [3,4]. Rising population growth and expansion in agricultural 

and industrial activities exacerbate this issue, necessitating innovative waste management 

solutions. 

Improper disposal methods, such as open burning and open field decomposition, release 

greenhouse gases (e.g., CH4, NO2, CO), contributing to global warming [5]. The World Health 

Organization (WHO) reports that air pollution, including those of agricultural waste combustion 

generates smog, which causes 7 million premature deaths annually, including 543,000 children 

[6,7]. Challenges such as poor public sensitization, insufficient technical expertise, limited 

recycling infrastructure and weak government policies hinder effective waste management [4]. 

Additionally, the transportation of raw agricultural produce to urban centers in developing 

countries, coupled with challenges in collection and processing, results in increased waste 

accumulation in markets, stores, residential areas, and dumping sites.  

Nanoparticles (NPs) derived from agricultural wastes offer a promising avenue for 

valorization, leveraging their biocompatible, optical, and high-surface-area properties for 

applications in water purification, nano-fertilizers, drug delivery, and advanced polymer 

composites [8]. However, their safe application depends on understanding their toxicity, which 

varies with physicochemical properties, waste source, and synthesis method. For example, silica 

NPs from rice husk ash are often biocompatible, while silver NPs from corn stover may induce 

cytotoxicity at high concentrations due to reactive oxygen species generation [9]. 

This review synthesizes recent developments in the synthesis of NPs from agricultural wastes, 

focusing on waste sources, top-down and bottom-up synthesis approaches, properties, 

applications, and challenges such as scalability, standardization, and toxicity. By integrating 

specific insights from developing countries such as in Africa with global trends, it addresses a 

critical gap in the literature on sustainable nanotechnology and waste management, offering a 

roadmap for researchers and policymakers to harness agricultural wastes for environmental and 

economic benefits. 
 

Agricultural Wastes: Types and Constituents 

Agricultural wastes are categorized into plant-based (e.g., corn stalks, sugarcane bagasse, rice 

husk) and animal-based (e.g., chicken feathers, cow dung) [10,11,12]. They can further be 

classified into either field waste or process waste. Field wastes are residues that remain in the field 
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after crop harvesting, comprising components such as leaves, stalks, seed pods, and stems. 

Processed wastes, such as husk, bagasse and molasses, are generated during the conversion of 

crops into valuable products [13,8]. Common agricultural wastes are shown in Plate 1 

 

Plate 1: Agricultural wastes: (A) Palm kernel shell, (B) Rice husk (C) Sugarcane bagasse  

(D) Bamboo leaf (E) Groundnut shell (F) Maize cob 

 

The nature and composition of agricultural wastes vary depending on the specific agricultural 

practices, crop or animal type, and production system. These wastes can be categorized by physical 

form into solid, liquid, and slurry types [14]. Solid Wastes are the post-harvest wastes or 

byproducts generated from agricultural activities such as crop residues (Stalks, stems, leaves, 

husks, fruit, vegetable peels, and bagasse), animal manure and bedding (excreta from livestock, 

along with materials used for animal bedding, particularly, straw and sawdust [14,15]. Liquid 

Wastes comprise liquid byproducts from agricultural activities including animal urine and liquid 

excreta from livestock and wastewater from cleaning animal housing or processing facilities. 

Slurry Wastes consist of a mixture of solid and liquid components such as combined manure and 
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wastewater from livestock operations. These waste types offer an eco-friendly alternative to 

synthetic chemical reinforcements for NP production, reducing reliance on energy-intensive and 

environmentally harmful conventional methods [16]. For example, solid wastes like rice husks 

have been used to synthesize biocompatible silica NPs, while liquid wastes can serve as reaction 

media for NP synthesis [14].  

Consequently, the waste types offer a renewable alternative to synthetic chemical 

reinforcements for synthesizing nanoparticles, reducing reliance on energy intensive and 

environmental harmful conventional methods [16]. The production process leverages on existing 

agricultural outputs, minimizing resources and energy demands offering potential cost reductions 

in materials procurement and waste management though safety risks associated with the materials 

need evaluation [14]. 

The percentage composition of agricultural waste varies significantly based on factors such 

as the specific agricultural activity, geographical location, and the types of crops or livestock 

[17,18], Agricultural plant-based waste primarily comprises a wide range of cellulose (21 to 45%), 

hemicellulose (15 to 33%), and lignin (5 to 24%) [19]. Due to its complex structure, lignocellulose 

is difficult to break down, thereby posing significant challenges for efficient utilization of 

agricultural waste. Their lower density compared to other inorganic fibers however makes them 

favorable for reinforcement. Nonetheless, their strong affinity for water, due to hydroxyl groups, 

limits their applicability in moisture-sensitive applications [20]. Lignocellulose biomass ashes are 

composed of macroelements including calcium, potassium, phosphorus, and sulfur, with low levels 

of toxic elements such as arsenic and lead [21]. Agricultural waste is also an abundant source of 

valuable compounds, including proteins, fatty acids, and bioactive compounds [22]. These 

properties make them ideal for sustainable reinforcements, despite processing challenges [23].  
 

Environmental Impact of Agricultural Wastes 

Common waste disposal methods used by most farmers in developing countries include open-field 

disposal, landfilling, burning, and dumping residue into rivers. While these methods are cost-

effective, they often lead to ecological degradation and ecotoxicological risks. Landfilling is the 

most common disposal methods. Unfortunately, many developing countries operate open dump 

sites rather than controlled landfills, resulting in air, water, and soil pollution through chemical 

transportation. Open-field disposal is widely practiced, with studies showing 45% of livestock 
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farmers in Nigeria dispose their waste on open lands [24]. Burning remains another prevalent 

method, with 10% of farmers employing sun-dried and burned waste disposal [24]. River 

contamination occurs through direct waste discharge into water bodies. This facilitates the leaching 

of organic matter, nutrients, and pathogens, leading to widespread contamination. Furthermore, 

the leaching of contaminants from decomposing waste can pollute underground water and 

subsequently impact the ecosystem health [25]. These crude disposal techniques create 

environmental pollution havoc, degrading both abiotic and biotic components of ecological 

systems while threatening human health, plants, and animals. The effect and environmental 

impacts of agricultural wastes are summarised in Table 1 

 

Table 1: Summary of the resulting pollutants and the effects of crude agricultural waste disposal 

Pollutants Health effects Environmental effects References 

Carbon 

Monoxide  

Respiratory issues, 

neurological damage 

Air quality degradation  [26] 

Nitrous Oxide  Respiratory problems; 

possible skin cancer 

arising from ozone layer 

depletion 

Climate change and  

ozone layer depletion  

[27] 

Nitrogen dioxide  Respiratory problems, 

lung damage 

Acid rain, water 

pollution, formation of 

haze and smog  

 [27] 

 

Particulate 

Matter (PM) 

Respiratory problems, 

lung cancer 

Air quality degradation 

and visibility reduction 

[28,29] 

Sulfur Dioxide  Respiratory problems, 

lung damage 

Acid rain and air 

quality degradation 

[30] 

 

|Ammonia  Respiratory issues, eye 

irritation 

Ecosystem disruption 

and eutrophication 

[30] 

Polycyclic 

Aromatic 

Cancer, reproductive 

issues 

Ecosystem disruption 

and ecotoxicity 

 [31] 
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Hydrocarbons 

(PAHs) 

Volatile Organic 

Compounds 

(VOCs) 

Cancer, neurological 

damage 

Ecosystem disruption 

and ecotoxicity  

[32] 

 

Agricultural Waste Ash 

Ashes are produced through controlled combustion of agricultural wastes. The most commonly 

available agricultural-waste ashes are from rice husk, palm leaf, sugarcane bagasse, coconut, 

bamboo leaf, neem husk, corn cob and wood waste [11,12].  These ashes are sustainable sources 

for nanoparticle synthesis, replacing synthetic chemicals that require energy-intensive processes 

and emit CO2 [33]. Agricultural-waste ash has varying chemical compositions, depending on the 

type of waste (crop residue, nut shells, fruit waste, and animal waste) and combustion temperature 

(200-1200 °C). The principal constituents of agricultural wastes ash typically include: Silica 

(SiO2), (40-80%), Alumina (Al2O3) (5-20%), Iron oxide (2-10%), Calcium oxide (5-30%), 

Magnesium oxide 2-10%), Carbon (5-20%), Potassium oxide (2-5%), Sodium oxide (1-3%), and 

Phosphorus pentoxide (1-5%) [34, 35]. These wastes, rich in oxides like silicon and magnesium, 

have demonstrated potential to enhance mechanical, physical, and thermal properties making them 

a viable reinforcement in metal matrix composites and polymer composites thereby reducing 

pollution from disposal [36]. Various researchers have explored using agricultural waste as 

reinforcement in composites, reporting improvements in physical, mechanical, and wear properties 

[37]. Some common examples of agricultural-waste used as reinforcement include bean pod ash, 

maize pod ash, rice husk ash, palm kernel ash and bamboo leaf ash [38,39].  

Bhaskar et al. [40] investigated the effects of agricultural-waste ash reinforcement on 

aluminum-based metal matrix composites. They observed improvements in specific strength, yield 

strength, ultimate tensile strength, hardness, and corrosion resistance. Osunmakinde et al. [41] 

analyzed aluminum composites reinforced with selected agricultural residues and observed 

enhanced mechanical properties (hardness, yield, and tensile strengths). Yadav et al. [42] reviewed 

the use of eggshell and rice-husk ash as reinforcement in composites, noting increased tensile 
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strength and hardness. The high silica content in many agricultural-waste ashes contributes to these 

enhanced physical and mechanical properties [43,44]. 

 

Agriculture-Based Nanoparticles 

The morphology and crystalline structure of nanoparticles are evaluated by atomic force 

microscopy (AFM), scanning electron microscopy, X-ray diffraction and transmission electron 

microscopy (TEM). The synthesis of nanoparticles from agricultural waste has garnered 

significant popularity in advanced engineering materials research, due to their advantages over 

conventional micro-scale ash which include: larger surface area to volume, quantum-level effects, 

biocompatibility, uniform dispersion, and improved absorption. Other benefits of agriculture-

based nanoparticles include high heterogeneity. This diversity offers possibility of combination 

with various compounds to obtain a wide range of nanoparticles of cellulose, pectin, metallic and 

metallic oxide (titanium oxide, silver, zinc oxide), or silica [45,46]. Various studies have 

demonstrated the potential of agricultural waste-derived nanoparticles in sectors ranging from 

renewable energy to waste water treatment. For example, researchers have successfully converted 

cassava periderm and maize stalk into high-purity silicon nanoparticles using a modified sol-gel 

method, demonstrating the practical applications of these materials in photovoltaic cells [3].  

Current applications of NP widely include wastewater treatment, nano-fertilizers, and 

polymer composites, though scalability, and standardization are often required [47]. Applications 

of nanoparticles derived from agricultural wastes encompass biomedical, agricultural, energy, and 

environmental remediation systems [48]. The environmental benefits of this synthesis approach 

generally align with global sustainability goals. 

 

Physicochemical Properties of Agricultural-Based Nanoparticles 

The physicochemical properties of NP are mainly governed by their size and shape, as well as their 

interfacial characteristics. A key feature of NP is the significant alteration of their physical, 

thermal, chemical, and other properties as their size reduces. This size reduction can lead to the 

formation of particles with properties markedly different from their larger-scale counterparts [49]. 

The large surface area influenced chemical reactivity and can significantly affect their mechanical 

and electrical characteristics. The physical properties of a nanoparticles include the optical, electric 

and magnetic properties [50]. The surface layer of a nanoparticles consists of ions, surfactant and 
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molecules which also define the behavior of the materials as much as the core. Agricultural 

nanoparticles are easily synthesized and can be designed and modified in a variety of ways, such 

as by varying their cores and surface layers to create materials with unique properties and 

functions. For example, Silver at microscale exhibits a characteristic silvery-white color while 

silver nanoparticles often appear yellow (orange, or even red, depending on their size and shape). 

This phenomenon results from shape-dependent electron interactions within the nanoparticles, 

leading to distinct light-matter interactions compared to larger silver particles in the observation 

of vibrant colors [51]. 
 

Synthesis of Nanoparticles from Agricultural Wastes 

There are two major approaches for synthesizing nanoparticles; top-down and bottom-up 

approaches.  These approaches are further sub-categorized into: physical, chemical, and biological 

processes based on the methods adopted as illustrated in Table 2 and Figure 1.  

 

Table 2: Summary of the methods involved in the synthesis of agricultural wastes-based 

nanoparticles  

Method Principle Example Advantages Disadvantages References 

Physical 

Reduce the size 

of bulk 

materials 

through 

mechanical or 

energetic 

processes. 

Ball milling, 

laser ablation, 

sputtering 

Simple, scalable, 

good control over 

particle size and 

shape. 

Can generate impurities, 

high energy consumption, 

and potential for particle 

agglomeration. 

 

 [52] 

Chemical 

Building 

nanoparticles 

from atoms or 

molecules 

through 

Sol-gel 

method, 

chemical 

vapor 

deposition, 

Precise control 

over composition 

and structure, 

high purity, 

versatile for 

various materials. 

Complex procedures,    

potential for toxic 

byproducts, limited  

scalability. 

[53] 
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chemical 

reactions. 

hydrothermal 

synthesis 

Biological 

Utilizing 

biological 

systems (e.g., 

plants, bacteria) 

to synthesize 

nanoparticles. 

Synthesis of 

silver 

nanoparticles 

using plant 

extracts, 

bacterial 

synthesis of 

metallic 

nanoparticles 

Environmentally 

friendly, 

biocompatible, 

cost-effective. 

Slow process, lower yield 

compared to chemical 

methods, potential for 

contamination. 

[54] 

 

 

 

Figure 1:  Methods involved in the synthesis of nanoparticles 
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The choice of synthesis method depends on the morphology of material, textural properties (pore 

size, particle size, and surface area), chemical and thermal stability. These methods allow the 

conversion of agricultural wastes into simpler structures by inducing changes in the 

physical/chemical properties of the raw material. 

 

Top-down Approach 

A top - down approach relies on macro structures being physically, mechanically or chemically 

reduced through a series of operations to reduce them into finer molecules. It is known as a 

destructive method and usually involve physical method, however, the change in particle size is 

caused by chemical and mechanical energy forces [55]. This method involves the usage of 

mechanical ball milling, arc discharge, wire explosion or chemical. [11]. 
 

 

a. Mechanical Ball Milling 

Milling is a high-energy grinding process involving chipping and reducing a particle size, hence 

creating nanocrystalline powders by using balls media. It employs kinetic energy to degrade the 

material at nano scale. The size and characteristics of the nanoparticles produced is affected by 

initial particle size and nature and ball mill specification, rotation speed and the milling time [56]. 

The need for solvents is eliminated which reduces the energy consumption compared to traditional 

methods, thus, making it a popular technique in green chemistry. Milling Balls can be made of 

steel, rubber, alumina, ceramic, or alloys, or stainless steel. Milling outcomes are significantly 

influenced by the type of material used for the milling balls. Steel balls are effective for short-term 

size reduction, while alumina balls enhance surface area over longer periods of time, however, 

steatite-ceramic balls show superior durability and wear resistance compared to steel balls in NiTi 

powder production. This leads to a longer operational life for the ceramic balls, reducing the need 

for frequent replacements.  Lower wear rate of ceramic balls, minimizes contamination, resulting 

in a purer NiTi powder product.  The size of nanoparticles decreases with increase in milling time 

with larger balls leading to finer grains. They also introduce defects to the particles due to high 

impact energy; contamination from milling media can affect the properties of the nanoparticles. 

[57]. 
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b.  Chemical Etching 

Chemical etching is a method of synthesis in which the surface of the material is modified through 

chemical reaction (e.g. Acids) and It involves the removal of materials by a chemical etchant 

resulting in the desired structure [49]. Chemical etching utilizing chemical reaction typically 

involves corrosive chemical (etchant), normally an acid, which dissolves unwanted material to 

produce the final design. The etchant's concentration must be carefully controlled to ensure it is 

sufficiently corrosive to remove unwanted material without compromising the bulk material's 

chemical composition or structural integrity [58]. Chemical etching offers the advantage of being 

stress-free, with no rough edges, and preserving material properties. This method is versatile, 

applicable to various wastes, but requires careful handling of corrosive chemicals to minimize 

environmental impact. 

 

Bottom–up Approach 

Bottom-up strategy is a technique where smaller components are used to make larger NPs which 

usually results in novel or enhanced functionalities. It works by the principle of molecular self- 

assembly. This involves the creation of nanoparticles through chemical reactions between atoms, 

ions, and molecules to form larger and more organized systems [59]. Stable structures are formed 

when molecules spontaneously organize while maintaining thermodynamic equilibrium via weak 

non-covalent bonds like hydrogen bonds, ionic bonds, and van der Waals bonds [60]. Bottom-up 

methods occur at gas-phase synthesis and liquid-phase formation, using technique such as plasma 

arcing, chemical vapor deposition process, metal organic decomposition, laser pyrolysis, 

molecular beam epitaxy, solgel method, hydrothermal, wet synthesis, and self-assembly processes 

[61] This approach promises better opportunities to obtain nanostructures with fewer defects, more 

homogeneous chemical composition, and excellent control of composition, size and shape. It is 

limited by the complex chemistry involved and the difficulties in scaling up the synthesis process. 

While some of these approaches are still in the early-stage development, others have only recently 

transitioned from research to commercial application in the field of nanopowder manufacturing. 

Further refinement is required to enhance their practical application and to align them with 

industrial scalability. 
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a. Sol-gel Method 

The sol-gel method is a method primarily used for the synthesis of metal oxides and metal silicates. 

It is widely employed due to its simple procedures, particularly low processing temperature and 

mild chemical reactions. It offers advantage of producing high purity homogenous nanoparticles 

Adebisi et al. [3] synthesis silicon nanoparticles from cassava periderm, maize stalk and cob using 

sol–gel method. The products were confirmed with the aid of XRD, EDS and TEM within particle 

sizes less than 33 nm. Goswami and Mathur [62] also shows that silica nanoparticles can be 

produced from the ash of sugarcane bagasse by treating the ash with an alkaline solution to extract 

the silica before synthesizing the nanoparticles using sol-gel process. The procedure for obtaining 

silica gel from agricultural wastes are outlined in Figure 2.  

. 

Figure 2: The process flow diagram for making silica gel from agricultural waste 

B. Hydrothermal Method 

In hydrothermal method, nanoparticles are synthesized from agricultural-wastes at high 

temperature (80 – 400 °C) and high vapor pressures (100kpa) with the aid water or polar inorganic 

solvents over a prolonged period of times [63]. The reactions take place in sealed autoclave kept 

above the boiling point of the solvent. These conditions facilitate the nucleation and growth of 

nanoparticles, often resulting in precise control over particle size, morphology, and surface [64]. 

This method relies on the solubility of minerals in hot water or polar inorganic solvent under high 

pressure autoclave and they are commonly used for the fabrication materials such as metal 

oxides and sulphates. Lower temperature (below 100 oC) is adopted for the synthesis of 
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nanoparticles of agro-wastes derived from medicinal plants to preserve the integrity of the active 

components [65], though this possesses advantage of longer reaction time. Additionally, 

maintaining an alkaline pH (>8) is crucial for the process. This method widely benefits from 

energy reduction and low-chemical usage and has been particularly useful for controlling the size 

and purity of the nanoparticles, thus enhancing their suitability for various applications, from 

catalysis to environmental remediation [8]. 
 

Hybrid Approach: An Advanced Synthesis Method of Nanoparticle Processing 

Hybrid approaches combine the elements of top-down and bottom-up approaches to achieve 

greater control over nanoparticle properties. This method leverages the advantages of multiple 

synthesis methods to achieve desired characteristics in the final nanoparticle. They offer a 

powerful toolkit for the synthesis of complex and sophisticated nanoparticles with tailored 

properties and functionalities. Yang et al. [66] explored a novel hybrid approach of combining 

several synthesis techniques allowing for the creation of complex multicomponent metal 

nanoparticles with up to four different metals. By combining the precision of bottom-up methods 

with the ability to shape and manipulate materials on a larger scale (top-down), researchers can 

gain greater control over the final nanostructure with unique properties and functionalities that are 

not achievable with either approach alone [67]. Integrating top-down and bottom-up techniques 

also allows for greater control over nanoparticle positioning and device assembly. An example of 

hybrid approaches includes sol-gel and chemical reduction, where metal oxide core is created 

using the sol-gel method and later reducing metal ions onto the surface to form a metallic shell.   

One prevalent hybrid approach involves the use of both biological extracts and 

thermochemical reactions to produce silica nanoparticles from agricultural-wastes like rice husks 

and sugarcane bagasse. For instance, the acid leaching method combined with controlled 

calcination allows for the effective extraction of silica, which can then be converted into silicon 

nanoparticles [62]. This method is particularly valued for its ability to manipulate the size and 

purity of the nanoparticles, which are crucial for applications in industries such as electronics and 

pharmaceuticals. Hybrid semiconductor-metal nanoparticles exemplify this synergistic approach, 

integrating multiple functionalities from distinct materials. Through Advanced synthesis 

techniques, researchers can precisely control the component number, composition, shape, and 
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interfacial characteristics, resulting in unique optical, electronic, and charge separation properties 

with potential applications in photo catalysis [68,65]. 

 

Table 3: Examples of nanoparticles synthesized from agricultural-wastes, the methods utilized and 

their applications 

Agricultur

al-waste 

Synthesized 

Nanoparticles 

Synthesis 

Method 
Morphology Application 

Size 

(nm) 
References 

Rice Husk 

Silica 

Nanoparticles 

(SiO2) 

Sol-gel, 

Hydrothermal 

Spherical, 

irregular 

Water 

treatment, drug 

delivery 

10-100 
 

  [69] 

Wheat 

Straw 

Cellulose 

Nanofibrils 

(CNFs) 

Acid hydrolysis, 

Enzymatic 

hydrolysis 

Fibrous 
Composites, 

biomedicine 
5-20   [70] 

Wheat 

Straw 

Lignin 

Nanoparticles 

Solvent 

extraction, 

Enzymatic 

hydrolysis 

Spherical, 

irregular 

Adhesives, 

coatings 
50-200  [71] 

Banana 

Peels 

Silver 

Nanoparticles 

(AgNPs) 

Green synthesis 

(using plant 

extract) 

Spherical 
Antibacterial, 

antimicrobial 
10-50 [72] 

Banana 

Peels 

Zinc Oxide 

Nanoparticles 

(ZnO NPs) 

Green synthesis 

(using plant 

extract) 

Spherical, 

rod-like 

Antibacterial, 

photo catalysis 
20-100 [68] 

Coffee 

Grounds 

Carbon 

Nanoparticles 

Carbonization, 

Activation 

Spherical, 

irregular 

Adsorption, 

catalysis 
10-50 [73] 

Tea 

Leaves 

Iron Oxide 

Nanoparticles 

(Fe3O4 NPs) 

Green synthesis 

(using plant 

extract) 

Spherical 

Magnetic 

separation, 

drug delivery 

10-30 [74] 
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Bamboo 

Leaf 

Silica 

Nanoparticles 

(SiO2) 

Sol-gel, 

Combustion 

Spherical, 

irregular 

Composites, 

drug delivery 
10-50 [75] 

 

Development of Silica and Silver Nanoparticles from Agricultural-Based Wastes  

 Conventional silica production methods often rely on toxic precursors like tetraethyl orthosilicate 

(TEOS) and sodium silicate, which pose health and environmental risks. In addition, they are 

costly and energy-intensive. Recent research has prioritized developing greener and more cost-

effective methods. [76,14,77]. Nanosilica can be produced from agricultural waste by different 

methods including chemical treatment, thermal treatment, and microbial treatment. Recent studies 

have explored the production of silicon and silica nanoparticles from agricultural wastes using sol-

gel [78], chemical reduction [3]. Synthesis methods. Rice husk, maize cob, and cassava periderm 

have been successfully utilized as precursors for nanoparticle synthesis [69]. The sol-gel method, 

often modified with ethylene glycol or combined with freeze-drying, has shown promising results 

in producing high-purity amorphous silica nanoparticles with sizes ranging from 5 to 50 nm [3,69].  

Higher silica purity is achieved by removing metallic impurities and other soluble pollutants from 

agricultural waste ash by acid leaching. This procedure is followed by sintering, to reduce the total 

carbon contents of the samples, and combustion processes. Acid leaching often involve chemicals 

that pose risk to the environment.   

Optimization of synthesis parameters, such as pH, alkali concentration, and reaction time, 

can significantly improve nanoparticle yield and quality. Characterization techniques like XRD, 

FTIR, and TEM have confirmed the amorphous nature and high purity of the synthesized 

nanoparticles [69]. This eco-friendly approach to nanoparticle synthesis offers an environmentally 

friendly and economically viable solution for agricultural waste management while producing 

valuable materials for various industrial applications including hydrogen generation, 

optoelectronic devices, biological markers and construction of photocells. Bulk silicon has a 

bandgap of 1.12 eV, as SiNP size decreases below 10 nm, the bandgap increases to 1.8 eV, 

enabling efficient absorption of higher energy wavelengths thereby minimizes energy loss as heat 

and improving the overall energy conversion efficiency. 
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The synthesis of inorganic nanoparticles, such as silica and silver NPs, from agricultural wastes 

offers sustainable alternatives to conventional methods, addressing environmental concerns from 

crude disposal practices like open dumping [77]. Different Metal Nanoparticles like gold, silver, 

copper and Zinc have been observed in agricultural wastes. However, the ease of extraction and 

percentage synthesis is making organic synthesis of nanoparticle a matter of great concern. 

Methods that have been successful applied for the green synthesis of AgNPs from agricultural-

based waste include: Sol-gel method, hydrothermal method, microwave-assisted method and 

ultrasonic-assisted method. AgNPs have unique physicochemical properties thereby exhibit potent 

antimicrobial, antifungal, and catalytic activities. Physical methods for the synthesis of 

nanoparticle often involve evaporation-condensation technique, typically carried out in a tube 

furnace under atmospheric pressure. This setup enables the evaporation of metal atoms, which 

subsequently condense into nanoparticles. The method however suffers from low production 

output and high energy consumption, but benefit from no use of toxic chemicals [79]. 

The chemical methods are the most popular but with few benefits. It involves three active 

components: metal precursors, reducing agents, and stabilizing/capping agents. The biosynthesis 

of the AgNPs using agricultural-waste typically involves preparation of the agricultural-waste 

extract and reduction of silver ions which occurs in two stages: nucleation and growth. Plant based 

materials are rich in various biomolecules, including polysaccharides, proteins, enzymes, and 

phenolic compounds, which act as reducing and stabilizing agents in AgNP synthesis. The extract 

containing biomolecules, is mixed with a silver salt solution (e.g., silver nitrate). The biomolecules 

present in the extract reduce the silver ions (Ag+) to silver atoms (Ag0), which subsequently 

aggregate to form AgNPs. The exact mechanism of reduction and stabilization varies depending 

on the specific agricultural-waste material and the experimental conditions (e.g., pH, temperature, 

and reaction time). The process is often completed within hours at room temperature or slightly 

elevated temperatures. AgNPs have found applications in industrial, pharmacological, and 

medicinal fields, exhibiting antibacterial, antifungal, and anticancer properties [80]. 
 

Development of Organic Nanoparticles  

Various biomass sources, including sago bark, oil palm leaves, corn straw and groundnut shells 

have been successfully converted into carbon nanoparticles using simple pyrolysis techniques 

[81,82,83]. These nanoparticles exhibit high carbon content, porous structures, and particle sizes 
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ranging from 35-85 nm. The resulting materials demonstrate excellent electrochemical 

performance, with specific capacitances of up to 180 F/g for supercapacitor applications [84]. and 

capacities of 546 mAh/g for lithium-ion battery anodes [85]. Notably, these carbon nanomaterials 

show remarkable stability, retaining 93% capacitance after 10,000 cycles [84]. 

Chidambaram et al. [86] reported the effectiveness of groundnut shell-derived carbon 

nanosheets in wastewater treatment, reducing biochemical oxygen demand (BOD) and chemical 

oxygen demand (COD) by over 70%. The study highlighted the eco-friendly and cost-effective 

nature of this approach. Further reports by Akpeji et al. [87] on groundnut shell utilization 

indicated successful synthesis of zinc oxide nanoparticles, carbon dots, as well as their 

nanocomposites.  Hegde et al. [81] and Nasir et al. [88] reviewed the production of carbon 

nanoparticles and other nanostructures from palm kernel shells using pyrolysis vapor deposition, 

hydrolysis, and chemical composition.  

 

Development of Nanocellulose  

Cellulose, the Earth's most abundant and environmentally sustainable polymer, serves as a 

foundational feedstock for nanocellulose production. Nanocellulose refers to cellulosic materials 

with at least one dimension below 100 nm [89]. Nanocellulose exists in various forms such as 

cellulose nanocrystals (CNCs), cellulose nanofibers (CNFs), and bacterial nanocellulose (BNC) 

[90]. Extraction methods include chemical, mechanical, and chemo-mechanical treatments, with 

acid hydrolysis being a widely employed technique [91]. Nanocellulose has successfully been 

synthesized from diverse biomass sources, including sugarcane bagasse [92], corncob residue [93], 

and lignocellulosic materials like ragi stalk, mango wood, and groundnut husk [94]. Nanocellulose 

exhibits some remarkable properties like biodegradability, renewability, low density, high 

strength, high stiffness and ability to modify its surface chemistry.  

Nanocellulose is a versatile material and show suitability for diverse applications towards 

variety of applications such as heavy metals, pharmaceuticals, medicines, textiles, barrier and 

reinforcing polymers [95]. Its light molecular weight also allows for effective synthesis with other 

substances, enhancing its applicability. Surface functionalization of nanocellulose, often through 

the addition of charged groups, can increase interfibrillar repulsion and contributes to more energy-

efficient processing [96]. The preparation of nanocellulose from lignocellulosic feedstocks 

typically involves two main stages: pretreatment and extraction. The pretreatment stage focuses 
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on purifying cellulose from raw materials through processes like alkali treatment and bleaching, 

while the extraction stage transforms cellulose into nanocellulose using mechanical, chemical, or 

enzymatic methods [96]. 

Non-woody plants, with their porous structure and lower lignin content, are increasingly 

recognized as ideal sources for more efficient nanocellulose production [96]. Various factors 

influence the selection of pretreatment and extraction methods, including biomass type, desired 

nanocellulose properties, and production scale [97]. Nanocellulose exists in two primary forms: 

nanocrystalline cellulose (NCC) and nanofibrillated cellulose (NFC), both offering superior 

properties compared to original cellulosic fibers and conventional reinforcement materials like 

Kevlar or steel wires. Pure cellulose nanocrystals possess mechanical strength of 7000 MPa and 

Young's modulus of 100-140 GPa nanocellulose can achieve an elastic modulus of up to 220 GPa 

and tensile strength between 7.5–7.7 GPa [98,99]. 

 

Characterization of Nanoparticles  

Characterization of agriculturally based nanoparticles is crucial for assessing their suitability for 

specific applications [100]. They are characterized with different techniques such as powder X-

ray diffraction (XRD), Scanning Electron Microscopy (SEM), Energy Dispersive X-ray (EDX) 

spectrum, Transmission electron microscopy (TEM), and UV-Visible spectrum. The X-ray 

diffraction analysis is used to evaluate the structure and crystalline phases of the materials [101]. 

Scanning Electron Microscopy is used to study the morphology and the size of the nanoparticles 

while Transmission Electron Microscopy study the particle size of the material in nano-scale and 

the crystal structure [102,103]. The elemental composition of nanoparticles is analyzed by Energy 

Dispersive X-ray spectrum. The particle size of the nanoparticles and the optical properties are 

analyzed using the Dynamic Light Scattering (DLS) and UV-Visible spectroscopy, respectively 

[104]. These analyses mostly help in understanding the crystallinity, phase composition, and 

surface morphology, which are essential factors in applications like wastewater treatment and 

material science. Nanoparticles are beyond the resolution limit of optical microscopes. This is 

because their diameters are smaller than the wavelengths of visible light [105]. 
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Applications of Nanoparticles Derived from Agricultural Wastes  

Nanoparticles derived from agricultural wastes have various applications across different fields, 

including: 

a) Agriculture  

Agriculture-based nanoparticles can enhance crop productivity, minimize chemical usage, 

and improve soil health. They improve crop productivity by delivering nutrients and 

pesticides more efficiently to plants, minimizing environmental degradation through 

specific application, and improving plant resistance to pests, diseases and stress, often by 

acting as nanofertilizers, nanofungicides and nanopesticides with controlled release 

mechanisms. They can also be used in soil remediation and monitoring crop health through 

Nanosensors [62,48] 

 

b) Water Treatment 

Nanoparticles can be used for water treatment by removing pollutants such as heavy metals 

and microorganisms from water, making it safe for drinking and irrigation [8].. For 

example, titanium dioxide nanoparticles from agricultural waste have been proved to 

photo-catalytically destroy organic contaminants. Similar nanoparticles obtained from 

materials such as rice husks can effectively adsorb heavy metals from water [74]. Silver 

nanoparticles obtained from agricultural wastes can also sterilize water. Including these 

nanoparticle composites into filtering membranes can significantly improve water quality 

by removing water pollutants [74].  

 

c) Military and Defense 

Nanoparticles derived from agricultural wastes are increasingly being explored for military 

textile applications due to their economic viability and climate-friendly nature. They offer 

potential in various defense sectors, including chemical, biological, radiological, nuclear 

protection, and in developing advanced coatings, composites, and energetic materials 

[8,106]. Additionally, nanomaterials from agricultural sources are being investigated to 

replace chromate-based compounds, offering environmentally compliant corrosion 

protection, damage sensing, and self-healing mechanisms and "smart" sensing mechanism 

[107]. 
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d) Medical and Biomedical 

Nanoparticles derived from agricultural-wastes exhibit excellent biocompatibility, making 

them suitable for medical applications such as drug delivery, wound healing, tissue 

engineering and cancer photothermal therapy [108, 109]. They are utilized for theragnostic, 

combining diagnosis and treatment. Moreover, they can be used to create biosensor which 

detects chemical and biological agents.  

 

e) Energy Storage 

Nanoparticles improve the efficiency of solar cells, fuel cells, and batteries. In solar cells, 

nanostructured materials enhance light absorption and charge transport, leading to 

increased efficiency [110]. For fuel cells and batteries, nanoparticles can be used as 

electrode materials and electrocatalysts, improving power output and performance [111]. 

Nanostructured electrodes with high surface areas and engineered electrolytes boost energy 

and power densities in various battery types. In wind energy, lubricants containing 

nanoparticle reduce friction in turbines, while nanocoating provide de-icing and self-

cleaning properties. Supercapacitors benefit from nanoparticle-based electrodes, exhibiting 

enhanced energy and power densities [97]. Nanocellulose and carbon-based nanomaterials 

derived from agricultural-waste are emerging as promising materials in electrochemical 

energy storage devices like batteries and supercapacitors due to their high surface area to 

volume ratio and mechanical strength [112] Cellulose-based nanomaterials have 

demonstrated potential in solar energy harvesting, energy storage systems, and mechanical 

energy harvesters with application in photovoltaic devices, lithium-ion batteries, 

supercapacitors, and triboelectric nanogenerators [112,97]. 
 

f) Catalysis 

Nanoparticles can be used as catalysts for various chemical reactions, such as biodiesel 

production and pollution reduction. They have shown potential to improve reaction rates, 

reduce reaction temperatures, and increase yields [59]. Nanoparticles are used to catalyze 

reactions that help reduce pollutants in air and water. They are utilized in automotive 

exhaust systems to convert harmful emissions like carbon monoxide (CO), nitrogen oxides 

(NOx), and volatile organic compounds (VOCs) into less toxic substances. They address 
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challenges associated with traditional catalysts, such as waste formation and high costs 

Khaturia et al. [59] These nanocatalysts act as filters to remove harmful substances from 

air or water. Their small size facilitates molecular-level interaction with pollutants, 

accelerating reactions that neutralize or break down the contaminants, contributing to 

cleaner air, water, and soil. Magnetic nanocatalysts are particularly attractive due to the 

absence of mass transfer resistance, reduced deactivation, and high recovery rates during 

separation [57] 
 

g) Food Packaging 

Nanoparticles are increasingly being used to develop biodegradable and antimicrobial food 

packaging materials, addressing challenges in food preservation and environmental 

concerns. They present cost-effective and eco-friendly alternatives to traditional packaging 

materials [113]. The incorporation of nanoparticles improves mechanical and barrier 

properties of packaging materials, extending the shelf life of food products and enhances 

food safety. Large surface area and high aspect ratio of nanoparticles makes cellulose-

based bio nanocomposites a promising biodegradable alternative to petroleum-based 

plastics. Nanoparticles, like silver or zinc oxide can provide antimicrobial properties, 

oxygen scavenging ability, and UV impermeability, thus inhibiting the growth of bacteria, 

fungi, and other microorganisms that are responsible for food spoilage [114]. 
 

Toxicity of Agricultural Waste-Derived Nanoparticles 

Nanoparticles produced through chemical methods often face significant hurdles in clinical and 

agricultural applications due to concerns regarding their biocompatibility, inherent toxicity, and 

long-term stability. The residues of harsh chemicals can adhere to the nanoparticle surface, 

potentially causing adverse effects in biological systems. The National Institute of Environmental 

Health Sciences reports that materials developed down to the nano scale may be hazardous to the 

health of humans and animals as they are readily absorbed into the body via inhalation, ingestion, 

or skin absorption [115]. Their potential to interact with biological systems and the environment 

necessitates rigorous toxicological assessments. Importantly, not all NPs are inherently harmful; 

their toxicity depends on factors such as composition, size, shape, surface chemistry, and exposure 

pathways. While some agricultural waste-derived NPs, like cellulose, are generally regarded as 
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safe (GRAS) by regulatory bodies like the U.S. Food and Drug Administration (FDA) for certain 

applications, others, such as silver NPs, require further scrutiny due to potential genotoxicity or 

environmental persistence [116]. 

Studies on silica nanoparticles from rice husk show low cytotoxicity in human cell lines at 

concentrations below 100 µg/mL, but long-term inhalation studies are needed to assess pulmonary 

effects [117]. The biodegradability and biocompatibility of cellulose nanoparticles derived from 

sugarcane makes them suitable for drug delivery applications. Their toxicity is affected by particle 

size and surface modification; for example, cationic cellulose NPs may disrupt cell membranes 

more than neutral ones [116]. Silver nanoparticles from corn stover exhibit strong antimicrobial 

properties but can induce oxidative stress in mammalian cells at high doses. Their environmental 

release, particularly in agricultural applications, requires monitoring to prevent soil microbial 

disruption [118]. Carbon nanoparticles from palm kernel shells may pose risks if released into 

aquatic systems, where they can bioaccumulate in organisms like fish, necessitating 

ecotoxicological assessment [119]. 

 

Key factors influencing toxicity on nanoparticle include: 

1. Composition: Organic NPs like cellulose are generally biocompatible, whereas inorganic 

NPs like silver or titanium dioxide may release ions that disrupt cellular functions. For 

instance, silver NPs have shown antimicrobial benefits but can also induce toxicity in 

human cells at concentrations above 10 µg/mL [118]. 

2. Size and Surface Area: The size and surface area of nanoparticles (NPs) derived from 

agricultural wastes significantly influence their toxicity, affecting their reactivity, cellular 

uptake, and environmental interactions. Smaller NPs, typically 5–20 nm, exhibit higher 

surface-to-volume ratios, enhancing their chemical reactivity and ability to penetrate 

biological membranes compared to larger NPs (>100 nm). For example, cellulose NPs (<50 

nm) from palm kernel shells can cross cell membranes, potentially inducing oxidative 

stress via reactive oxygen species (ROS) generation, while larger particles (>100 nm) are 

less likely to do so [19]. 

3. Exposure Pathways: Inhalation, ingestion, or dermal exposure affects toxicity outcomes. 

For example, airborne silica NPs from agricultural waste burning may pose respiratory 
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risks, while ingested cellulose NPs in nano-fertilizers are often excreted without significant 

harm [117,118]. 

4. Concentration; High concentrations can cause oxidative stress and damage to plant cells, 

resulting in reduced growth and lower crop yield, thereby impacting food safety and 

security. The incorporation of agricultural-based nanoparticles may exhibit beneficial 

effects at low dosages (≤5%), whereas higher concentrations may induce phytotoxic effects 

[47,120]. For example, while low concentrations of zinc oxide nanoparticles from banana 

peels can promote growth in chili plants at low concentrations (50 ppm), higher 

concentrations may induce phytotoxic effects, leading to reduced germination rates and 

overall plant health.  
 

Regulatory Frameworks and Risk Assessment: Navigating the Policy Landscape 

The rapid evolution of nanotechnology, particularly in the context of agricultural waste 

valorization, has outpaced the development of comprehensive regulatory frameworks. This creates 

significant challenges for commercialization and responsible deployment. 

Inappropriate or insufficient regulatory framework for nanoparticles in agriculture create 

uncertainty for manufacturers, limiting market entry. For example, silver NPs from corn stover, 

used as antimicrobial agents, lack clear EPA guidelines on environmental release, unlike 

conventional agrochemicals [118,116]. Robust comparative assessment between nanoparticle-

based formulations and conventional agrochemicals are needed to establish safety and efficacy 

standards, fostering public and regulatory acceptance [116] 

Risk assessment criteria for nanoparticles, especially concerning their exposure to plants, 

soil, and soil microbiome components, are not yet fully established. This lack of a thorough 

understanding of potential risks hinders the development of appropriate safety protocols and public 

acceptance. The health effects and regulatory requirements for the application of nanomaterials 

are significant concerns that must be addressed. To navigate this policy landscape, future research 

needs to focus on providing sufficient data from field trials and pest-crop host systems to support 

the safety and efficacy claims of nanoparticle-based products. Collaborative efforts between 

researchers, industry, and regulatory bodies are essential to develop science-based regulatory 

guidelines that foster innovation while ensuring environmental and human safety. As global 
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regulations tighten on emissions and hazardous waste, industries that proactively shift to green 

methods will benefit from both cost savings and regulatory compliance. By integrating 

comprehensive characterization, standardized testing, and regulatory oversight, the safe 

development of these NPs can be ensured, maximizing their benefits in sustainable applications 

while minimizing risks. 
 

Emerging Trends and Novel Applications 

The integration of nanomaterials with 3D printing technology has created versatile, 

multifunctional hybrid biomaterials for biomedical applications, particularly in tissue engineering 

and regenerative medicine [121]. This convergence transforms agricultural waste into functional 

nanostructures while advancing additive manufacturing capabilities for specialized applications in 

optics, tissue engineering, and custom manufacturing. Agricultural waste can be effectively 

transformed into materials suitable for 3D printing applications, offering eco-friendly alternatives 

to conventional manufacturing materials. Karsoun et al, [122] demonstrated that agricultural waste 

can be converted into paste form for liquid deposition 3D printing, with mechanical testing 

revealing strong and durable properties suitable for printing various products. Pemas et al. [123] 

specifically investigated tomato agricultural waste, developing polylactic acid (PLA) composite 

filaments with 5-10% tomato stem powder for fused filament fabrication, showing consistent 

tensile properties at 5% addition and notable antioxidant activity.  

Rahman et al, [123] conducted a systematic review of 57 publications, confirming that 

agriculturally derived biowastes can be transformed into diverse materials including powders, 

fibers, and filaments for additive manufacturing, though optimization of mechanical properties 

remains necessary.  
 

Challenges and Limitations 

Challenges in developing effective nanocomposites include achieving uniform nanoparticle 

dispersion within the composite matrix, as the tendency for nanoparticles to agglomerate persists. 

Another challenge remains in achieving consistent quality and scalability of nanoparticle synthesis 

from agricultural-wastes due to the variability in the properties of agricultural wastes and the 

complex processing required [76]. There are significant knowledge gaps regarding the interactions 

of nanomaterials with plants and the environment, hindering their effective application in 
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agriculture [125]. The variability in waste composition and the need for specific processing 

technologies to ensure consistent quality and properties of the nanoparticles are potential hurdles. 

For example, the ash content varies by an order of magnitude from woody (0.5%) to herbaceous 

materials (5%), while lignin content decreases from ~30% to 15%, directly affecting conversion 

efficiency and biofuel yields. This variability creates barriers to scale-up and commercialization 

of lignocellulosic biofuel technologies [126]. 

  Although green synthesis methods are celebrated for their environmental benefits, they 

face limitations in terms of controlling the size, distribution, and morphology of the produced 

nanoparticles. Advances in top-down and bottom-up synthesis approaches show promise but 

require further refinement to enhance their practical application and to align them with industrial 

scalability. The initial investment in research, development and setting up production facilities can 

be significantly hindered by high initial costs and economic uncertainties [76]. 

Exposure to NPs has been linked to numerous adverse health effects, including 

neurological disorders like Alzheimer's and Parkinson's diseases. Respiratory issues, including 

asthma, lung cancer, and other lung-related conditions, are reported consequences of NP inhalation 

[126]. Studies have shown that fibrous carbon nanoparticles can induce lung edema, raising 

concerns similar to those associated with asbestos exposure. The risk of inadvertent human 

exposure to potentially harmful levels of these particles is a significant concern necessitating 

further research and robust safety measures [127]. A study utilizing the comet assay [128] 

demonstrated that nanoparticles can induce DNA damage in cells.  Similarly, copper oxide 

nanoparticles have been shown to induce DNA damage in agricultural and grassland plants, 

leading to the accumulation of mutagenic DNA lesions and inhibit plant growth depending on 

concentration and exposure time. These genotoxic effects of NPs may pose a health risk when 

ingested leading to cancer. High concentrations can cause oxidative stress and damage to plant 

cells, resulting in reduced growth and lower crop yield, thereby impacting food safety and security 

[120]. The incorporation of agricultural-based nanoparticles exhibits beneficial effects at low 

dosages (≤5%), whereas higher concentrations prove disastrous [47] 
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Future Outlook  

Integration with Advanced Technologies 

The future of agricultural waste-derived nanoparticles will be profoundly shaped by their 

integration with advanced technologies such as Artificial Intelligence (AI), the Internet of Things 

(IoT), and precision agriculture systems. The IoT will facilitate real-time monitoring of 

environmental conditions, crop health, and soil parameters. When combined with nanoparticle 

applications, this allows for truly precise and responsive interventions. For example, autonomous 

sensors and GPS systems can efficiently monitor crop growth and soil conditions, enabling the 

precise application of nano-nutrients for optimal crop improvement. This synergy will lead to 

highly efficient resource utilization, minimizing waste and maximizing productivity in agricultural 

systems. 

Precision agriculture, enhanced by these integrated technologies, will enable dynamic 

adjustment of nanoparticle delivery systems based on real-time data. This means fertilizers and 

pesticides can be applied exactly where and when needed, reducing overall chemical use and 

further mitigating environmental impact. Such integration will move the field towards truly 

intelligent and sustainable agricultural practices. 

 

CONCLUSION 

The valorization of agricultural wastes into nanoparticles, as outlined in this review, provides a 

transformative approach to addressing the global waste burden while promoting sustainable 

nanotechnology. By utilizing wastes such as rice husks, sugarcane bagasse, and palm kernel 

shells, researchers have synthesized NPs like silica, cellulose, and silver, with applications in 

water purification, agriculture, biomedical fields, and energy storage. Challenges such as 

inconsistent waste composition, scalability, and toxicity (e. g., silver NP genotoxicity at high 

doses) highlight the need for standardized protocols and thorough assessments. Studies are 

currently required on standardized methodologies to address waste variability. Incorporation 

of AI and IoT can significantly improve synthesis precision and monitor environmental impacts in 

real- time. The review pointed out the need for collaborative efforts across materials science, 

engineering, and environmental technology to develop safe and cost- effective NP composites, 

thus, promoting waste management in developing countries.  
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