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ABSTRACT

Nanotechnology has emerged as a promising approach for sustainable agriculture and water quality
management, offering innovative solutions to enhance traditional practices and mitigate environmental
challenges. Recent advances have focused on developing nano fertilizers, nano pesticides, and nano
herbicides for controlled nutrient release, targeted pest control, and reduced environmental impact. Nano
sensors enable real-time monitoring of soil and crop conditions, facilitating precision farming. Nano materials
like metal oxides, polymeric nanocomposites, and carbon nanotubes enhance plant growth, disease
resistance, and nutrient uptake while improving soil fertility. This review paper provides a comprehensive
overview of the applications of nanomaterials in these domains. It explores the role of nanotechnology in
developing controlled-release nano fertilizers, nano pesticides, and nano herbicides for precision agriculture,
reducing waste and minimizing environmental impact. In the realm of water treatment, the review examines
the use of nano-adsorbents for efficient removal of heavy metals, dyes, and pharmaceutical compounds, as
well as the application of nano material membranes for filtration of viruses, bacteria, and organic pollutants.
It also explores the role of nano photocatalysts in degrading organic contaminants through redox reactions.
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Introduction

Human activities such as urbanization, industrial-
ization, and unsustainable resource extraction have
placed immense pressure on ecosystems, resulting
in food scarcity, ecosystem degradation and dys-
function. Addressing these environmental chal-
lenges necessitates advanced technological solutions
to enhance food security and promote sustainable
ecosystem management (Saleem, 2022). Recent
years, nano technology has significant applications
across various fields, including biotechnology, agri-
culture, tissue engineering, waste water treatment,
contaminants detection in water, soil and air etc.
(Dasgupta et al., 2015). Nano technology is the ma-
nipulation, investigation, and application of materi-

als at the nano scale typically, between 1 and 100 na-
nometers (nm). Because of their large surface area,
special qualities, and potential for resource recov-
ery, nano materials-including nano particles,
nanofibers, and Nano composites-have drawn a lot
of attention for the removal of pollutants (Kaur et al.,
2021). These nanomaterials can now be made with
ecologically friendly green synthesis techniques.
Numerous microorganisms, including waste mate-
rials, agricultural residues, bacteria, algal and fungal
biomass and yeast, have served as environmentally
acceptable precursors for the production of
nanoparticles (NPs) with potential uses in water and
soil-plant continuum (Rossi et al., 2019). The synthe-
sis of nanomaterials can be done using two primary
approaches: top-down and bottom-up. The bottom-



5300

up approach assembles materials from atomic or
molecular components, utilizing methods such as
Chemical Vapor Deposition (CVD), the sol-gel pro-
cess, and self-assembly, allowing for high molecular
precision and the creation of well-defined
nanostructures (Bisht et al., 2020). Conversely, the
top-down approach breaks down bulk materials
into nanoscale structures through techniques like
mechanical milling, lithography, and etching, which
are more scalable and cost-effective for bulk produc-
tion (Fig. 1). The classification of nanomaterials are
based on their structure are given in Table 1.

The unique physical, chemical, and biological
properties of nanomaterials can be harnessed for
various applications, including environmental
monitoring, remediation, and sustainable resource
management (Rossi et al., 2019; Kaur et al., 2021). For
instance, the application of nanomaterial in the ag-
ricultural sector has also expanded, involving the
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development of nanosensors, nanofertlizer, tracking
devices, targeted delivery systems, food safety en-
hancements, new product innovations, precision
processing, and smart packaging (Kumar et al., 2021;
Dasgupta et al., 2015). However, the development of
nanosensors holds great potential for monitoring
environmental stress and boosting plants” disease
resistance capabilities. Nanomaterials can be used to
detect pollutants at very low concentrations, en-
abling early intervention and reducing the risk of
contamination of water resources (Kumar ef al.,
2021). Continual advancements in nanotechnology,
with a particular focus on identifying problems and
fostering collaborative approaches, are essential for
sustainable agricultural and water management.
This review paper aims to provide a comprehensive
overview of the applications of nanotechnology in
sustainable agriculture and water quality manage-
ment. It highlights the recent advancements and
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Fig. 1. Synthesis of nanomaterials

Table 1. Classification of nanomaterials based on composition (Kumar et al., 2021)
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Nanomaterial Type

Examples

Carbon-based Nanomaterials
Metal-based Nanomaterials
Metal Oxide Nanomaterials

Polymeric Nanomaterials
Quantum Dots

Graphene, Fullerenes, Carbon Nanotubes, Carbon Nanofibers, and Carbon

Black

Lead (Pb), Silver (Ag), Zinc (Zn), Iron (Fe), Gold (Au), Cadmium (Cd), Cobalt

(Co), Copper (Cu), and Aluminum (Al)

Aluminum oxide (ALQO,), zinc oxide (ZnO), silicon dioxide (SiO,), and

titanium oxide (TiO,)
Dendrimers, Nanofibers, Nanocomposites
Semiconductor nanoparticles
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potential of nanomaterials, such as nanoparticles,
nanocomposites, and nanostructured materials, in
various aspects of these domains.

Applications of Nanotechnology in agriculture

Nanotechnology is regarded as a pivotal technology
of the twenty-first century, promising to enhance
traditional agricultural practices and promote sus-
tainable development through improved manage-
ment and conservation techniques that minimize
waste of agricultural inputs (Bisht ef al., 2020). Re-
cent advancements in nanotechnology have focused
on the synthesis of slow or controlled-release fertil-
izers, pesticides, and herbicides, garnering signifi-
cant attention in agriculture (Wang et al., 2019).
Nanotechnology plays a crucial role in precision
agriculture through the use of nanosensors for real-
time monitoring of soil and crop conditions, en-
abling the precise application of water, fertilizers,
and pesticides (Zhang et al., 2014). This targeted ap-
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proach boosts crop yield and quality while mitigat-
ing the environmental impact of agricultural prac-
tices. Nanomaterials significantly benefit crop and
plant applications by enhancing growth, disease re-
sistance, and nutrient uptake (Rossi et al., 2019;
Wang et al., 2019). Nanofertilizers release nutrients
more efficiently, improving soil fertility and reduc-
ing environmental impact (Disfani et al., 2017). They
release nutrients in a controlled manner, minimizing
nutrient loss through leaching or volatilization and
reducing environmental pollution. Enhanced uptake
of nutrients such as nitrogen, phosphorus, and po-
tassium leads to healthier plants and increased
yields. For example, encapsulating potassium ni-
trate with graphene oxide films significantly pro-
longs the fertilizer release process and could be eco-
nomically viable for large-scale production. Ad-
vances in nanotechnology also enable the transfer of
desired genes to target plants. Recent developments
in chitosan nanoparticle-entrapped SiRNA delivery

Table 2. Application of nanotechnology in crop management

Nanomaterials ~ Crop Species Mode of Concentrations ~ Responses References
Application Used
ZnO Coffea arabica Foliar spray 10 mg/1 Enhanced growth, Rossi et al.
biomass accumulation (2019)
and net photosynthesis
CuO Spinacia oleracea  Mixed with soils 200 mg/kg Improved photosynthesis Wang et al.
and biomass production ~ (2019)
Fe/Si0O2 Arachis hypogaea,  As fertilizers 15 mg/kg Enhanced plants growth  Disfani et al.
Zea mays and biomass (2017)
accumulation
AgNPs Vigna sinensis Foliar 50 mg/1 Enhanced growth and Pallavi et al.
application biomass by stimulating (2016)
root nodulation and soil
bacterial diversity
TiO2 and Oryza sativa Foliar 20 and Mitigated Cd toxicity Rizwan et al.
5i02 application 30mg/1 and improved growth (2019)
by stimulating
antioxidant potential
and inhibiting Cd
translocation
AgNPs Vigna unguiculata  Foliar 100 ug/ml Showed no phytotoxicity, Vanti et al.
application but could inhibit growth  (2019)
of Xanthomonas
axonopodispv.
malvacearum and
Xanthomonas campestris
pVv. campestris in vitro
MgO Solanum Drenching 10 ig/ml Controlled bacterial Imada et al.
Lycopersicum wilt disease by (2016)

suppressing pathogen
Ralstonia solanacearum
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systems offer a novel approach to crop improve-
ment, allowing for targeted control of insect pests
due to chitosan’s efficient RNA binding and pen-
etration capabilities (Rossi et al., 2019). Additionally,
applying zinc oxide nanoparticles with other fertil-
izers in zinc-deficient soil not only enhances nutrient
use efficiency but also boosts barley productivity by
91% compared to the control, whereas traditional
bulk ZnSO4 increases productivity by 31%.

In agriculture, nanoparticles boost yield and com-
bat pests, but their effects on plant health and eco-
systems remain unclear (Rizwan et al., 2019; Bisht et
al., 2020). They can alter plant physiology, cause
phytotoxicity, and disrupt soil microbiomes crucial
for nutrient cycling. Understanding these interac-
tions is vital (Table 2). Effective nanotoxicity man-
agement requires safety guidelines, risk assess-
ments, and monitoring systems for environmental
and health impacts (Vanti et al., 2019; Kumar et al.,
2021).

Nanotechnology on waste water treatment

Water bodies such as lakes, dams, canals, rivers, and
streams are critical resources, supplying three-
fourths of water for agricultural and industrial pur-
poses, and one-third of drinking water for domestic
households (Saleem et al., 2022; Bisht et al., 2024).
Despite their vital role in sustaining life, surface
waters are highly vulnerable to pollution arising
from uncontrolled agricultural and industrial activi-
ties (Mohamed et al., 2024; Bisht et al., 2024). Indus-
trial and domestic wastewater discharges have led
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to increased freshwater contamination and deple-
tion of clean water resources (Bisht et al., 2024). Due
to their easy accessibility, surface water sources like
rivers are common discharge sites for wastewater,
which may contain microorganisms, heavy metals,
and hazardous chemicals (Elessawy et al., 2020).

In recent years, the application of nanotechnology
in water treatment has garnered widespread atten-
tion and is actively being researched due to the re-
markable properties of nanomaterials (Kumar et al.,
2021). The nano-sensors have been employed for
detecting pesticides, surfactants, dyes, phenolic
compounds, and emerging pharmaceutical contami-
nants in water (Dasgupta et al., 2017). However,
nanomaterials exhibit notable properties such as
high surface area; antimicrobial activities, pore size,
and reactive surface chemistry make them useful for
adsorption of heavy metals from contaminated wa-
ter (Table 3). Nanoadsorbents like carbon
nanotubes, graphene, metal oxides, and polymeric
nanocomposites possess exceptionally high surface
areas and unique surface properties, facilitating ef-
ficient adsorption of pollutants such as heavy met-
als, dyes, and pharmaceutical compounds (Siddeeg
et al., 2024). Previous studies have demonstrated the
nanomaterial membranes composed of carbon
nanotubes, ceramic nanocomposites, or others can
efficiently filter out viruses, bacteria, heavy metals,
and organic pollutants from water and wastewater
due to their controlled pore size and high perme-
ability, contributing to exceptional filtration capa-
bilities (Kaur et al., 2022).

Table 3. Use of nano-adsorbents extracted from the natural materials from heavy metals removal (Tahoon et al., 2020;

Mohamed et al., 2024; Siddeeg et al., 2024)

Name of the Material Doses Removal Heavy Metals
(g/1) Percentage/

Capacity (mg/g)
Gum Acacia-Copolymer Nanocomposite Magnetite NPs 1.0 g/1 89% Cd, Pb
ZnO NPs from Passiflora Foetida Peel 0.8g/1 93.25% (Methylene Blue) Pb, Cu
Chitosan-based NPs 2.0g/1 120 mg/g Cr(VI), Ni(II)
Graphene Oxide NPs from Plastic Waste 0.75g/1 92% As, Pb
Bimetallic Fe/Cu NPs 1.0g/1 150 mg/g Cr,Cd, Pb
Metal Oxide NPs (TiO2) 12 g/l 98% Cr, Pb
Zeolite NPs 25¢g/1 100 mg/g Cu, Ni
Magnesium ferrite-nitrogen—doped graphene oxide 1.0g/1 930 mg/g, and 64.1 mg/g Pb, As
nanocomposite for Pb**and As*
Biochar-based NPs 1.0 g/1 95% Pb, Cu
Magnetic NPs from Green Tea Extract 0.8g/1 110 mg/g Ni, Cd
ZnO NPs from Orange Peel Extract 0.6 g/l 88% Pb, Cd
TiO2 NPs from Green Synthesis 12 g/1 80% Hg*140 mg/g Hg, Cr(VI), As
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Nanomaterials as photocatalysts for waste water

remediation

The application of nanomaterials can be used as
photocatalysts in various forms, such as
nanoparticles, thin films, or immobilized on sup-
ports like zeolites or activated carbon. The photo-
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catalytic process involves the generation of electron-

hole pairs upon light absorption, which subse-

quently participate in redox reactions to degrade
organic pollutants or generate reactive species for
disinfection purposes (Hayati et al., 2020; Wu et al.,
2020). Some of nanoparticles such as TiO,, Graphene

Table 4. Negative effect of nano-materials on plant health

Nanoparticle Type Size (nm) Plants Affected Observed Effect Reference
Silver Nanoparticles 10-50 Arabidopsis Inhibition of seed Siddiqi and Husen, 2022
(AgNPs) thaliana germination, root

growth inhibition
Titanium Dioxide 21-30 Spinach Enhanced Gordillo-Delgado et al.,
Nanoparticles (TiO, NPs) photosynthesis, 2020

increased growth at

lower doses
Zinc Oxide Nanoparticles 30-70 Soybean, Radish Growth inhibition, Jampilek and Kralova,
(ZnO NPs) root shortening, 2021

oxidative stress
Copper Oxide <50 Lettuce, Wheat Reduced seed Pelegrino et al., 2020
Nanoparticles (CuO NPs) germination rate,

root toxicity
Iron Oxide Nanoparticles 10-20 Rice, Tomato Enhanced iron Shakoor et al., 2023
(Fe,O, NPs) uptake, improved

growth at low

concentrations
Cerium Oxide 10-50 Barley, Wheat Altered root Kumar et al., 2021

Nanoparticles

architecture, decreased

(CeO, NPs)

transpiration

Table 5. Nanoparticles used as photocatalyst for pollutant removal

Water Photocatalyst Target Pollutant Efficiency Ref.
Medical ZnCo-layered double Gemifloxacin (GMF) 92% Gholami et al.
wastewater hydroxide (Zn—-Co-LDH) (2020)
MgO/ carbon nanotubes Sulfadiazine (SDZ) 99.9% (80 min) Hayati et al.
(2020)
TiO2 Tetracycline (TC) 25.1% (150 min) Wu et al. (2020)
Red mud Tetracycline (TC) 88.4% (80 min) Shi et al., 2020)
Textile wastewater ZnO/polypyrrole Azo dye direct black 22 95.7% (96 h-bio; Ceretta et al.
60 min-PD) (2020)
Graphene oxide/TiO, Salicylic acid 57% Hunge et al.
(2020)
Agricultural ZCS/SIC core—shell Rhodamine B (RB), RB=97% (60 min),  Tang et al.
nanorod wastewater imidacloprid (IM) IM=55% (240 min)  (2020)
TiO, Metalaxyl 99.9% (30 min) Islam et al. (2020)
F-Pd co-doped TiO, Sulfamethoxazole 98.9% (70 min) Jahdi et al. (2020)
nanocomposite (SMX)
Industrial TiO,/Graphene oxide Methylene Blue 99% (4h) Kurniawan et al.
wastewater (2020)
sGO-Ag2V0O4/Ag Dye 99.95% (60 min) Raga et al. (2020)
Zinc oxide nanoparticles Basic Red 51 (BR51) 89.01% (5.5h) Yashni et al.
(ZnO NPs) (2020)
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oxide, zinc oxide (ZnO) nanoparticles are widely
studied and utilized as photocatalysts due to their
high photocatalytic activity, chemical stability, and
low cost (Table 4). They have been employed for the
degradation of various organic pollutants, such as
dyes, pesticides, and pharmaceuticals, in water un-
der ultraviolet (UV) or visible light irradiation
(Gholami et al., 2020; Tang et al., 2020).

Conclusion and future directions

Nanotechnology provides novel tools and strategies
to tackle complex environmental challenges, revolu-
tionizing ecosystem management. Nanomaterials
have proven versatile and effective in pest control,
promoting agricultural growth, water purification,
and enhancing soil health. Nanotechnology enables
sustainable resource management, precise monitor-
ing, and targeted interventions. Integrating
nanomaterials like metal oxides, polymeric
nanocomposites, and carbon nanotubes has shown
remarkable promise in nutrient delivery, disease
detection, and pollutant removal in agriculture and
water. Continued research will optimize
nanomaterials, further enhancing ecosystem man-
agement techniques. Future developments will fo-
cus on cost-effective manufacturing, ensuring
nanomaterial safety, and creating intelligent versa-
tile materials addressing environmental issues. Inte-
grating nanotechnology with digital technologies
like sensors and data analytics will improve real-
time monitoring and decision-making. Comprehen-
sive policies and regulations are crucial for ethical
conduct and public acceptance. Overcoming chal-
lenges like membrane fouling, catalyst agglomera-
tion, and scaling up plasma discharge technology is
vital for water treatment. Developing eco-friendly,
bio-based  nano-adsorbents, prioritizing
recyclability, addressing risks to aquatic life, inves-
tigating magnetic nano-adsorbents with green
photocatalysts, and synthesizing nanoparticles for
metal ion adsorption are areas of interest. Address-
ing these challenges will enable nanotechnology to
contribute significantly to sustainable ecosystem
management and environmental preservation espe-
cially in agriculture and water management.
Conflict of Interest- None
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