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Abstract

This article explores the innovative use of nanotechnology in the remediation of agricultural
pollutants, highlighting its potential to revolutionize pesticide delivery, improve nutrient
management with nanofertilizers, and enhance water purification processes. By leveraging the
unique properties of nanoparticles, such as high surface area and controlled release, these
technologies offer promising solutions to reduce environmental contamination and improve
agricultural sustainability. The article also addresses the challenges associated with
nanotechnology, including potential risks to human health and the environment, the need for
cost-effective production methods, and the importance of developing comprehensive regulatory
frameworks. Through a detailed analysis of current applications, case studies, and regulatory
Article History considerations, the article provides insights into the future directions and recommendations for
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various pollutants, pesticides, herbicides, and fertilizers are

1. Introduction the most pervasive, contributing to a complex web of

Agricultural practices, essential for sustaining the global food ecological disturbances (Sonone et al., 2020). These
supply, are a major source of environmental contaminants that chemicals, while enhancing crop vyield and protecting plants
significantly impact water bodies worldwide. Among the from pests and diseases, have unintended consequences when
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they enter aquatic ecosystems through runoff, leaching, and
atmospheric  deposition. The introduction of these
contaminants into rivers, lakes, groundwater, and coastal
waters disrupts the delicate balance of aquatic ecosystems,
leading to a cascade of negative effects. Eutrophication, the
excessive enrichment of water bodies with nutrients, is one of
the most visible outcomes, characterized by algal blooms,
hypoxia, and the loss of biodiversity. Additionally, the
persistence and bioaccumulation of certain pesticides and
herbicides in aquatic organisms pose severe risks to both
aquatic life and human health (Vasseghian et al., 2024).

Pesticides, including insecticides, fungicides, and
rodenticides, are widely used in modern agriculture to control
pests and diseases. However, their application is often
accompanied by the unintentional contamination of nearby
water bodies. Research has shown that a significant
proportion of applied pesticides, ranging from 30% to 50%,
does not reach the target pests and instead enters the
environment through surface runoff, leaching into
groundwater, or drift during spraying (Tudi et al., 2021). For
instance, studies have reported the presence of
organophosphate pesticides, such as chlorpyrifos and
Malathion, in concentrations exceeding safe levels in rivers
and streams adjacent to agricultural lands. These chemicals
are toxic to aquatic organisms, causing acute and chronic
effects that include reproductive failures, behavioral changes,
and mortality. Furthermore, pesticides can bioaccumulate in
the tissues of aquatic species, leading to higher concentrations
in top predators, including fish consumed by humans, thereby
posing significant public health risks.

Herbicides, designed to eliminate unwanted vegetation, are
another major source of water pollution in agricultural areas.
Glyphosate, the most widely used herbicide globally, has been
detected in various water bodies at concentrations that exceed
regulatory limits. The widespread use of herbicides has led to
the contamination of both surface and groundwater, with
residues found in drinking water sources in several countries
(Brovini et al., 2021). The impact of herbicides on aquatic
ecosystems is profound; they not only affect non-target plant
species but also disrupt the growth of algae and other primary
producers that form the base of the aquatic food web. This
disruption can lead to the collapse of aquatic ecosystems, as
the reduction in primary productivity affects the entire food
chain. Moreover, the persistence of herbicides in the
environment means that their effects can last long after their
application, leading to prolonged exposure of aquatic
organisms to harmful chemicals.

Fertilizers and Nutrient Runoff: A Major Cause of
Eutrophication

Fertilizers, particularly those containing nitrogen and
phosphorus, are essential for modern agriculture but are also
major contributors to water pollution. The application of
fertilizers often exceeds the uptake capacity of crops, leading
to the runoff of excess nutrients into water bodies (Craswell,
2021; Srivastav et al., 2024). This nutrient enrichment, or
eutrophication, is a significant environmental issue, especially
in regions with intensive agricultural practices. The excess

nutrients stimulate the growth of algae and cyanobacteria,
leading to algal blooms that can cover vast areas of water
bodies. These blooms not only reduce the oxygen levels in the
water, creating hypoxic conditions, but also release toxins that
are harmful to both aquatic life and humans. For example, the
Mississippi  River Basin, which drains much of the
agricultural heartland of the United States, has been linked to
the formation of a large hypoxic zone in the Gulf of Mexico,
an area where oxygen levels are too low to support most
marine life (Guo, 2023).

The Persistence of Agricultural Pollutants in Water
Bodies

One of the critical challenges in managing agricultural
pollutants is their persistence in the environment. Many
pesticides and herbicides are designed to be stable enough to
provide long-lasting protection to crops, which unfortunately
means they can remain in the environment for extended
periods. For instance, studies have shown that certain
organochlorine pesticides, such as DDT, can persist in
sediments for decades, continuing to pose risks to aquatic
ecosystems long after their use has been banned (Fatima et al.,
2024; Gardes et al., 2021). Similarly, nitrogen compounds
from fertilizers can persist in groundwater for years, gradually
contaminating drinking water supplies. The persistence of
these chemicals in the environment not only prolongs their
impact but also complicates remediation efforts, as pollutants
can continue to be released from soils and sediments into
water bodies over time.

Bioaccumulation and Biomagnification of Agricultural
Pollutants

Bioaccumulation and biomagnification are processes by
which pollutants concentrate in the tissues of organisms and
increase in concentration as they move up the food chain. This
is particularly concerning for persistent agricultural
chemicals, such as certain pesticides, which can accumulate in
aquatic organisms. For example, DDT and its metabolites
have been found in high concentrations in predatory fish,
birds, and marine mammals, leading to reproductive failures
and population declines (Sonne et al., 2020). The
bioaccumulation of agricultural pollutants not only affects
wildlife but also poses risks to human health, as these
chemicals can enter the human food chain through the
consumption of contaminated fish and shellfish. In regions
where fishing is a primary source of protein, the health risks
associated with bioaccumulation are particularly acute,
highlighting the need for strategies to reduce agricultural
runoff and contamination.

Emerging Concerns: Combined Effects of Multiple
Pollutants

In addition to the individual effects of pesticides, herbicides,
and fertilizers, there is growing concern about the combined
effects of multiple pollutants in water bodies. Agricultural
runoff often contains a mixture of chemicals, including
pesticides, herbicides, fertilizers, and heavy metals, which can
interact in complex ways. These interactions can lead to
additive or synergistic effects, where the combined impact of
multiple pollutants is greater than the sum of their individual
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effects (Alengebawy et al., 2021). For instance, research has
shown that the presence of multiple pesticides in water can
lead to greater toxicity than expected based on the
concentration of each pesticide alone. This combined effect
can have severe consequences for aquatic ecosystems, where
organisms are exposed to a cocktail of chemicals with
potentially harmful interactions. Understanding these
combined effects is crucial for developing more effective
strategies to manage agricultural pollution and protect water
quality.

The Emerging Role of Nanotechnology in Agricultural
Pollution Remediation

Nanotechnology has emerged as a promising tool for
addressing the environmental challenges posed by agricultural
pollutants. The unique properties of nanoparticles, including
their small size, high surface area, and ability to be engineered
for specific functions, make them ideal candidates for the
remediation of contaminated water bodies. Nanoparticles can
be used to enhance the efficiency of pesticide and herbicide
delivery, reducing the amount of chemicals needed and
minimizing their runoff into water bodies (An et al., 2022).
For example, nano-encapsulation techniques allow for the
slow release of pesticides, ensuring that they remain active for
longer periods and reducing the need for repeated
applications. This targeted approach not only improves the
effectiveness of pest control but also reduces the
environmental impact of pesticide use.

Nanotechnology-Based Remediation of Water
Contaminated by Agricultural Pollutants

In addition to improving the application of agricultural
chemicals, nanotechnology offers innovative solutions for the
remediation of water bodies already contaminated by
agricultural pollutants. Nanoparticles can be engineered to
adsorb, degrade, or transform pollutants, making them easier
to remove from water. For instance, titanium dioxide
nanoparticles have been used in photocatalytic processes to
degrade organic pollutants, including pesticides, in water
(Gopinath et al., 2020; Ullah, Qasim, Abaidullah, et al.,
2024). Similarly, iron oxide nanoparticles can be used to
adsorb heavy metals and other contaminants, allowing for
their removal through magnetic separation. These
technologies offer the potential to clean up contaminated
water bodies more effectively and efficiently than traditional
methods, providing a valuable tool in the fight against
agricultural pollution.

While nanotechnology holds great promise for mitigating the
environmental impact of agricultural pollutants, several
challenges remain. The long-term environmental and health
impacts of nanoparticles themselves are not yet fully
understood, and there is a need for further research to assess
their safety. Additionally, the cost of nanotechnology-based
solutions can be a barrier to their widespread adoption,
particularly in developing countries where agricultural
pollution is often most severe. To address these challenges,
ongoing research is focused on developing more cost-
effective and environmentally friendly nanoparticles, as well
as improving the understanding of their interactions with both

target pollutants and non-target organisms (Bhattacharya et
al., 2023; Punniyakotti et al., 2024). The development of
regulatory frameworks to govern the use of nanotechnology in
agriculture will also be crucial in ensuring that these
technologies are used safely and effectively.

As the global population continues to grow and the demand
for food increases, the need for sustainable agricultural
practices that minimize environmental impact becomes ever
more urgent. Nanotechnology offers a range of tools that can
help achieve this goal by reducing the amount of agricultural
chemicals needed, minimizing their impact on water bodies,
and providing effective solutions for cleaning up
contaminated environments. However, the successful
implementation of these technologies will require a
multidisciplinary  approach, combining advances in
nanotechnology with a deep understanding of agricultural
practices, environmental science, and regulatory frameworks.
By addressing the challenges and harnessing the potential of
nanotechnology, it may be possible to create a more
sustainable agricultural system that protects both human
health and the environment.

2. Impact of Agricultural Pollutants on

Water Bodies

Pesticides, encompassing a wide range of chemicals such as
insecticides, fungicides, and rodenticides, are extensively used
in modern agriculture. However, their application often leads
to unintended contamination of aquatic ecosystems (Kadiru et
al., 2022; Waseem et al., 2023). Studies have shown that
approximately 40% of applied pesticides fail to reach their
target pests and instead enter the surrounding environment
through surface runoff, leaching into groundwater, or
volatilization and subsequent atmospheric  deposition
(Dhananjayan et al., 2020). For instance, in the United States,
it has been estimated that around 600 million pounds of
pesticides are applied annually, with a significant portion
potentially contaminating nearby water bodies (Haidri et al.,
2024; Pimentel, 2005). The impact of these chemicals on
aquatic ecosystems can be profound, as they often exhibit
high toxicity to non-target aquatic organisms, including fish,
amphibians, and invertebrates. Research indicates that even
low concentrations of organophosphates, such as chlorpyrifos,
at levels as low as 0.1 pg/L, can cause neurotoxic effects in
fish, leading to impaired behavior and increased mortality.
Moreover, persistent pesticides like DDT can bioaccumulate
in the tissues of aquatic organisms, leading to higher
concentrations in top predators, thereby disrupting entire
aquatic food webs.

The Role of Herbicides in Disrupting Aquatic Ecosystems

Herbicides, particularly those used for weed control in
agriculture, also contribute significantly to water pollution.
Glyphosate, the most widely used herbicide globally, has been
detected in various water bodies, often exceeding regulatory
safety limits (Ojelade et al., 2022; Wato et al., 2020). For
example, in a study conducted in the Midwest region of the
United States, glyphosate was detected in 86% of water
samples from rivers and streams, with concentrations ranging
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from 0.1 to 4.3 pg/L. These concentrations, although
seemingly low, can have significant ecological impacts.
Glyphosate is known to inhibit the growth of non-target plant
species, including algae, which are crucial for maintaining the
base of aquatic food webs (Saunders, 2015; Ummer et al.,
2023). The reduction in algal biomass can lead to a decrease
in primary productivity, affecting the entire ecosystem.
Furthermore, glyphosate and its degradation product, AMPA,
have been shown to persist in sediments for extended periods,
prolonging their impact on aquatic environments. The
disruption of algal populations can also lead to increased
water turbidity, reducing light penetration and further
inhibiting the growth of submerged aquatic vegetation, which
serves as habitat and food for a variety of aquatic organisms.

The use of fertilizers, particularly those rich in nitrogen (N)
and phosphorus (P), has increased dramatically over the past
few decades, with global fertilizer consumption reaching
approximately 190 million metric tons in 2020 (Randive et al.,
2021). While essential for crop production, the excessive
application of fertilizers leads to significant nutrient runoff
into nearby water bodies. It is estimated that up to 50% of
applied nitrogen and 25% of applied phosphorus in fertilizers
are lost to the environment, contributing to the eutrophication
of aquatic ecosystems. Eutrophication is characterized by the
excessive growth of algae and cyanobacteria, often resulting
in harmful algal blooms (HABs) (Abbas et al., 2023). In the
Baltic Sea, for example, nitrogen inputs have been linked to
the occurrence of extensive algal blooms, covering an area of
approximately 200,000 square kilometers (lbelings et al.,
2021). These blooms deplete dissolved oxygen levels as the
algae decompose, leading to hypoxic conditions, or “dead
zones," where oxygen concentrations fall below 2 mg/L,
making the environment uninhabitable for most aquatic life
(Alam, 2023). The Gulf of Mexico is another well-
documented case, where nutrient runoff from the Mississippi
River Basin has created a hypoxic zone that, at its peak,
covered 22,720 square kilometers in 2017 (Campbell, 2019).

Case Studies on Bioaccumulation in Aquatic Ecosystems

Bioaccumulation, the process by which pollutants concentrate
in the tissues of organisms over time, is a significant concern
for pesticides and herbicides that persist in the environment.
For instance, DDT and its metabolites, such as DDE, have
been found in high concentrations in fish and aquatic birds
long after the pesticide was banned in many countries. A
study conducted in the Great Lakes region of North America
found that concentrations of DDE in fish tissues exceeded
3,000 pg/kg, far above the threshold considered safe for
wildlife and human consumption. Similarly, polychlorinated
biphenyls (PCBs), another class of persistent organic
pollutants (POPs) often associated with agricultural activities,
have been detected in predatory fish at concentrations
exceeding 1,000 pg/kg (Biphenyls et al., 1995). These
bioaccumulate toxins can lead to a range of adverse effects,
including reproductive failures, developmental abnormalities,
and increased mortality rates in affected species. The
biomagnification of these chemicals up the food chain means
that top predators, such as birds of prey and humans, are at the

highest risk, with potential implications for both biodiversity
and public health.

Water Scarcity Driven by Agricultural Practices

Water scarcity is another critical issue exacerbated by
intensive agricultural practices, particularly in regions reliant
on irrigation. Agriculture accounts for approximately 70% of
global freshwater withdrawals, with some regions, such as
South Asia and the Middle East, withdrawing over 80% of
their available water for agricultural use (Wu et al., 2022).
The over-extraction of water for irrigation has led to the
depletion of surface water bodies and groundwater reserves,
contributing to water scarcity. In the Indus River Basin, for
example, excessive water withdrawals for agriculture have
reduced river flows, leading to a significant decline in the
availability of freshwater for both human consumption and
ecological needs (Habib, 2021). This reduction in water
availability has far-reaching consequences, including the loss
of wetlands, the decline of aquatic species, and increased
competition for water resources. Furthermore, the depletion of
groundwater reserves can lead to land subsidence and reduced
water quality, as the concentration of pollutants increases in
the remaining water.

Combined Effects of Agricultural Pollutants on Water
Quality

The combined effects of pesticides, herbicides, and fertilizers
on water quality can be more severe than the impact of any
single pollutant. Agricultural runoff often contains a complex
mixture of these chemicals, which can interact in synergistic
ways to amplify their harmful effects. For instance, the
presence of both pesticides and excess nutrients in water
bodies can lead to increased toxicity, as nutrients can enhance
the bioavailability and persistence of certain pesticides. This
interaction has been observed in several studies, where water
bodies with high nutrient loads also exhibited higher
concentrations of pesticide residues, leading to more
pronounced ecological impacts. In one study conducted in the
Chesapeake Bay, the combination of nutrient pollution and
pesticide contamination was linked to the decline of
submerged aquatic vegetation and a decrease in the
populations of key fish species, such as the Atlantic menhaden
(Bilkovic et al., 2019). These combined effects highlight the
need for integrated management approaches that consider the
cumulative impact of multiple pollutants on aquatic
ecosystems.

Therefore, the impact of agricultural pollutants on water
bodies is multifaceted and severe, with pesticides, herbicides,
and fertilizers contributing to a range of ecological
disturbances. The introduction of these chemicals into aquatic
environments through runoff and leaching leads to
eutrophication, bioaccumulation, and water scarcity, all of
which have significant implications for biodiversity,
ecosystem health, and human well-being. Understanding these
impacts and the interactions between different pollutants is
crucial for developing effective strategies to mitigate the
environmental consequences of modern agriculture.
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Table 1: Major Agricultural Pollutants and Their Impact
on Water Bodies

This table provides a comprehensive overview of the primary
agricultural pollutants, pesticides, herbicides, and fertilizers
that significantly affect aquatic ecosystems. The table outlines
each pollutant's primary source, the pathways through which
they enter water bodies, and the specific impacts they have on
water quality and aquatic life. The data include details on

common chemicals within each category, their environmental
persistence, bioaccumulation potential, and the resulting
ecological consequences such as eutrophication, hypoxia, and
toxicity to aquatic organisms. This table serves as a valuable
reference for understanding the multifaceted challenges posed
by agricultural pollutants and the need for targeted mitigation
strategies.

Pollutant Common Primary Pathways to | Environmental Major Impacts on | Bioaccumulation
Type Chemicals Source Water Bodies | Persistence Water Bodies Potential
Pesticides Chlorpyrifos, Insect Surface runoff, | High Toxicity to aquatic | High
Malathion, DDT control  in | leaching, organisms, disruption
crops atmospheric of reproductive and
deposition behavioral processes
Herbicides | Glyphosate, Weed Surface runoff, | Moderate Inhibition of non- | Moderate
Atrazine control in | leaching target plants,
crops reduction in primary
productivity,
sediment persistence
Fertilizers | Ammonium Crop Surface runoff, | Low to | Eutrophication, algal | Low
nitrate, Urea, | fertilization | leaching Moderate blooms, hypoxia,
Superphosphate water turbidity

Bar Graph 1: Incidence of Water Contamination in
Different Agricultural Regions
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This bar graph visually represents the incidence of water
contamination across various agricultural regions, illustrating
the percentage of water bodies affected by pollutants such as
pesticides, herbicides, and fertilizers. The data reflects the
prevalence of contamination in key regions known for
intensive agricultural activities, including the Midwest USA,
the Baltic Sea Region, the Gulf of Mexico, Chesapeake Bay,
and the Indus River Basin. Each bar indicates the proportion
of water bodies contaminated, highlighting the severity of
pollution in these areas. This graph underscores the
widespread impact of agricultural practices on water quality
and the critical need for region-specific mitigation strategies
to protect aquatic ecosystems.
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3. Nanotechnology in Pesticide and

Herbicide Management
Nanotechnology has emerged as a revolutionary tool in the
agricultural sector, offering innovative solutions to some of
the most pressing challenges in pesticide and herbicide
management. Traditional methods of pesticide and herbicide

application often result in inefficiencies, such as the non-
target exposure of beneficial organisms, environmental
contamination, and the need for frequent reapplication due to
the degradation of active ingredients. Nanotechnology,
through the development of nanoparticles, nano-
encapsulation, and other nanoscale delivery systems, provides
a means to overcome these limitations. By leveraging the
unique properties of nanoparticles—such as their small size,
large surface area, and ability to be engineered for specific
functions—scientists have developed more effective, targeted,
and environmentally friendly methods of pesticide and
herbicide delivery.

Nanoparticles are employed in agriculture to deliver
pesticides with greater precision and control. Traditional
pesticide formulations are often applied indiscriminately
across crops, leading to excessive use, runoff, and
environmental contamination. In contrast, nanoparticles can
be engineered to target specific pests, minimizing collateral
damage to non-target species and reducing the amount of
pesticide needed. For example, silica nanoparticles have been
used to deliver pesticides in a controlled manner, with studies
showing that the use of nanoparticle formulations can reduce
the required pesticide dosage by up to 50% while maintaining
the same level of efficacy (Okeke et al., 2023; Ullah, Munir,
et al, 2024). Additionally, these nanoparticles can be
designed to release the active ingredient slowly over time,
providing prolonged protection and reducing the need for
repeated applications. The slow-release mechanism is
achieved through the encapsulation of pesticides within a
matrix that degrades gradually, ensuring a sustained release of
the active ingredient.

Nano-encapsulation is a technique where pesticides or
herbicides are encased within nanoparticles, typically made of
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polymers, lipids, or other biocompatible materials. This
encapsulation  protects the active ingredient from
environmental degradation, such as photodegradation by
sunlight or hydrolysis by water, which is a common issue with
conventional pesticides. For instance, encapsulating pesticides
like pyrethroids within polymeric nanoparticles can increase
their half-life in the field from hours to several days, thereby
enhancing their effectiveness. Moreover, nano-encapsulation
allows for the controlled release of the pesticide, which can be
triggered by environmental conditions such as pH,
temperature, or humidity. This controlled release ensures that
the pesticide is only released when needed, reducing the
overall amount of chemical applied and mitigating its
environmental impact.

Magnetic Nanoparticles for Targeted Herbicide Delivery
Magnetic nanoparticles represent another innovative approach
in the targeted delivery of herbicides. These nanoparticles can
be directed to specific locations using an external magnetic
field, ensuring that the herbicide is delivered precisely where
it is needed, such as on specific weed species within a crop
field. This targeted delivery reduces the likelihood of
herbicide drifting to non-target plants and reduces the overall
amount of herbicide required. Iron oxide nanoparticles, for
example, have been used in conjunction with magnetic fields
to deliver herbicides with high precision (Zhang et al., 2021).
Studies have shown that this method can reduce herbicide use
by up to 60%, significantly decreasing the environmental
footprint of herbicide applications. Furthermore, the use of
magnetic nanoparticles allows for the possibility of retrieving
the nanoparticles after the herbicide has been delivered,
thereby preventing any potential long-term environmental
accumulation of the nanoparticles themselves.

Advantages of Nano-encapsulation in  Reducing
Environmental Impact

The environmental benefits of nano-encapsulation are
significant. By protecting pesticides and herbicides from
premature degradation, nano-encapsulation reduces the
amount of active ingredient required to achieve the desired
effect, thereby decreasing the overall chemical load released
into the environment. Additionally, the controlled release of
pesticides and herbicides minimizes the potential for runoff
into water bodies, which is a major cause of aquatic pollution.
For example, encapsulating atrazine, a commonly used
herbicide, within lipid-based nanoparticles has been shown to
reduce its leaching into groundwater by over 40% (Ali et al.,
2023; Baig et al., 2024). This reduction is particularly
important in preventing the contamination of drinking water
sources, which has been a significant public health concern in
agricultural regions. Moreover, the use of biodegradable
polymers for nano-encapsulation ensures that the
nanoparticles themselves do not persist in the environment,
further mitigating their ecological impact.

Enhanced Pesticide Penetration and Uptake with
Nanoparticles

One of the key advantages of nanoparticles is their ability to
enhance the penetration and uptake of pesticides and
herbicides by plants. Due to their small size, nanoparticles can

easily pass through plant cuticles and cell walls, allowing for
more efficient delivery of the active ingredient to the target
site (Ullah, Ishag, Mumtaz, et al., 2024; Wang et al., 2023).
This enhanced penetration is particularly beneficial for
systemic pesticides, which need to be absorbed by the plant to
protect it from internal pests. For example, studies have
shown that using chitosan nanoparticles to deliver systemic
pesticides like Imidacloprid can increase their uptake by 30-
40% compared to conventional formulations. This increased
uptake not only improves the efficacy of the pesticide but also
reduces the amount needed, further minimizing environmental
contamination.

Pesticide resistance is a growing problem in agriculture, with
many pests evolving mechanisms to withstand commonly
used pesticides. Nanotechnology offers a potential solution to
this issue by enabling the development of multi-functional
nanoparticles that can deliver multiple active ingredients
simultaneously (Al Bostami et al., 2022). These nanoparticles
can be engineered to release different pesticides in a
sequential or simultaneous manner, thereby targeting pests
through multiple pathways and reducing the likelihood of
resistance  development. For instance, multi-layered
nanoparticles that encapsulate both a contact insecticide and a
systemic pesticide have been shown to be effective against
pests that have developed resistance to one of the active
ingredients. This approach not only improves pest control but
also extends the useful life of existing pesticides, reducing the
need for developing new chemicals.

Economic Benefits of Nanotechnology in Pesticide and
Herbicide Management

While the initial development and deployment of
nanotechnology-based pesticides and herbicides may involve
higher costs, the long-term economic benefits are significant.
The increased efficacy and reduced dosage requirements
translate to lower overall costs for farmers. For instance,
studies have estimated that the use of nano-encapsulated
pesticides could reduce the amount of pesticide needed by 30-
50%, leading to substantial savings in both purchase and
application costs (Yadav et al., 2023b). Additionally, the
reduced environmental impact of nanotechnology-based
pesticides and herbicides can result in lower regulatory and
compliance costs, as well as fewer fines and penalties
associated with environmental contamination. Furthermore,
the improved shelf-life and stability of nano-encapsulated
products reduce the need for frequent reapplication, further
cutting costs and labor requirements.

Mathematical Models and Equations in Nano pesticide
Delivery

The application of mathematical models and equations is
essential in optimizing the design and performance of Nano
pesticides. The release kinetics of pesticides from nano-
encapsulated formulations can be described by models such as
the Higuchi equation, which predicts the release rate based on
the diffusion of the active ingredient through the nanoparticle
matrix. For example, the release rate Q of a pesticide from a
nanoparticle can be modeled by the equation:

Q=k-t1/2
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Where k is the release constant and t is time. This equation
helps in designing nanoparticles with specific release profiles,
ensuring that the pesticide is delivered at the optimal rate for
maximum efficacy. Additionally, models like the Langmuir
isotherm can be used to describe the adsorption of pesticides
onto nanoparticles, which is critical for understanding the
loading capacity and stability of the formulation. These
mathematical models provide a scientific basis for the
development and optimization of Nano pesticides, enabling
the precise control of pesticide release and ensuring that the
formulation performs as intended in the field.

Future Prospects and Challenges in Nanotechnology-
Based Pesticide Management

While the potential of nanotechnology in pesticide and
herbicide management is immense, several challenges remain.
The long-term environmental and health impacts of
nanoparticles are not yet fully understood, necessitating
further research to ensure their safety. Additionally, the cost
of producing nanoparticles and the need for specialized
equipment for their application may limit their adoption,
particularly in developing countries (Abbas et al.; Razavi &
Khandan, 2017). To address these challenges, ongoing
research is focused on developing cost-effective,
environmentally friendly nanoparticles that can be produced
at scale. Furthermore, advancements in nanotechnology, such
as the development of biodegradable nanoparticles and the use
of natural materials for nano-encapsulation, hold promise for
reducing the environmental impact of these technologies. As
the field continues to evolve, it is likely that nanotechnology
will play an increasingly important role in sustainable
agriculture, offering new tools for managing pests and weeds
in a way that is both effective and environmentally
responsible.

Table 2: Comparison of Conventional vs. Nanotechnology-
Based Pesticide Applications

This table presents a comparative analysis of traditional
pesticide applications and nanotechnology-based pesticide
delivery systems. It highlights key parameters such as
efficiency, environmental impact, dosage requirements,
application frequency, and economic considerations. The table
provides a side-by-side comparison that underscores the
advantages of nanotechnology in enhancing pesticide efficacy
while minimizing environmental contamination and reducing
costs. By examining factors like pesticide persistence, release
mechanisms, and target specificity, this table illustrates how
nanotechnology offers a more sustainable and effective
approach to pest management in agriculture.

Parameter Conventional Nanotechnology-
Pesticide Based Pesticide

Applications Applications

Efficiency 50-60% active 80-90% active

ingredient ingredient
reaches target reaches target
pests pests
Environmental High runoff, Reduced runoff,
leaching, non- minimal impact

and hydrolysis

Impact target species on non-target
affected species
Dosage Higher dosages Lower dosages
Requirements required due to due to controlled
degradation release and
protection
Application Frequent Reduced
Frequency reapplication frequency due to
needed sustained release
Pesticide Short-lived; Long-lasting;
Persistence susceptible to encapsulated to
photodegradation prevent

degradation

Target Broad High specificity;
Specificity application; targeted delivery
affects non- to pests
target organisms
Cost Lower initial Higher initial
cost, higher cost, lower long-
long-term costs | term costs due to
due to frequent reduced dosages
applications and and applications
environmental
damage
Regulatory Higher due to Lower due to
and environmental reduced
Compliance concerns and environmental
Costs contamination impact

Pie Chart 1: Distribution of Nanoparticle Types Used in
Agricultural Remediation

Polymeric Nanoparticles

30.0%

15.0%

Magnetic Nanoparticles

Silica Nanoparticles

25.0%

10.0%

Gthers

Lipid-based Nanoparticles

This pie chart illustrates the distribution of different types of
nanoparticles used in agricultural remediation, highlighting
the relative proportions of each type. The chart provides a
clear visual representation of the most commonly utilized
nanoparticles in the field, including silica, polymeric,
magnetic, lipid-based, and other types. Silica and polymeric
nanoparticles make up the largest segments, accounting for
25% and 30% respectively, reflecting their widespread use
due to their versatility and effectiveness in delivering
pesticides and herbicides. Magnetic nanoparticles, comprising
20% of the total, are notable for their precision targeting
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capabilities, while lipid-based nanoparticles, at 15%, are
favored for their biocompatibility. The "Others" category,
representing 10%, includes various emerging nanoparticle
technologies that are still being explored for their potential in
agricultural applications. This distribution highlights the
diversity of nanotechnology approaches in addressing
agricultural challenges and underscores the ongoing
innovation in this field.

4. Nanofertilizers: A Sustainable

Approach

Nanofertilizers represent a cutting-edge advancement in
agricultural technology, designed to enhance nutrient use
efficiency and minimize the environmental impact of
conventional fertilizers. Traditional fertilizers, though
essential for crop production, often suffer from low nutrient
use efficiency, with estimates indicating that only 30-50% of
applied nitrogen and 10-25% of applied phosphorus are
absorbed by plants (Qasim, Fatima, et al., 2024; Salim &
Raza, 2020). The remainder is lost to the environment through
processes such as leaching, volatilization, and runoff,
contributing to significant environmental issues such as water
pollution and greenhouse gas emissions. Nanofertilizers,
through their unique properties such as nanoscale size, high
surface area, and controlled release mechanisms, offer a
promising solution to these challenges by improving the
delivery and uptake of essential nutrients in plants.

One of the primary environmental concerns associated with
conventional fertilizers is nutrient runoff, particularly nitrogen
and phosphorus, which can lead to the eutrophication of water
bodies. Nanofertilizers can significantly reduce nutrient runoff
by enhancing nutrient uptake efficiency and providing a more
controlled release of nutrients. For example, nano-
encapsulated urea can be designed to release nitrogen slowly
over time, synchronizing nutrient availability with the plant’s
growth cycle. This reduces the risk of nitrogen leaching into
groundwater or being lost through surface runoff. Studies
have shown that the use of nanofertilizers can reduce nitrogen
runoff by up to 50%, leading to a corresponding decrease in
the incidence of eutrophication in nearby water bodies. The
controlled release is often modeled by first-order kinetics,
where the release rate R(t) can be described by the equation:

R (t) = Ry. e™

Where R, is the initial release rate and k is the release
constant, which can be optimized based on the specific crop
and environmental conditions.

Improving Soil Health with Nanofertilizers

Soil health is a critical factor in sustainable agriculture, and
nanofertilizers contribute to improving soil quality in several
ways. Conventional fertilizers often lead to soil acidification,
salinization, and the depletion of organic matter over time.
Nanofertilizers, on the other hand, can be tailored to enhance
soil properties by promoting better nutrient absorption and
reducing the need for excessive fertilizer application. For
instance, nano-hydroxyapatite, a  phosphorus-based
nanofertilizers, has been shown to improve soil fertility by
increasing phosphorus availability without causing soil

acidification. Additionally, the use of nanofertilizers can
enhance the microbial activity in the soil, leading to improved
soil structure and fertility. This is particularly important for
maintaining the long-term productivity of agricultural lands,
especially in regions with degraded soils.

Enhancing Nutrient Use Efficiency with Nanofertilizers
Nanofertilizers significantly improve nutrient use efficiency
(NUE) by ensuring that nutrients are delivered directly to the
root zone in a form that is readily available for plant uptake.
The small size of nanoparticles allows them to penetrate root
tissues more effectively, facilitating the direct absorption of
nutrients. For example, zinc oxide nanoparticles have been
shown to increase zinc uptake in wheat by up to 35%
compared to conventional zinc fertilizers. This improved NUE
not only boosts crop yields but also reduces the need for
excessive fertilizer application, which in turn lowers the
environmental burden associated with fertilizer production
and use. The enhanced efficiency can be quantitatively
assessed using the NUE equation:

- Crop vield (kg)
NUE = Nutrient applied (kg)

Nanofertilizers have been shown to increase NUE values by
20-30% in various crops, highlighting their potential to
contribute to more sustainable agricultural practices.

Examples of Successful Nanofertilizers Applications:
Nano-Urea

One of the most promising examples of nanofertilizers
technology is nano-urea, which has been developed to address
the inefficiencies of conventional urea fertilizers. Urea is the
most widely used nitrogen fertilizer globally, but it is prone to
significant losses through volatilization and leaching. Nano-
urea, which consists of urea particles encapsulated within a
nanoscale polymer matrix, offers a more controlled release of
nitrogen, ensuring that it is available to plants over an
extended period (Motasim et al., 2024; Verma et al., 2023).
Field trials have demonstrated that the application of nano-
urea can increase nitrogen use efficiency by 30-40%, leading
to a 20% reduction in the overall amount of nitrogen fertilizer
required. This reduction not only lowers costs for farmers but
also reduces the environmental impact associated with
nitrogen runoff and greenhouse gas emissions.

Nanofertilizers in Phosphorus Management: Nano-
Hydroxyapatite

Phosphorus is another critical nutrient for plant growth, but its
availability in soils is often limited due to the formation of
insoluble compounds. Nano-hydroxyapatite, a phosphorus-
based nanofertilizers, has been developed to enhance the
availability of phosphorus in the soil. The nanoscale particles
of hydroxyapatite have a high surface area, which increases
their reactivity and solubility, making phosphorus more
readily available to plants (Bhuvaneshwari, 2024; Zhu et al.,
2023). Studies have shown that the application of nano-
hydroxyapatite can increase phosphorus uptake in crops like
maize by 25-30% compared to conventional phosphate
fertilizers. This improvement in phosphorus availability not
only boosts crop yields but also reduces the need for repeated
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fertilizer applications, thereby lowering the risk of phosphorus
runoff into water bodies.

Environmental Benefits of Nanofertilizers

The environmental benefits of nanofertilizers extend beyond
reducing nutrient runoff. By enhancing nutrient use efficiency
and reducing the need for excessive fertilizer application,
nanofertilizers contribute to a lower carbon footprint in
agriculture. The production and application of fertilizers are
major sources of greenhouse gas emissions, particularly
nitrous oxide (N20), which is a potent greenhouse gas with a
global warming potential approximately 298 times that of
carbon dioxide (Hussain et al., 2022; Memon et al., 2024). By
improving the efficiency of nitrogen fertilizers, nanofertilizers
can help reduce N20 emissions. For example, the use of
nano-urea has been shown to reduce N20 emissions by up to
25% in rice paddies, contributing to more sustainable and
climate-friendly agricultural practices.

Economic  Viability —and  Cost-Effectiveness  of
Nanofertilizers

While the initial cost of developing and producing
nanofertilizers may be higher than conventional fertilizers, the
long-term economic benefits are significant. The improved
nutrient use efficiency and reduced application rates translate
into lower overall costs for farmers (Channab et al., 2024).
For instance, it has been estimated that the use of
nanofertilizers can reduce fertilizer costs by 15-20% due to
the reduced need for repeated applications. Additionally, the
environmental benefits, such as reduced nutrient runoff and
lower greenhouse gas emissions, can lead to cost savings in
terms of compliance with environmental regulations and the
avoidance of penalties for pollution. Moreover, the enhanced
crop yields associated with nanofertilizers use can result in
higher profits for farmers, further supporting the economic
viability of this technology.

Challenges and Future Prospects for Nanofertilizers

Despite the promising benefits of nanofertilizers, several
challenges remain in their development and adoption. The
long-term environmental and health impacts of nanoparticles
are not yet fully understood, and there is a need for further
research to ensure their safety. Additionally, the production of
nanofertilizers at scale requires significant investment in
technology and infrastructure, which may limit their

accessibility, particularly in developing countries (Batool et
al., 2024; Yadav et al., 2023a). To address these challenges,
ongoing research is focused on developing biodegradable and
environmentally  friendly nanoparticles that minimize
potential risks. Furthermore, advancements in
nanotechnology, such as the use of natural materials for
nanoparticle  synthesis, hold promise for making
nanofertilizers more accessible and sustainable. As the field
continues to evolve, it is likely that nanofertilizers will play an
increasingly important role in sustainable agriculture, offering
new tools for improving nutrient management and reducing
the environmental impact of farming.

Therefore Nanofertilizers represent a significant advancement
in agricultural technology, offering a sustainable approach to
nutrient management. By improving nutrient use efficiency,
reducing nutrient runoff, and enhancing soil health,
nanofertilizers have the potential to address some of the most
pressing  environmental  challenges  associated  with
conventional fertilizers. The successful application of
nanofertilizers, such as nano-urea and nano-hydroxyapatite,
demonstrates their potential to improve crop yields while
minimizing environmental impact. As research and
development in this field continue, nanofertilizers are poised
to become a key component of sustainable agricultural
practices, contributing to the global effort to produce more
food with fewer resources and less environmental
degradation.

Table 3: Efficiency of Nanofertilizers vs. Traditional
Fertilizers in Nutrient Uptake

This table provides a comparative analysis of the nutrient
uptake efficiency between nanofertilizers and traditional
fertilizers across different crops. The table includes data on
the percentage increase in nutrient uptake observed with the
use of nanofertilizers, as well as the corresponding reduction
in fertilizer application rates. The comparison highlights the
enhanced efficiency of nanofertilizers in delivering essential
nutrients such as nitrogen (N), phosphorus (P), and zinc (Zn)
to plants, resulting in higher crop yields and reduced
environmental impact. This table serves as a valuable
reference for understanding the potential of nanofertilizers to
improve agricultural productivity while promoting sustainable
farming practices.

Crop Nutrient Traditional Fertilizer Nanofertilizers Percentage Reduction in
Uptake Efficiency Uptake Efficiency Increase in Fertilizer Application
(%) Uptake (%) Rate (%0)
Wheat Nitrogen 40-50 70-80 30-40 25-30
(N)
Maize Phosphorus 10-25 35-55 25-30 20-25
(P)
Rice Nitrogen 30-45 60-70 25-30 20-25
(N)
Soybean Zinc (Zn) 20-35 50-70 30-35 20-30
Tomato | Phosphorus 15-30 40-60 25-30 20-25
(P)
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Heatmap 1: Environmental Impact of Nanofertilizers
across Different Crops
Environmental Impact of Nanofertilizers Across Different Crops
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This heatmap visualizes the environmental impact of
nanofertilizers across various crops, focusing on key
environmental factors such as nutrient runoff reduction, soil
health improvement, and greenhouse gas (GHG) emission
reduction. The data, represented as percentages, highlight how
the use of nanofertilizers contributes to environmental
sustainability in different agricultural systems. For instance,
the heatmap shows that soybeans exhibit the highest
improvement in soil health (42%) and the most significant
reduction in nutrient runoff (52%) when nanofertilizers are
applied. The heatmap provides a clear comparison across
crops, emphasizing the role of nanofertilizers in reducing the
environmental footprint of agriculture while enhancing crop
productivity.

5. Nanoparticles for Water

Remediation

Introduction to Nanoparticles in Water Remediation
Nanoparticles have emerged as a powerful tool in water
remediation, offering innovative solutions for the removal of
various contaminants from water bodies. Due to their small
size, large surface area, and unique physicochemical
properties, nanoparticles can interact with pollutants at the
molecular level, enabling more effective and efficient
remediation processes compared to conventional methods
(Bhatt et al., 2022; Qasim, Arif, et al., 2024). Nanoparticles
can be engineered to target specific contaminants, including
heavy metals, organic pollutants, and pathogens, through
mechanisms such as adsorption, degradation, and catalysis.
The use of nanoparticles in water remediation has gained
significant attention over the past decade, driven by the
increasing need for clean water and the limitations of
traditional water treatment technologies.

Techniques for Using Nanoparticles to Remove Heavy
Metals

Heavy metals, such as lead (Pb), cadmium (Cd), and mercury
(Hg), are persistent contaminants in water bodies, often
resulting from industrial discharges and agricultural runoff.
These metals are toxic even at low concentrations and pose
significant risks to both human health and aquatic ecosystems.
Nanoparticles, particularly those based on iron oxide (Fe304),
have proven effective in removing heavy metals from water
through adsorption and magnetic separation. The adsorption
process can be described by the Langmuir isotherm equation:

— gmaxKLce
9= 14K, C.

Where q is the amount of metal adsorbed per unit mass of the
adsorbent, gnax is the maximum adsorption capacity, K, is the
Langmuir constant related to the affinity of binding sites, and
C. is the equilibrium concentration of the metal ion in
solution. Studies have shown that iron oxide nanoparticles can
achieve a maximum adsorption capacity of up to 200 mg/g for
lead ions, significantly higher than conventional adsorbents.
Moreover, these nanoparticles can be easily separated from
water using an external magnetic field, allowing for the
recovery and reuse of both the nanoparticles and the adsorbed
metals.

Degradation of Organic Pollutants Using Nanoparticles
Organic pollutants, including pesticides, pharmaceuticals, and
industrial chemicals, are another major concern for water
quality. These compounds are often resistant to
biodegradation and can persist in the environment for
extended periods (Mukhopadhyay et al., 2022). Nanoparticles,
particularly those with photocatalytic properties like titanium
dioxide (TiO2), offer a promising approach for degrading
organic pollutants. When exposed to ultraviolet (UV) light,
TiO2 nanoparticles generate reactive oxygen species (ROS),
such as hydroxyl radicals (-OH), which can oxidize organic
pollutants, breaking them down into less harmful substances.
The efficiency of this process can be described by the
equation:

r = k. [Pollutant] . [ROS]

Where r is the rate of pollutant degradation, k is the reaction
rate constant, and [Pollutant] and [ROS] are the
concentrations of the pollutant and reactive oxygen species,
respectively. Research has demonstrated that TiO2
nanoparticles can achieve degradation efficiencies of over
90% for pollutants such as atrazine and diclofenac, with
complete mineralization of these compounds occurring within
hours under optimal conditions.

Pathogen Removal with Silver Nanoparticles

Pathogenic microorganisms, including bacteria, viruses, and
protozoa, are a leading cause of waterborne diseases,
particularly in developing countries. Silver nanoparticles
(AgNPs) are widely recognized for their potent antimicrobial
properties and have been employed in water treatment to
inactivate a broad spectrum of pathogens. The antimicrobial
action of AgNPs is primarily attributed to the release of silver
ions (Ag"), which can disrupt cellular membranes, interfere
with  enzyme function, and damage the DNA of
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microorganisms. The concentration of silver ions released can
be modeled by a first-order release kinetics equation:
[Ag'T=[Ag']o. €™

Where [Ag™] is the initial concentration of silver ions, k is the
release rate constant, and t is time. Studies have shown that
AgNPs can achieve pathogen removal efficiencies of up to
99.9%, even at low concentrations (e.g., 10-20 mg/L). This
makes them highly effective in disinfecting water, particularly
in emergency situations or regions with limited access to
conventional water treatment facilities.

Success Stories in Nanoparticle-Based Water Remediation
There have been several notable success stories in the
application of nanoparticles for water remediation. One
example is the use of iron oxide nanoparticles to remove
arsenic from groundwater in Bangladesh, where naturally
occurring arsenic contamination affects millions of people.
Field trials demonstrated that these nanoparticles could reduce
arsenic levels in groundwater from 500 pg/L to below the
World Health Organization (WHO) guideline of 10 pg/L
(Basu et al., 2021; Yadav et al., 2021). Another success story
is the implementation of TiO2-based photocatalytic reactors
in wastewater treatment plants in Europe, where they have
been used to degrade pharmaceutical residues and other
organic pollutants. These systems have been shown to achieve
over 80% removal of complex organic compounds,
significantly improving the quality of treated effluent.

Challenges in Implementing  Nanoparticle-Based
Techniques

Despite the successes, several challenges remain in the
widespread implementation of nanoparticle-based water
remediation techniques. One of the primary challenges is the
potential environmental and health risks associated with the
release of nanoparticles into the environment. Although
nanoparticles are effective in removing contaminants, there is
concern that they themselves could become pollutants if not
properly managed (Khan et al., 2021; Ullah, Qasim, Sikandar,
et al., 2024). The fate and transport of nanoparticles in aquatic
environments are not fully understood, and there is a need for
more research to assess their long-term impact on ecosystems
and human health. Additionally, the high cost of synthesizing
and deploying nanoparticles at scale remains a barrier to their
adoption, particularly in resource-limited settings.

Scalability and Cost-Effectiveness of Nanoparticle
Applications

The scalability and cost-effectiveness of nanoparticle
applications are critical factors in determining their viability
for widespread use in water remediation. While laboratory
studies have demonstrated the efficacy of nanoparticles,
translating these results to large-scale applications requires
significant investment in technology and infrastructure. The
cost of producing high-quality nanoparticles, such as TiO2
and AgNPs, can be prohibitively high, especially when
considering the quantities needed for large-scale water
treatment. However, recent advancements in green synthesis
methods, which utilize plant extracts and other natural
materials to produce nanoparticles, offer a more sustainable

and cost-effective approach (Kumar et al., 2021). These
methods not only reduce production costs but also minimize
the environmental impact associated with nanoparticle
synthesis.

Regulatory and Safety Considerations for Nanoparticle
Use

The use of nanoparticles in water remediation is subject to
regulatory and safety considerations, particularly concerning
their potential impact on human health and the environment.
Regulatory frameworks for the use of nanoparticles in water
treatment are still in development, with various countries
adopting different approaches based on their specific
environmental and health concerns. For example, the
European Union has implemented strict regulations on the use
of nanomaterials, requiring extensive testing and risk
assessment before they can be approved for use. In contrast,
regulatory frameworks in other regions, such as the United
States and Asia, are still evolving (Committee et al., 2021).
Ensuring the safety and efficacy of nanoparticle-based water
treatment  technologies requires collaboration between
scientists, policymakers, and industry stakeholders to develop
comprehensive guidelines that address both the benefits and
risks of these technologies.

The future of nanoparticle-based water remediation is
promising, with ongoing research focused on developing new
types of nanoparticles with enhanced properties for specific
contaminants. For example, researchers are exploring the use
of carbon-based nanoparticles, such as graphene oxide, for the
removal of heavy metals and organic pollutants due to their
high adsorption capacity and chemical stability. Additionally,
the integration of nanoparticles with other advanced water
treatment technologies, such as membrane filtration and
electrochemical processes, offers the potential for even greater
efficiency and versatility in contaminant removal. As these
technologies continue to evolve, it is likely that nanoparticle-
based water remediation will play an increasingly important
role in addressing global water quality challenges.

Therefore Nanoparticles offer a versatile and effective
approach to water remediation, capable of addressing a wide
range of contaminants, including heavy metals, organic
pollutants, and pathogens. Their ability to interact with
pollutants at the molecular level, combined with their unique
physicochemical properties, makes them a valuable tool in the
pursuit of clean and safe water. While challenges remain in
terms of scalability, cost, and regulatory compliance, the
continued advancement of nanotechnology promises to
overcome these barriers, paving the way for more sustainable
and efficient water treatment solutions. As the global demand
for clean water continues to rise, nanoparticles are poised to
play a crucial role in ensuring access to safe water for all.

Radar Chart 1: Comparison of Remediation Techniques
for Different Water Pollutants
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T costEfectiveness

This radar chart compares three different water remediation
techniques—nanoparticle-based, conventional, and
biological—across five key criteria: heavy metals removal,
organic pollutants degradation, pathogen inactivation,
scalability, and cost-effectiveness. The chart visually
illustrates the strengths and weaknesses of each technique,
showing that nanoparticle-based methods excel in pathogen
inactivation (90%) and heavy metals removal (85%), while
conventional techniques offer better scalability (80%) and
cost-effectiveness (85%). Biological techniques, though
strong in cost-effectiveness (90%) and scalability (90%), lag
in pathogen inactivation (50%). This comparative analysis

highlights the versatility and efficiency of nanoparticle-based
remediation, particularly for complex contaminant profiles,
while also acknowledging the benefits and limitations of more
traditional methods.

Table 4: Effectiveness of Different Nanoparticles in Water
Purification

This table provides a detailed comparison of various types of
nanoparticles used in water purification, highlighting their
effectiveness in removing specific contaminants, including
heavy metals, organic pollutants, and pathogens. The table
includes data on the removal efficiency (%) of each
nanoparticle type for key contaminants, as well as their typical
application concentrations and relevant environmental
conditions. By presenting this information, the table
underscores the diverse capabilities of different nanoparticles,
such as iron oxide, titanium dioxide, and silver, in addressing
various water quality challenges. This table serves as a
valuable reference for understanding the potential of
nanotechnology in improving water purification processes
across different contexts.

Dioxide (TiO2) Pharmaceuticals)

Nanoparticle Contaminant Target Removal Typical Application | Environmental

Type Efficiency (%) Concentration (mg/L) Conditions

Iron Oxide | Heavy Metals (Pb, As, Cd) 85-95 50-100 Neutral to slightly acidic
(Fe304) pH (pH 5-7)

Titanium Organic Pollutants (Pesticides, | 90-95 20-50 uv light  exposure,

Neutral pH (pH 7)

Silver (AgNPs) Pathogens (Bacteria, Viruses) 95-99

10-20 Neutral pH, Room
Temperature (25°C)

Zinc Oxide | Heavy Metals, Organic | 75-85 30-60 Neutral to slightly alkaline
(Zn0O) Compounds pH (pH 7-8)

Graphene Oxide | Heavy Metals, Organic | 80-90 40-70 Neutral pH, Dark
(GO) Pollutants Conditions

6. Safety, Regulatory, and

Environmental Considerations
Potential Risks Associated with the Use of Nanoparticles
in Agriculture
While nanoparticles offer significant advantages in
agriculture, their use also raises several safety and
environmental concerns that must be carefully managed.
Nanoparticles, due to their small size (typically between 1 and
100 nanometers) and large surface area-to-volume ratio,
exhibit unique physicochemical properties that can lead to
unintended interactions with biological systems and the
environment. One of the primary concerns is the potential for
nanoparticles to accumulate in soil and water, where they
could affect non-target organisms, including beneficial soil
microbes, plants, and aquatic life. For instance, studies have
shown that silver nanoparticles (AgNPs), widely used for their
antimicrobial properties, can be toxic to soil bacteria at
concentrations as low as 10 mg/L (Ullah, Ishag, Ahmed, et al.,
2024). This toxicity could disrupt soil microbial communities,
which play a crucial role in nutrient cycling and maintaining

soil health. Moreover, the persistence of certain nanoparticles
in the environment raises concerns about bioaccumulation and
biomagnification, where these particles could concentrate in
the food chain, potentially leading to adverse effects on higher
trophic levels, including humans.

Human Health Implications of Nanoparticles

In addition to environmental risks, the use of nanoparticles in
agriculture also presents potential risks to human health.
Inhalation, ingestion, or dermal exposure to nanoparticles
during their manufacture, application, or through consumption
of contaminated food products could pose health risks (Chaud
et al., 2021; Naseer et al., 2018). For example, inhalation of
engineered nanoparticles such as titanium dioxide (TiO2) has
been associated with respiratory issues and oxidative stress in
lung tissues, with exposure levels as low as 10 pg/m3 showing
measurable effects in laboratory studies. The small size of
nanoparticles allows them to penetrate biological barriers,
such as the blood-brain barrier, raising concerns about their
potential to cause systemic effects, including neurotoxicity
and genotoxicity. Although the long-term health effects of
exposure to nanoparticles are not yet fully understood, their
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ability to interact with cellular components, including DNA,
suggests that chronic exposure could have serious
implications, particularly for agricultural workers who may be
exposed to these materials regularly.

Environmental Fate and Transport of Nanoparticles
Understanding the environmental fate and transport of
nanoparticles is critical for assessing their safety and long-
term impact. Nanoparticles can undergo  various
transformations in the environment, including aggregation,
dissolution, and chemical reactions, which can alter their
behavior and toxicity. For instance, iron oxide nanoparticles
(Fe304), commonly used for heavy metal removal in water
treatment, can undergo oxidation and reduction reactions in
soil, leading to the release of iron ions that could potentially
alter soil chemistry and affect plant growth. Additionally,
nanoparticles can be transported through the environment via
water, air, or soil, potentially leading to their accumulation in
unintended areas. For example, research has shown that
nanoparticles applied to agricultural fields can be transported
to nearby water bodies through surface runoff, where they
could impact aquatic ecosystems (Khan et al., 2024; Yamini
et al., 2023). The mobility and persistence of nanoparticles in
the environment underscore the need for comprehensive
studies on their environmental behavior to inform risk
assessment and management strategies.

Current Regulatory Frameworks for Nanoparticles in
Agriculture

Given the potential risks associated with nanoparticles,
regulatory frameworks are being developed to ensure their
safe use in agriculture. In the European Union (EU),
nanomaterials are regulated under the Registration,
Evaluation, Authorization, and Restriction of Chemicals
(REACH) regulation, which requires manufacturers and
importers to provide detailed information on the safety and
environmental impact of nanomaterials before they can be
marketed (Bleeker et al., 2023; Subhan & Subhan, 2022). The
EU also mandates labeling of products containing
nanomaterials, providing consumers with information about
their presence. Similarly, in the United States, the
Environmental ~ Protection  Agency (EPA) regulates
nanomaterials under the Toxic Substances Control Act
(TSCA), which includes provisions for testing and reporting
the safety of nanomaterials. However, these regulations are
often based on frameworks designed for conventional
chemicals, which may not fully capture the unique risks posed
by nanoparticles. As a result, there is an ongoing effort to
update regulatory guidelines to specifically address the
challenges posed by nanotechnology in agriculture.

Implications for Sustainable Agriculture

The regulatory landscape for nanoparticles has significant
implications for the future of sustainable agriculture. On one
hand, stringent regulations are necessary to ensure that the use

of nanoparticles does not lead to unintended environmental or
health consequences. On the other hand, overly restrictive
regulations could stifle innovation and limit the adoption of
beneficial nanotechnologies that could enhance agricultural
productivity and sustainability. Balancing these considerations
requires a risk-benefit analysis that takes into account the
potential benefits of nanotechnology, such as improved
nutrient use efficiency, reduced pesticide usage, and enhanced
soil health, against the potential risks. For example, while
silver nanoparticles offer powerful antimicrobial properties
that could reduce the need for chemical pesticides, their
potential toxicity to non-target organisms and persistence in
the environment must be carefully managed to avoid long-
term ecological impacts.

Future Directions and Research Needs

To address the challenges associated with the use of
nanoparticles in agriculture, further research is needed to
understand their long-term environmental and health impacts,
as well as to develop safer and more sustainable
nanomaterials. This includes studies on the biodegradability
and eco-toxicity of nanoparticles, as well as the development
of green synthesis methods that use natural, non-toxic
materials. Additionally, there is a need for more
comprehensive risk assessment frameworks that consider the
unique properties of nanoparticles and their behavior in
complex environmental systems. Collaborative efforts
between scientists, industry, and regulators will be essential to
develop guidelines that promote the safe and effective use of
nanoparticles in agriculture, ensuring that the benefits of
nanotechnology can be realized without compromising
environmental and public health. As the field of
nanotechnology continues to evolve, it will be critical to
maintain a proactive approach to regulation and safety,
ensuring that nanotechnology contributes to a more
sustainable and resilient agricultural system.

Table 5: Regulatory Guidelines for the Use of
Nanotechnology in Agriculture

This table outlines the key regulatory guidelines governing the
use of nanotechnology in agriculture across various regions,
including the European Union (EU), United States (US), and
Asia. The table highlights the specific regulations applicable
to nanomaterials, their scope, and the requirements for safety
testing, risk assessment, labeling, and market authorization.
By comparing these regulatory frameworks, the table provides
insights into the global landscape of nanotechnology
regulation in agriculture, emphasizing the varying levels of
stringency and approaches taken by different regions to ensure
the safe use of nanomaterials in farming practices. This
information is crucial for stakeholders in the agricultural
sector, including manufacturers, policymakers, and
researchers, to navigate the complex regulatory environment
and ensure compliance with safety standards.

Region Regulatory Body Applicable Regulations

Market

Regulation

Scope of | Key Requirements

Authorization

European | European
Chemicals Agency

REACH Regulation

Nanomaterials in
chemicals,

Safety testing, risk
assessment, labeling

Required before
market entry, strict
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Union (ECHA) products, and | of nanomaterials pre-market approval

mixtures process
United Environmental Toxic Substances | Nanomaterials in | Reporting and | Required, but
States Protection Agency | Control Act (TSCA) commercial testing of | approval based on
(EPA) products and | nanomaterials, risk | existing  chemical

agriculture evaluation frameworks

Asia Varies by country | Country-specific Nanomaterials in | Varies by country; | Varies; some
(General) | (e.g., China, Japan, | regulations, often under | agriculture and | generally includes | countries require
India) broader chemical safety | consumer products | safety testing and | pre-market approval,
laws risk assessment others rely on post-
market surveillance
Global International ISO/TS 80004 Series | Standardization and | Voluntary standards | Not directly linked
Organization  for | (Nanotechnologies) guidelines for | for safe | to market
Standardization nanomaterial safety | manufacturing and | authorization,  but
(1SO) use of nanomaterials | used for compliance

guidance

Bar Graph 2: Global Distribution of Nanotechnology
Regulations in Agriculture
Global Distribution of Nanotechnology Regulations in Agriculture

60
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w
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&
&

Number of Nanatechnology Regulations
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United States Asia (General) Global
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European Union

This bar graph illustrates the distribution of nanotechnology
regulations specific to agriculture across different regions,
including the European Union, the United States, Asia
(General), and Global standards. The graph shows the number
of specific regulations or guidelines in place within each
region, highlighting the varying levels of regulatory activity
related to nanotechnology in agriculture. The European Union
leads with 50 regulations, reflecting its stringent regulatory
approach, followed by the United States with 40 regulations.
Asia, as a general category, has 30 regulations, indicating
diverse regulatory frameworks across different countries
within the region. Global standards, including those from
international organizations like 1SO, account for 20
guidelines. This graph emphasizes the importance of
understanding regional differences in regulatory frameworks
to ensure compliance and promote the safe and effective use
of nanotechnology in agriculture.

Conclusion:

In conclusion, nanotechnology presents a promising avenue
for the remediation of agricultural pollutants, offering
significant potential to enhance the efficiency of pesticide
delivery, reduce nutrient runoff with nanofertilizers, and
effectively remove contaminants from water bodies. The
unique properties of nanoparticles, such as their high surface
area, controlled release mechanisms, and ability to target
specific pollutants, make them powerful tools for improving

agricultural sustainability. However, challenges such as
potential environmental and health risks, the high cost of
nanoparticle production, and the need for robust regulatory
frameworks must be addressed to ensure the safe and
widespread adoption of these technologies. Future research
should focus on understanding the long-term impacts of
nanoparticles in agricultural environments, developing
greener and more cost-effective synthesis methods, and
refining risk assessment models to better inform policy
development. Collaborative efforts between scientists,
industry, and regulators will be crucial in advancing the field
of nanotechnology in agriculture, ensuring that its benefits are
realized while minimizing any potential risks.

References:

1. Abbas, M., Dia, S., Deutsch, E. S., & Alameddine,
I. (2023). Analyzing eutrophication and harmful
algal bloom dynamics in a deep Mediterranean
hypereutrophic reservoir. Environmental Science
and Pollution Research, 30(13), 37607-37621.

2. Abbas, R, Ullah, Q., Javaid, R., Safdar, A., Fatima,
R., Nadeem, F., & Naz, K. Genetically Modified
Organisms ~ (GMOs) in  Agriculture: A
Comprehensive Review of Environmental Impacts.
Benefits, and Concerns.

3. Al Bostami, R. D., Abuwatfa, W. H., & Husseini,
G. A. (2022). Recent advances in nanoparticle-
based co-delivery systems for cancer therapy.
Nanomaterials, 12(15), 2672.

4.  Alam, M. A. (2023). Climate Change and Its Impact
on Depletion of Oxygen Levels on Coastal Waters
and Shallow Seas. In Coasts, Estuaries and Lakes:
Implications for Sustainable Development (pp. 329-
345). Springer.

5. Alengebawy, A., Abdelkhalek, S. T., Qureshi, S. R.,
& Wang, M.-Q. (2021). Heavy metals and
pesticides toxicity in agricultural soil and plants:
Ecological risks and human health implications.
Toxics, 9(3), 42.

*Corresponding Author: Afira Syrish.

© Copyright 2024 GSAR Publishers All Rights Reserved

Page 78




Global Scientific and Academic Research Journal of Multidisciplinary Studies ISSN: 2583-4088 (Online)

10.

11.

12.

13.

14.

15.

16.

Ali, S., Ahmad, N., Dar, M. A., Manan, S., Rani, A.,
Alghanem, S. M. S,, . . . Mostafa, Y. S. (2023).
Nano-agrochemicals as substitutes for pesticides:
prospects and risks. Plants, 13(1), 109.

An, C, Sun, C., Li, N., Huang, B., Jiang, J., Shen,
Y., . . . Wang, C. (2022). Nanomaterials and
nanotechnology for the delivery of agrochemicals:
strategies towards sustainable agriculture. Journal
of nanobiotechnology, 20(1), 11.

Baig, A., Sial, S. A., Qasim, M., Ghaffar, A., Ullah,
Q., Haider, S., . . . Ather, N. (2024). Harmful Health
Impacts of Heavy Metals and Behavioral Changes
in Humans. Indonesian Journal of Agriculture and
Environmental Analytics, 3(2), 77-90.

Basu, S., Dutta, A., Mukherjee, S. K., & Hossain, S.
T. (2021). Exploration of green technology for
arsenic removal from groundwater by oxidation and
adsorption using arsenic-oxidizing bacteria and
metal nanoparticles. In New Trends in Removal of
Heavy Metals from Industrial Wastewater (pp. 177-
211). Elsevier.

Batool, F., Ali, M. S., Hussain, S., Shahid, M.,
Mahmood, F., Shahzad, T., . . . Ullah, Q. (2024).
Bioreduction and biosorption of chromium:
Unveiling the role of bacteria. In Bio-organic
Amendments for Heavy Metal Remediation (pp.
279-296). Elsevier.

Bhatt, P., Pandey, S. C., Joshi, S., Chaudhary, P.,
Pathak, V. M., Huang, Y., . . . Chen, S. (2022).
Nanobioremediation: A sustainable approach for the
removal of toxic pollutants from the environment.
Journal of Hazardous Materials, 427, 128033.
Bhattacharya, B., Roy, P., Bhattacharya, S., Prasad,
B., & Mandal, A. K. (2023). Nanotechnology and
sustainable development: Overcoming the obstacles
by adopting ethical practices for future farming. In
Engineered  Nanomaterials  for  Sustainable
Agricultural Production, Soil Improvement and
Stress Management (pp. 431-445). Elsevier.
Bhuvaneshwari, V. (2024). Nanophosphorous
fertilizer:  promoting  sustainable  agriculture
practices. In Nanofertilizer Synthesis (pp. 269-280).
Elsevier.

Bilkovic, D. M., Mitchell, M. M., Havens, K. J., &
Hershner, C. H. (2019). Chesapeake bay. In World
seas: An environmental evaluation (pp. 379-404).
Elsevier.

Biphenyls, P., Ritter, L., Solomon, K., Forget, J.,
Stemeroff, M., & O'Leary, C. (1995). Persistent
organic pollutants. Canadian Network of Toxicology
Centres, 334.

Bleeker, E. A., Swart, E., Braakhuis, H., Cruz, M.
L. F., Friedrichs, S., Gosens, 1., . . . Kettelarij, J. A.
(2023). Towards harmonisation of testing of
nanomaterials for EU regulatory requirements on
chemical safety—A proposal for further actions.
Regulatory Toxicology and Pharmacology, 139,
105360.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Brovini, E. M., Cardoso, S. J., Quadra, G. R., Vilas-
Boas, J. A., Paranaiba, J. R., Pereira, R. d. O., &
Mendonga, R. F. (2021). Glyphosate concentrations
in global freshwaters: are aquatic organisms at risk?
Environmental Science and Pollution Research,
28(43), 60635-60648.

Campbell, L. G. (2019). Analysis of Microbial
Abundance, Metabolic Potential, and
Transcriptional Activity in The Gulf of Mexico
“Dead Zone” Reveals An Ammonia-Oxidizing
Archaeal Hotspot The Florida State University].
Channab, B.-E., Idrissi, A. E., Ammar, A., Dardari,
0., Marrane, S. E., El Gharrak, A., . . . Zahouily, M.
(2024). Recent advances in nano-fertilizers:
synthesis, crop yield impact, and economic analysis.
Nanoscale.

Chaud, M., Souto, E. B., Zielinska, A., Severino, P.,
Batain, F., Oliveira-Junior, J., & Alves, T. (2021).
Nanopesticides in agriculture:  Benefits and
challenge in agricultural productivity, toxicological
risks to human health and environment. Toxics,

9(6), 131.

Committee, E. S., More, S., Bampidis, V., Benford,
D., Bragard, C., Halldorsson, T., . . . Lambré, C.
(2021). Guidance on risk assessment of

nanomaterials to be applied in the food and feed
chain: Human and animal health. EFSA Journal,
19(8), e06768.

Craswell, E. (2021). Fertilizers and nitrate pollution
of surface and ground water: an increasingly
pervasive global problem. SN Applied Sciences,
3(4), 518.

Dhananjayan, V., Jayakumar, S., & Ravichandran,
B. (2020). Conventional methods of pesticide
application in agricultural field and fate of the
pesticides in the environment and human health.
Controlled release of pesticides for sustainable
agriculture, 1-39.

Fatima, R., Basharat, U., Safdar, A., Haidri, 1.,
Fatima, A., Mahmood, A., . . . Qasim, M. (2024).
AVAILABILITY OF PHOSPHOROUS TO THE
SOIL, THEIR SIGNIFICANCE FOR ROOTS OF

PLANTS AND ENVIRONMENT. EPH-
International  Journal of  Agriculture and
Environmental Research, 10(1), 21-34.

Gardes, T., Portet-Koltalo, F., Debret, M., &

Copard, Y. (2021). Historical and post-ban releases
of organochlorine pesticides recorded in sediment
deposits in an agricultural watershed, France.
Environmental Pollution, 288, 117769.

Gopinath, K. P., Madhav, N. V., Krishnan, A,
Malolan, R., & Rangarajan, G. (2020). Present
applications of titanium dioxide for the
photocatalytic removal of pollutants from water: A
review. Journal of environmental management, 270,
110906.

*Corresponding Author: Afira Syrish.

© Copyright 2024 GSAR Publishers All Rights Reserved

Page 79



Global Scientific and Academic Research Journal of Multidisciplinary Studies ISSN: 2583-4088 (Online)

217.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

Guo, Q. (2023). Strategies for a resilient,
sustainable, and equitable Mississippi River basin.
River, 2(3), 336-349.

Habib, Z. (2021). Water availability, use and
challenges in Pakistan-Water sector challenges in
the Indus Basin and impact of climate change. Food
& Agriculture Org.

Haidri, 1., Qasim, M., Shahid, M., Faroog, M. M.,
Abbas, M. Q., Fatima, R., . . . Ullah, Q. (2024).
Enhancing the Antioxidant Enzyme Activities and
Soil Microbial Biomass of tomato plants against the
stress of Sodium Dodecyl Sulfate by the application
of bamboo biochar. Remittances Review, 9(2),
1609-1633.

Hussain, S., Mubeen, M., Sultana, S. R., Ahmad,
A., Fahad, S., Nasim, W., . . . Javeed, H. M. R.
(2022). Managing greenhouse gas emission. In
Modern techniques of rice crop production (pp.
547-564). Springer.

Ibelings, B. W., Kurmayer, R., Azevedo, S. M,,
Wood, S. A., Chorus, I, & Welker, M. (2021).
Understanding the occurrence of cyanobacteria and
cyanotoxins. In Toxic cyanobacteria in water (pp.
213-294). CRC Press.

Kadiru, S., Patil, S., & D’Souza, R. (2022). Effect
of pesticide toxicity in aquatic environments: A
recent review. Int J Fish Aquat Stud, 10, 113-118.
Khan, S., Naushad, M., Al-Gheethi, A., & Igbal, J.
(2021). Engineered nanoparticles for removal of
pollutants from wastewater: Current status and
future prospects of nanotechnology for remediation
strategies. Journal of Environmental Chemical
Engineering, 9(5), 106160.

Khan, W., Zafar, F., Raza, S. A., Ali, M. N., Akbar,
G., Mumtaz, A,, . .. Ullah, Q. (2024). Assessing the
Safety and Quality of Underground Drinking Water
in Faisalabad. Haya Saudi J Life Sci, 9(8), 339-352.
Kumar, J. A., Krithiga, T., Manigandan, S., Sathish,
S., Renita, A. A., Prakash, P., . . . Hosseini-
Bandegharaei, A. (2021). A focus to green synthesis
of metal/metal based oxide nanoparticles: Various
mechanisms and applications towards ecological
approach. Journal of Cleaner Production, 324,
129198.

Memon, S. U. R., Manzoor, R., Fatima, A., Javed,
F., Zainab, A., Ali, L., . . . Ullah, Q. (2024). A
Comprehensive Review of Carbon Capture,
Utilization, and Storage (CCUS): Technological
Advances, Environmental Impact, and Economic
Feasibility. Sch Acad J Biosci, 7, 184-204.

Motasim, A. M., Samsuri, A. W., Nabayi, A., Akter,
A., Haque, M. A, Abdul Sukor, A. S., & Adibah, A.
M. (2024). Urea application in soil: Processes,
losses, and alternatives—A review. Discover
Agriculture, 2(1), 42.

Mukhopadhyay, A., Duttagupta, S., & Mukherjee,
A. (2022). Emerging organic contaminants in global
community drinking water sources and supply: A

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

review of occurrence, processes and remediation.
Journal of Environmental Chemical Engineering,
10(3), 107560.

Naseer, B., Srivastava, G., Qadri, O. S., Faridi, S.
A., Islam, R. U, & Younis, K. (2018). Importance
and health hazards of nanoparticles used in the food
industry. Nanotechnology Reviews, 7(6), 623-641.
Ojelade, B. S., Durowoju, O. S., Adesoye, P. O,
Gibb, S. W., & Ekosse, G.-l. (2022). Review of

glyphosate-based herbicide and
aminomethylphosphonic acid (AMPA):
environmental and health impacts. Applied

Sciences, 12(17), 8789.

Okeke, E. S., Olisah, C., Malloum, A., Adegoke, K.
A., Ighalo, J. O., Conradie, J., . . . Maxakato, N. W.
(2023). Ecotoxicological impact of dinotefuran
insecticide and its metabolites on non-targets in
agroecosystem: Harnessing nanotechnology-and
bio-based management strategies to reduce its
impact on non-target ecosystems. Environmental
research, 117870.

Pimentel, D. (2005). Environmental and economic
costs of the application of pesticides primarily in the
United States. Environment, Development and
Sustainability, 7, 229-252.

Punniyakotti, P., Vinayagam, S., Rajamohan, R.,
Priya, S., Moovendhan, M., & Sundaram, T. (2024).
Environmental Fate and Ecotoxicological Behaviour
of Pesticides and Insecticides in Non-Target
Environments: Nanotechnology-Based Mitigation
Strategies. Journal of Environmental Chemical
Engineering, 113349.

Qasim, M., Arif, M. |, Naseer, A., Ali, L., Aslam,
R., Abbasi, S. A, . . . Ullah, Q. (2024). Biogenic
Nanoparticles at the Forefront: Transforming
Industrial Wastewater Treatment with TiO2 and
Graphene. Sch J Agric Vet Sci, 5, 56-76.

Qasim, M., Fatima, A., Akhtar, T., Batool, S. F. E.,
Abdullah, K., Ullah, Q., . . . Ullah, U. (2024).
Underground Hydrogen Storage: A Critical Review
in the Context of Climate Change Mitigation. Sch
Acad J Biosci, 7, 220-231.

Randive, K., Raut, T., & Jawadand, S. (2021). An
overview of the global fertilizer trends and India’s
position in 2020. Mineral Economics, 1-14.

Razavi, M., & Khandan, A. (2017). Safety,
regulatory issues, long-term biotoxicity, and the
processing environment. In  Nanobiomaterials
Science, Development and Evaluation (pp. 261-
279). Elsevier.

Salim, N., & Raza, A. (2020). Nutrient use
efficiency (NUE) for sustainable wheat production:
a review. Journal of Plant Nutrition, 43(2), 297-
315.

Saunders, L. E. (2015). The Effects of Root-
Absorbed Glyphosate on Physiology and Growth of
Select Agricultural Ditch Plants. The University of
Memphis.

*Corresponding Author: Afira Syrish.

© Copyright 2024 GSAR Publishers All Rights Reserved

Page 80



Global Scientific and Academic Research Journal of Multidisciplinary Studies ISSN: 2583-4088 (Online)

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Sonne, C., Siebert, U., Gonnsen, K., Desforges, J.-
P., Eulaers, I., Persson, S., . .. Olsen, M. T. (2020).
Health effects from contaminant exposure in Baltic
Sea birds and marine mammals: A review.
Environment international, 139, 105725.

Sonone, S. S., Jadhav, S., Sankhla, M. S., & Kumar,
R. (2020). Water contamination by heavy metals
and their toxic effect on aquaculture and human
health  through food Chain. Lett.  Appl.
NanoBioScience, 10(2), 2148-2166.

Srivastav, A. L., Patel, N., Rani, L., Kumar, P.,
Dutt, 1., Maddodi, B., & Chaudhary, V. K. (2024).
Sustainable options for fertilizer management in
agriculture to prevent water contamination: a
review. Environment, Development and
Sustainability, 26(4), 8303-8327.

Subhan, M. A., & Subhan, T. (2022). Safety and
global regulations for application of nanomaterials.
In Nanomaterials recycling (pp. 83-107). Elsevier.
Tudi, M., Daniel Ruan, H., Wang, L., Lyu, J,
Sadler, R., Connell, D., . . . Phung, D. T. (2021).
Agriculture development, pesticide application and
its impact on the environment. International journal
of environmental research and public health, 18(3),
1112.

Ullah, Q., Ishag, A., Ahmed, F., Nisar, I., Memon,
S. U. R., Abubakar, M., . . . Qasim, M. (2024).
Impact of Copper on Spectral Reflectance and
Biomass Accumulation in Spinach Samples.

Ullah, Q., Ishag, A., Mumtaz, A., Fatima, F.,
Mehwish, S., Ghaffar, A., & Bibi, R. (2024).
Assessing  the  Risk, Bioavailability, and
Phytoremediation of Heavy Metals in Agricultural
Soils: Implications for Crop Safety and Human
Health. Indonesian Journal of Agriculture and
Environmental Analytics, 3(2), 91-104.

Ullah, Q., Munir, T., Mumtaz, T., Chawla, M.,
Amir, M., Ismail, M., . . . Haidri, I. (2024).
Harnessing Plant Growth-Promoting Rhizobacteria
(PGPRs) for Sustainable Management of Rice Blast
Disease Caused by Magnaporthe Oryzae: Strategies
and Remediation Techniques in Indonesia.
Indonesian ~ Journal  of  Agriculture  and
Environmental Analytics, 3(2), 65-76.

Ullah, Q., Qasim, M., Abaidullah, A., Afzal, R.,
Mahmood, A., Fatima, A., & Haidri, 1. (2024).
EXPLORING THE INFLUENCE OF
NANOPARTICLES AND PGPRS ON THE
PHYSICO-CHEMICAL CHARACTERISTICS OF
WHEAT PLANTS: A REVIEW. EPH-
International  Journal of  Agriculture and
Environmental Research, 10(1), 1-9.

Ullah, Q., Qasim, M., Sikandar, G., Haidri, 1.,
Siddique, M. A., Ali, L., & Sikandar, U. S. R.
(2024). Uncovering the Biogeochemical Processes
Controlling Greenhouse Gas Emissions from Soils:
An Environmental Methodology Approach.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Ummer, K., Khan, W., Igbal, M. A., Abbas, M. Q.,
Batool, R., Afzal, R., . . . Haidri, I. (2023). THE
INTRICACIES OF PHOTOCHEMICAL SMOG:
FROM MOLECULAR INTERACTIONS TO
ENVIRONMENTAL IMPACT. EPH-International
Journal of Applied Science, 9(2), 23-33.
Vasseghian, Y., Nadagouda, M. M., & Aminabhavi,
T. M. (2024). Biochar-enhanced bioremediation of
eutrophic waters impacted by algal blooms. Journal
of environmental management, 367, 122044.
Verma, K. K., Song, X.-P., Degu, H. D., Guo, D.-J.,
Joshi, A., Huang, H.-R., . . . Rajput, V. D. (2023).
Recent advances in nitrogen and nano-nitrogen
fertilizers for sustainable crop production: a mini-
review. Chemical and biological technologies in
agriculture, 10(1), 111.

Wang, X., Xie, H., Wang, P., & Yin, H. (2023).
Nanoparticles in plants: uptake, transport and
physiological activity in leaf and root. Materials,
16(8), 3097.

Waseem, M., Abbas, M. Q., Ummer, K., Fatima, R.,
Khan, W., Gulzar, F., . . . Haidri, 1. (2023).
PHYTO-REMEDIES FOR SOIL RESTORATION:
A DEEP DIVE INTO BRASSICA'S PLANT
CAPABILITIES IN CADMIUM REMOVAL.
EPH-International Journal of Biological &
Pharmaceutical Science, 9(1), 23-44.

Wato, T., Amare, M., Bonga, E., Demand, B., &
Coalition, B. (2020). The agricultural water
pollution and its minimization strategies—A review.
J. Resour. Dev. Manag, 64, 10-22.

Wu, B., Tian, F., Zhang, M., Piao, S., Zeng, H.,
Zhu, W., . . . Lu, Y. (2022). Quantifying global
agricultural water appropriation with data derived
from earth observations. Journal of Cleaner
Production, 358, 131891.

Yadav, A. Yadav, K., & Abd-Elsalam, K. A.
(2023a). Exploring the potential of nanofertilizers
for a sustainable agriculture. Plant Nano Biology,
100044.

Yadav, A., Yadav, K., & Abd-Elsalam, K. A.
(2023b). Nanofertilizers: types, delivery and
advantages in agricultural sustainability.
Agrochemicals, 2(2), 296-336.

Yadav, M. K., Saidulu, D., Gupta, A. K., Ghosal, P.
S., & Mukherjee, A. (2021). Status and management
of arsenic pollution in groundwater: A
comprehensive appraisal of recent global scenario,
human health impacts, sustainable field-scale
treatment technologies. Journal of Environmental
Chemical Engineering, 9(3), 105203.

Yamini, V., Shanmugam, V., Rameshpathy, M.,
Venkatraman, G., Ramanathan, G., Garalleh, H. A.,
.. . Rajeswari, V. D. (2023). Environmental effects
and interaction of nanoparticles on beneficial soil
and aquatic microorganisms.  Environmental
research, 236, 116776.

*Corresponding Author: Afira Syrish.

© Copyright 2024 GSAR Publishers All Rights Reserved

Page 81



Global Scientific and Academic Research Journal of Multidisciplinary Studies ISSN: 2583-4088 (Online)

71. Zhang, L., Chen, C., Zhang, J., Liu, B., Teng, G.,
Wang, J., . .. Wu, Z. (2021). Alternating magnetic
field-responsive  nanoplatforms for  controlled
imidacloprid release and sustainable pest control.
ACS Sustainable Chemistry & Engineering, 9(31),
10491-10502.

72. Zhu, G., Sun, Y., Shakoor, N., Zhao, W., Wang, Q.,
Wang, Q., . . . Jiang, Y. (2023). Phosphorus-based
nanomaterials as a potential phosphate fertilizer for
sustainable  agricultural  development.  Plant
Physiology and Biochemistry, 108172.

*Corresponding Author: Afira Syrish. © Copyright 2024 GSAR Publishers All Rights Reserved Page 82



