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Abstract

The growing concerns over environmental pollution and resource depletion have intensified the search for sustainable and eco-friendly
technologies. Nanotechnology has emerged as a promising field with wide-ranging applications in environmental remediation;
however, conventional methods of nanoparticle synthesis often involve toxic chemicals and high energy consumption. In this context, the
use of agricultural waste as a renewable and low-cost resource for nanoparticle synthesis offers a sustainable alternative. Agricultural
residues such as fruit peels, husks, leaves, and crop by-products are rich in bioactive compounds that can act as reducing and stabilizing
agents in nanoparticle synthesis. This review provides a comprehensive overview of the green synthesis of nanoparticles using
agricultural waste and their applications in environmental remediation. It discusses synthesis mechanisms, types of nanoparticles
produced, and their effectiveness in removing pollutants from water, soil, and air. Additionally, challenges, limitations, and future
research directions are highlighted to promote the sustainable development of nanotechnology for environmental protection.
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valorization.

1.Introduction

Environmental pollution has become one of the most pressing
global challenges, affecting ecosystems, human health, and
economic development. Rapid industrialization, urbanization,
and intensive agricultural practices have led to the
accumulation of pollutants such as heavy metals, organic
contaminants, pesticides, and industrial effluents in water, soil,
and air [1]. Traditional remediation techniques, including
physical and chemical methods, often involve high costs, limited
efficiency, and secondary pollution. Therefore, there is an
urgent need for innovative, cost-effective, and sustainable
approaches for environmental cleanup [2]. Nanotechnology has
gained significant attention in environmental remediation due
to the unique properties of nanoparticles, including high surface
area, enhanced reactivity, and the ability to interact with a wide
range of pollutants. However, conventional nanoparticle
synthesis methods rely on hazardous chemicals and energy-
intensive processes, raising concerns about environmental
sustainability and safety. This has led to the development of
green synthesis approaches that utilize biological materials for
nanoparticle production [3]. Agricultural waste represents an
abundant and underutilized resource that can be effectively
used for the biosynthesis of nanoparticles. Materials such as rice
husk, wheat straw, fruit peels, sugarcane bagasse, and plant

leaves contain bioactive compounds like polyphenols,
flavonoids, and proteins that can reduce metal ions into
nanoparticles and stabilize them. The use of agricultural waste
not only reduces environmental pollution but also adds value to
waste materials, contributing to a circular economy [4]. This
review aims to explore the sustainable production of
nanoparticles using agricultural waste and their applications in
environmental remediation. It provides detailed insights into
synthesis methods, mechanisms, types of nanoparticles, and
their practical applications, along with challenges and future
prospects.

2. Agricultural Waste as a Resource for Nanoparticle
Synthesis

Agricultural waste is generated in large quantities worldwide
and is often discarded or burned, leading to environmental
pollution. However, these waste materials are rich in organic
compounds that can be utilized for nanoparticle synthesis. Fruit
peels such as banana, orange, and pomegranate peels contain
high levels of antioxidants and phenolic compounds, which act
as natural reducing agents. Similarly, crop residues like rice
husk and wheat straw contain cellulose, hemicellulose, and
lignin, which can facilitate nanoparticle formation [5]. The use
of agricultural waste for nanoparticle synthesis offers several
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advantages, including low cost, abundance, and sustainability. It eliminates the need for toxic chemicals and reduces the
environmental impact associated with conventional synthesis methods. Additionally, the utilization of waste materials supports
waste management strategies and promotes resource efficiency [6]. The composition of agricultural waste varies depending on the
source, which can influence the size, shape, and properties of the synthesized nanoparticles. Therefore, understanding the chemical
composition and functional groups present in these materials is essential for optimizing the synthesis process and achieving desired
nanoparticle characteristics.

3.Green Synthesis of Nanoparticles

Green synthesis of nanoparticles using agricultural waste involves the reduction of metal ions into nanoparticles through
biochemical reactions facilitated by bioactive compounds. The process typically includes the preparation of plant extracts from
agricultural waste, followed by the addition of metal salt solutions such as silver nitrate, zinc sulfate, or iron chloride. The bioactive
compounds present in the extracts act as reducing agents, converting metal ions into nanoparticles, while also stabilizing them to
preventaggregation.

The synthesis process is influenced by several factors, including pH, temperature, concentration of metal ions, and reaction time.
Optimizing these parameters is crucial for controlling nanoparticle size, morphology, and stability. Compared to conventional
methods, green synthesis is simple, cost-effective, and environmentally friendly, making it suitable for large-scale applications [7-9].
Common nanoparticles produced through agricultural waste include silver nanoparticles (AgNPs), zinc oxide nanoparticles (ZnO
NPs), iron oxide nanoparticles (Fe304, NPs), and copper nanoparticles (CuNPs). These nanoparticles exhibit unique physicochemical

properties that make them highly effective for environmental remediation.

Table 1: Agricultural Waste Sources Used for Nanoparticle Synthesis

Agricultural Waste Source
Fruit peels (banana, orange, pomegranate)

Rice husk Silica, lignin, cellulose
Wheat straw Cellulose, hemicellulose
Sugarcane bagasse Lignin, polyphenols
Plant leaves Alkaloids, proteins, enzymes

Table 2: Types of Nanoparticles and Their Properties

Nanoparticle Type
Silver (AgNPs)
Zinc Oxide (Zn0)
Iron Oxide (Fe304)
Titanium Dioxide (TiO3)
Copper (CuNPs)

Key Properties

Photocatalytic activity

Table 3: Mechanisms of Environmental R diation by Nanoparticles
Mechanism Description
Adsorption Binding of pollutants to nanoparticle surfaces

Catalytic Degradation
Redox Reactions
Antimicrobial Action

4.Mechanisms of Environmental Remediation
Nanoparticles synthesized from agricultural waste play a
significant role in environmental remediation through various
mechanisms. One of the primary mechanisms is adsorption,
where nanoparticles bind to pollutants such as heavy metals
and organic compounds, removing them from water and soil.
The high surface area and active sites of nanoparticles enhance
their adsorption capacity. Another important mechanism is
catalytic degradation, where nanoparticles facilitate the
breakdown of complex pollutants into less harmful substances.
For example, nanoparticles can catalyze the degradation of dyes,
pesticides, and pharmaceutical residues in wastewater [9].
Additionally, nanoparticles can participate in redox reactions,
converting toxic substances into less harmful forms.
Antimicrobial activity is another mechanism through which
nanoparticles contribute to environmental remediation. They
can inhibit the growth of harmful microorganisms in water
systems, improving water quality and safety. These combined
mechanisms make nanoparticles highly effective for addressing
awiderange of environmental pollutants.

Major Bioactive Compounds
Phenolics, flavonoids, antioxidants

Strong antimicrobial activity
UV-blocking, antimicrobial, catalytic
Magnetic, high adsorption capacity

Antimicrobial and catalytic properties

Breakdown of complex compounds into simpler, less toxic forms
Conversion of toxic substances into less harmful forms
Inhibition of microbial growth

Role in Synthesis
Reducing and stabilizing agents
Structural support and reduction
Reducing agents and stabilizers
Reducing and capping agents
Reduction and stabilization

Types of Nanoparticles Produced
AgNPs, AuNPs
SiNPs, ZnO NPs
AgNPs, Fe;0, NPs
CuNPs, ZnO NPs
AgNPs, TiO, NPs

Environmental Application
Water disinfection, pathogen removal
Wastewater treatment, pollutant removal
Heavy metal removal, soil remediation
Degradation of organic pollutants
Water purification and antimicrobial use

Target Pollutants
Heavy metals, dyes
Organic pollutants, pesticides
Heavy metals, industrial chemicals
Pathogens in water and soil

5.Applications in Environmental Remediation

The application of nanoparticles derived from agricultural
waste has shown significant potential in various areas of
environmental remediation. In water treatment, these
nanoparticles are used to remove heavy metals such as lead,
cadmium, and arsenic, as well as organic pollutants including
dyes and pesticides. Their high efficiency and reusability make
them suitable for wastewater treatment applications. In soil
remediation, nanoparticles help in immobilizing contaminants
and reducing their bioavailability, thereby preventing their
uptake by plants and entry into the food chain [10-11]. They also
improve soil quality by enhancing microbial activity and
nutrient availability. Air pollution control is another emerging
application, where nanoparticles are used to capture and
degrade airborne pollutants. Additionally, these nanoparticles
can be incorporated into filtration systems for removing
contaminants from industrial emissions. The versatility and
effectiveness of nanoparticles make them valuable tools for
addressing environmental challenges and promoting
sustainable development.

https://feb.crcjournals.org/

07.


https://scientificreviews.crcjournals.org/archives/volume-3-issue-2-2025/
https://scientificreviews.crcjournals.org/archives/volume-3-issue-2-2025/

Jelang Jelku D. Sangma et al., (2025)

6.Challenges and Limitations

Despite the advantages of using agricultural waste for
nanoparticle synthesis, several challenges need to be addressed.
One of the major limitations is the variability in the composition
of agricultural waste, which can affect the consistency and
reproducibility of nanoparticle synthesis. Standardization of
synthesis protocols is necessary to ensure uniform quality and
performance. Another challenge is the scalability of green
synthesis methods. While laboratory-scale production is well-
established, large-scale production requires optimization to
ensure cost-effectiveness and efficiency. Additionally, the
potential environmental and health impacts of nanoparticles
need to be carefully evaluated, particularly regarding their
toxicity and long-term effects. Regulatory frameworks for the
use of nanoparticles in environmental applications are still
developing, and clear guidelines are needed to ensure safe and
responsible use. Addressing these challenges is essential for the
successful implementation of this technology.

7.Future Perspectives and Research Directions

Future research in this field is expected to focus on improving
the efficiency, stability, and scalability of nanoparticle synthesis
using agricultural waste. Advances in nanotechnology and
biotechnology will enable the development of multifunctional
nanoparticles with enhanced properties for environmental
remediation. The integration of nanoparticles with other
technologies, such as bioremediation and advanced oxidation
processes, offers promising opportunities for improving
remediation efficiency. Additionally, the development of hybrid
materials and nanocomposites can further enhance pollutant
removal capabilities.

Interdisciplinary research and collaboration among scientists,
engineers, and policymakers will be essential for overcoming
existing challenges and promoting sustainable development.
The adoption of circular economy principles, where waste
materials are converted into valuable products, will further
supportthe growth of this field.

8.Conclusion

The sustainable production of nanoparticles from agricultural
waste represents an innovative and eco-friendly approach to
addressing environmental pollution. By utilizing abundant and
renewable resources, this method not only reduces waste but
also provides effective solutions for environmental
remediation. The unique properties of nanoparticles, combined
with green synthesis techniques, make them highly suitable for
removing a wide range of pollutants from water, soil, and air.
Although challenges remain, ongoing research and
technological advancements are expected to enhance their
efficiency, safety, and scalability. This approach holds significant
potential for promoting sustainable development and
environmental protection in the future.
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