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HE APPLICATION of nanotechnology (NT) is bringing about an enormous shift in the

agricultural and environmental protection industries by providing innovative solutions to old
problems. The review article summarizes the latest advancements and challenges in the use of
nanotechnology (NT) across various fields. In agriculture, nanotechnology has transformed precision
farming by enhancing soil and plant health, which leads to increased crop yields and reduced need for
chemical inputs. Nano-pesticides and nano-fertilizers contribute to this by improving the efficiency
and precision of pest control and nutrient delivery, thereby minimizing resource waste and
environmental pollution. In environmental protection, nanomaterials are used for water filtration, air
quality monitoring, and the cleanup of polluted areas, showcasing their broad applications in
addressing environmental issues. Adsorbents and catalysts with a nanostructure allow for removing
organic impurities, heavy metals, and pollutants with less energy consumption and more efficiency
than conventional approaches. Despite these encouraging developments, several challenges remain
before nanotechnology (NT) can be fully utilized in agriculture and environmental protection. Key
concerns include the potential toxicity of nanoparticles to humans and non-target organisms, the lack
of comprehensive regulatory frameworks, and the need for extensive research into the long-term
environmental impacts of nanomaterials. Additionally, obstacles such as high costs and the complexity
of scaling up manufacturing volumes pose significant barriers to the widespread adoption of
nanotechnology. To overcome these obstacles and guarantee the safe and sustainable utilization of
nanotechnology's benefits, scientists, legislators, and industry stakeholders must work together across
disciplines. This review article shows how nanotechnology might revolutionize our future by making
it more sustainable. Furthermore, it is also crucial to deal with regulatory obstacles associated with
NT.
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1. Introduction

There are currently around 8 billion people on this
planet: most living in emerging nations like Asia.
According to Food and Agriculture Organizations
(FAO), it is expected to reach 10 billion by 2050
(Balaure et al.,, 2017). A large section of the
population in this region experiences daily food
shortages due to natural effects or unpredictable
political situations. In contrast, in the industrialized
world, the main concern is growing crops that
increase agricultural production while also being
resistant to pests and drought (Hemathilake et al.,
2022). "Zero hunger" is among the goals of
sustainable development of the United Nations
(Khanal et al., 2021)Therefore, targeted agricultural
expansion requires an intelligent strategy to
maximize production per unit of natural resources
and increase farm revenue by using cutting-edge
technology sparingly in the face of limited water and
land resources (Steenwerth et al. 2014). Potential
yields and agricultural  earnings  increased
significantly during the green revolution era because
of the widespread adoption of enhanced high-
yielding cultivars and the intense use of fertilizers,
irrigation, and pesticides. However, this development
frequently disregarded the economic and sustainable
use of natural resources (Tadele, 2017).
Approximately 60% of Indians rely on agriculture for
their livelihoods, yet there has been a discernible
drop in agricultural earnings and productivity in
recent years (Nadkarni, 2022).

According to recent studies, NT has great promise for
enhancing the agricultural industry by increasing the
effectiveness of farminputs and providing solutions
for environmental and agricultural issues that will
improve food security and production (Prasad et al.,

2017a). Scientific discoveries also state that NT has

Egypt. J. Soil Sci. 64, No. 4 (2024)

surfaced as a potentially transformative technology
that can boost the food and agricultural sectors,
improving the standard of living for underprivileged
populations (Gondal et al., 2023).

The European Commission has identified NT as one
of the six "Key Enabling Technologies™ essential for
sustainable breakthroughs in various industries due to
its recognition of its potential (Merzbacher, 2020).
The National Nanotechnology Initiative (NNI) was
founded by the US Federal Government in 2001 to
advance NT. The National Science Foundation (NSF)
in the United States established a program
specifically focused on NPs in 1991 due to an
emerging commitment to technology (Talebian et al.,
2021). It was based on prior nanoparticle research
that IBM and the NSF funded. With the publication
of the "Nanotechnology Research Directions™ report,
an official document of the US National Science and
Technology Council (NSTC), this long-term vision
for NT development began to take shape in 1999
(Bayda et al., 2020). Nanotechnological companies
are distributed worldwide, with prominent hubs in
various countries reflecting their significant
contributions to this cutting-edge field. The United
States leads the global landscape with a value of
3547, showcasing its robust presence in NT. China
follows closely behind with a value of 992,
highlighting its rapid advancements in this field.
Germany, the UK, and Switzerland also play pivotal
roles, with values of 866, 532, and 472, respectively,
emphasizing the European strength in
nanotechnological innovation. Asian countries such
as Japan, South Korea, and India have notable
contributions, with 446, 402, and 347 values,
reflecting the region's commitment to technological

progress (Fig. 1).
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Fig. 1. Map of the global distribution of nano-enabled products in different countries (NPD 2024).

Russia and Canada are among other key players,
showcasing the global dispersion of
nanotechnological endeavours. This distribution
underscores the collaborative and competitive nature
of the NT landscape, with various nations actively
participating in shaping the future of this
transformative industry (Fig. 1; Nanotechnology in
Agriculture Industry, NPD 2024).Commercial uses of
nano-enabled goods have advanced significantly,
especially in sustainable agriculture (Rajput et al.,
2021b). These items include various advances, such
as soil-improving agents, growth stimulators, nano-
fertilizers, and nano-sensors. Due to their potential to
serve as intelligent and regulated delivery systems,
these nanostructures have drawn interest and may
improve agricultural techniques' accuracy and
efficiency. Various NPs are crucial in enhancing
plant defense against diseases and pests. Silver (Ag)-
based NPs boost the plant immune system (Saratale
et al, 2017), Cu-based nanomaterials exhibit
antibacterial and antifungal activities (Giannousi et
al., 2013), and ZnO-NPs effectively control grey-
mold disease (Malandrakis et al., 2022). ZnO
nanoparticles have been found to improve growth

rate and yield of peanuts (Prasad et al., 2012),
enhance shoot-root growth and chlorophyll content in
cluster beans (Raliya and Tarafdar, 2013), but also
decrease chlorophyll in Pisum sativum can be
attributed to the phytotoxic effects of ZnO NP as
evidenced by increased H202 levels and lipid
peroxidation, and disrupt chlorophyll production,
leading to reduced chlorophyll content in the leaves
(Mukherjee et al., 2014) and reduce root and stem
parameters in Glycine max at high concentrations
(Yoon et al., 2014). TiO, nanoparticles have long
been used in agriculture, particularly for heavy metal
remediation, stress management, plant growth
promotion, and quality enhancement (Kumar et al.,
2022). TiO, nanoparticles have accelerated seed
germination, promoted photosynthesis, and improved
growth in spinach (Gordillo-Delgado et al., 2020),
increased root elongation in wheat (Daghan et al.,
2020), and enhanced plant biomass in Pelargonium
hortorum (Gul et al. 2019) due to their ability to
improve light absorption, enhance nutrient uptake,
stimulate plant hormone production, and mitigate
oxidative stress. However, TiO, nanoparticles also
reduced chlorophyll, carotenoids, and stomatal
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conductance in Triticum aestivum (Dias et al., 2019).
The possible reasons for these effects include
oxidative stress, as TiO2 nanoparticles can generate
reactive oxygen species (ROS) under light exposure,
leading to damage of cellular components like
chloroplasts. Additionally, the physical blockage of
stomata by nanoparticles can reduce gas exchange
and affect photosynthesis and transpiration.
Furthermore, nutrient imbalances caused by the
interaction of nanoparticles with essential nutrients
might contribute to these observed reductions.
Similarly, silica NPs (SiO,-NPs), derived from
agricultural waste, have also shown promise for plant
protection (Snehal et al., 2018). SiO, nanoparticles
have been shown to enhance plant dry weight and
organic compound levels in maize (Suriyaprabha et
al.,, 2012) and improve tomato seed germination
(Siddiqui and Al-Whaibi, 2014). Furthermore, Ag-
NPs, CuO-NPs, and ZnO-NPs are employed to
improve soil physicochemical properties (Mittal et
al., 2013; Seleiman et al., 2020), by enhancing soil
nutrient availability, increasing water retention, and
promoting beneficial microbial activity, offering
potential sustainable solutions for agriculture offering
potential sustainable  agricultural solutions.
Additionally, AgNPs increased plant biomass, height,
and shoot length in Solanumlycopersicum (Noshad et
al, 2019) and improved growth metrics in
Trigonellafoenum-graecum (Sadak, 2019).

Nano-enabled products also have applications in
environmental pollution management. Iron (Fe) NPs
are extensively used in environmental pollution
management due to their small size and high surface
area-to-volume ratio, enabling efficient removal of
pollutants like Cd, chloroform, DDT, etc.(Zhang,
2003). Carbon nanotubes have improved seed
germination and root growth in tomatoes
(Khodakovskaya et al., 2009), enhanced root growth
in wheat (Wang et al., 2012), and stimulated growth
in various other crops (Tripathi et al., 2011). Al,O;
nanoparticles have no toxic effect on root elongation
in Arabidopsis thaliana (Lee et al., 2010). MoOs
nanoparticles, used as a foliar fertilizer, enhanced the
morphological criteria of common dry beans (Osman
et al., 2020).They also have applications in ex-situ
slurry reactors for treating soil, sediment, and solid
waste, and anchoring them onto activated carbon can
enhance the effectiveness of wastewater treatment
(Zhang, 2003). Fe NPs, including bimetallic ones
with Pd and Pt coatings, are also helpful in treating
soil, sediment, solid waste, and aqueous phase
remediation (Elliott and Zhang, 2001). Gold (Au)
NPs, due to the quantum size effect, exhibit
promising catalytic activity in converting CO to
CO,(Laoufi et al., 2011). Carbon nanotubes (CNTS)
are studied for their role in air purification by
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absorbing gases and causing macroscopic changes in
resistance (Demirer et al., 2019). EI Gamal et al.
(2022) emphasized the potential of CNPs (Chitosan
NPs) in affecting the integrity of virus particles,
inhibiting their replication and accumulation within
plant tissues, and enhancing the production of
defense-related factors against Bean yellow mosaic
virus in faba beans.

NPs in agriculture, although in their early stages,
hold significant potential for reshaping traditional
practices. Modified NPs can address persistent issues
related to fertilizers, herbicides, and insecticides.
Despite being in its infancy, this application has
transformative potential (Prasad et al.,, 2017b).
Modified NPs could change public perceptions of
agriculture and offer solutions to longstanding
challenges through advanced materials and
technologies (Prasad et al.,, 2017b). The unique
distribution of NPs in plants provides multiple
advantages (Hu et al., 2021). Overall, incorporating
NPs in agriculture has the potential to revolutionize
the industry by leveraging cutting-edge solutions for
long-standing challenges.

Due to their essential properties, including size,
optical properties, surface-to-volume ratio, and
others, NPs can effectively protect plants (Siddigi
and Husen, 2017). The controlled release of
fertilizers and pesticides with nano-encapsulated
particles is an excellent example of applying NPs
with the critical feature of site-specific slow release
(Singh et al., 2023b; Vishwakarma et al., 2018). This
very efficient method provides a robust defensive
mechanism for plants interacting with pathogens by
shielding non-target species and performing other
collateral repairs (Naderi and Danesh-Shahraki,
2013). Other uses of NT in agriculture include
organic fertilizers, micronutrients, NPs, attenuating
biopesticides, and regulating the release of fertilizers
in a measured and controlled manner (Singh et al.,
2024a, 2024b, 2024c, 2023a; Verma et al., 2022).
The website of the nanotechnology products database
(NPD), which maintains current data on products
enabled by NT, revealed that there are 11,171
commercially available items in total, produced by

3,910 firms across 68 nations
(https://product.statnano.com/; accessed January 20,
2024).

Various nano-enabled products are utilized in several
industries, including agriculture. Comparably, 329
companies across 329 countries have produced 844
products to date. These automotive businesses use
nano-enabled items linked to auto-additives, auto-
parts, and maintenance. Similarly, the construction
industry has manufactured around 1170 products by
625 companies across 49 items worldwide.
Additionally, there are 1962 products in electronics,
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1319 in medicine, 1011 in cosmetics, 591 in
renewable energies, and 206 in printing (NPD 2024).
In agriculture, more than 260 nano-enabled products
have been manufactured by 96 companies in 29
countries worldwide (Fig. 2). These nano-enabled
products with NT applications are related to soil
enhancement, plant breeding, animal husbandry,
fertilizers, and plant protection.

This review addresses and investigates the potential
applications of nano-enabled goods in sustainable
agriculture and environmental pollution management.
It is crucial to find a balance between taking
advantage of these developments and ensuring they
are used responsibly and safely as the agriculture
industry  continues using NT for increased
productivity and resource utilization. This study aims
to produce a responsible and sustainable integration
of technology in agriculture by exploring the two
sides of the possible benefits and environmental
issues related to the usage of nano-enabled goods.

2. Agricultural Applications of Nano-products

Currently, appropriate amounts of nano-enabled
products such as nano-fungicides, nano-pesticides,

(A)

11171 3910
PRODUCTS COMPANIES

nano-herbicides, and nano-fertilizers can be applied
through several methods, such as soil treatment,
direct injection into the plants, mixing for sowing,
root soaking, and foliar application to the crop
(Sharma et al., 2021, 2017). These nano-fungicides,
nano-pesticides, nano-herbicides, and nano-fertilizers
have applications in controlling pests, microbes, and
unwanted herbs that can infect crops and reduce
productivity (Nisha Raj et al., 2021). These nano-
enabled products are in demand for crop protection in
sustainable agriculture. Recently, nano-based stretch
films made of polyethylene were used to protect
plants from UV rays and thunder storms (lavicoli et
al., 2017; Rajput et al., 2021a). Approximately 49
nano-enabled products manufactured by 25
companies in the commercial market of 12 countries
are employed in plant protection. Among them, 18
nano-pesticides and 7 nano-fungicide products are
widely used in crop protection and disease
management against various pests and diseases (NPD
2024). India has gained its 2"last position in this
market of nano-enabled plant protection products.

Products
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Fig. 2. Worldwide (A) nano products and (B) agriculture products that are utilized for crop protection,

production, and soil health improvement.
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2.1 Nano-pesticides

Nanotechnology can potentially solve environmental
issues and transform the efficacy of pesticides (Fig.
3) (Kumar et al., 2019). Available in a variety of
forms, including lipids, polymers and metal-organic
frameworks, nano-pesticides use manufactured NPs
that possess biocidal capabilities (Garg et al., 2023).
These materials give agricultural surfaces precise
control over pesticide adhesion and release through
various methods. Pesticide stability and persistence
are increased using NT to manipulate particle size
and structure, frequently by encasing active
chemicals in NPs. This allows them to remain on
plant surfaces for a more extended period (Zafar et
al., 2020).

Additionally, certain nanocarriers may react to
changes in their surroundings, improving their
targeting skills. Increasing the surface area allows
nano-pesticides and plant surfaces to interact more
effectively, strengthening the adhesion effects.
Because of the increased permeability and accurate
release mechanisms, even modest dosages can
significantly influence plants while limiting adverse
environmental consequences, cutting expenses
associated with agricultural  production, and
improving control sustainability. Similarly, nano-
nutrients enhance plant nutrient uptake and utilization
due to their high surface area and reactivity, which
improves nutrient availability, absorption efficiency,
and delivery precision, thus promoting better plant
growth and productivity with lower quantities of
nutrients. Improved crop yields, precise control over
the spread of pests and diseases, and increased
environmental friendliness are just a few advantages
that nano-pesticides provide to agriculture. Using
chiral nanomaterials in nano-pesticides provides
better biocompatibility, less toxicity to non-target
species, and compliance with sustainability and
environmental friendliness (Albanese et al., 2012).
This novel strategy highlights a research hotspot in
agriculture and shows how nano-pesticides can
transform  conventional — approaches to  pest
management completely.

Nano-enabled pesticides represent a transformative
leap in agricultural practices, addressing concerns
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about conventional pesticide solubility and
environmental impact. Several innovative
formulations are emerging globally, each designed
with specific properties to enhance effectiveness and
sustainability (Table 1; NPD 2024). India's NanoBee
Biolnnovations introduces the Smart Plant Protector,
leveraging fast-acting colloidal NT for contact-based
and repellent modes, controlling various stages of
pests, and combating plant diseases. In Costa Rica,
ClearLeaf offers GotaBlanca® 500, an Ag nano-
colloid-based solution for pre- and post-harvest
protection (Table 1). These nano-enabled pesticides
promise precise control, reduced environmental
impact, and enhanced sustainability in agriculture.

2.1.1 Nano-insecticides

The utilization of NPs in insect pest management has
emerged as a diverse and promising strategy, offering
innovative solutions to challenges associated with
conventional chemical pesticides (Fig. 3). Several
studies have investigated the efficacy of different
NPs and their active ingredients against specific
target organisms (Miola et al.,, 2022). Various
concentrations of TiO, nanoparticles had varying
effects on pupae weight, adult emergence, adult
inhibition, and sex ratio, with 75 pg/ml proving to be
the most effective concentration for these parameters
(Mohamadeen et al., 2024). Chitosan nanoparticles
loaded with Mentha spicata essential oil
(MSEO/CSNPs) demonstrated potent antioxidant
properties and effective insecticidal activity against
Callosobruchus maculatus and Sitophilus granaries
(Choudhary et al., 2024). Similarly, copper
nanoparticles synthesized from extracts of Acacia
cornigera and Annona purpurea plants have the
potential to be biocontrol agents against Tribolium
castaneum, a significant pest of stored grains with
high economic impact. A commonly accepted theory
for various NPs is their induction of toxicity by
triggering oxidative stress in arthropod tissues
(Alengebawy et al., 2021). Additionally, their
toxicity may result from nanoparticle penetration
through the exoskeleton (Jafir et al., 2023).
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Fig. 3. Application of different nano-enabled pesticides, insecticides, and fungicide products with their mode
of action for crop protection.

Within the intracellular space, nanoscale materials bind
to sulfur in proteins or phosphorus in DNA, leading to
rapid denaturation of organelles and enzymes.
Consequently, a decrease in membrane permeability
and disturbance in the proton motive force may occur,
causing a loss of cellular function and eventual cell
death (Mikhailova, 2020). For instance,
nanoencapsulation of Carumcopticum essential oil has
shown effectiveness against the diamondback moth,
while  myristic  acid-chitosan  nanogels  have
demonstrated efficacy in controlling wheat weevils
(Ziaee et al., 2023). Polyethylene glycol-coated NPs
containing garlic essential oil exhibit potential against
the red flour beetle (Mohamed et al., 2020).Nanogels
incorporating methyl eugenol effectively manage the
Oriental fruit fly (Bhagat et al., 2013). Nano-capsules
with pyridinyl target cotton bollworms, while those
with  azidobenzaldehyde are effective against
armyworms (Kumar et al., 2022). Chitosan-coated
nano-formulations employing pyrifluquinazon, exhibit
promise in controlling green peach aphids (Kang et al.,
2012). Chitosan nanocarriers, using Nomuraearileyi,
are effective against tobacco cutworms (Feng and Peng,
2012). Nano-dust, particularly nano-Al-Os nanoparticle

dust, effectively manages ice weevils (Andri¢ et al.,
2012). Additionally, nano-DEPA  demonstrates
effectiveness against mosquitoes (Mapossa et al.,
2021). These nanoparticle-based approaches offer
advantages such as enhanced contact with pests,
targeted release of formulations, and reduced
environmental pesticide load, positioning them as
environmentally sustainable strategies for insect pest
management in the context of green agriculture.

2.1.2 Nano-fungicides

To combat fungal diseases, researchers are developing
nano-fungicides that contain organic components such
as active chemicals, polymer-based inorganic SiO,-
NPs, titanium dioxide (TiO,), nano-emulsions, and
nano-clays (Sivarethinamohan and Sujatha, 2021).
Metals such as copper (Cu), zinc (Zn), silver (Ag),
titanium dioxide (TiO,), and various inorganic elements
are used in the synthesis of nanofungicides
(Venugopalet al., 2024). By delivering the necessary
dosage of pesticides into plant tissue, NPs self-
regulating properties help reduce the number of
pesticides used. Metal NPs (MNPs) exhibit a superior
fungitoxic effect compared to their ionic counterparts
due to their ability to cause direct mechanical damage
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through a large surface-to-volume ratio or
nanostructure defects. Additionally, MNPs generate
H,0,, which can penetrate the membrane and cause
internal damage. This unique mode of action provides
advantages in terms of effectiveness and eco-
compatibility, as MNPs require smaller xenobiotic
quantities, resulting in a reduced environmental
footprint (Malandrakis et al., 2022). One example of a
bio-fungicide created and processed using molecular
NT is the commercially available "Diyarex Gold"from
R.V. Agri Corporation (Abd-Elsalam et al., 2019). It is
an effective fungicide and bactericide that is safe for the
environment and does not harm economically
significant insect populations like bees. Diyarex Gold
treats vegetable, herb, grapevine, and orchard diseases
such as powdery mildews, downy mildews, rust, and
early and late blight (Bhattacharyya et al., 2016).
Similarly, GotaBlanca® 500 (crop protection solution),
an Ag nano-colloid-based pesticide by Costa Rica's
ClearLeaf, is a versatile solution for crop protection in
open fields, greenhouses, and hydroponic systems,
offering effective antimicrobial and fungicidal
properties (Table. 1) (“Home | Nanotechnology
Products Database | NPD,"2024).

2.1.3 Nano-herbicides

Several nano-formulations and their effects on various
plant species provide a thorough overview of numerous
nano-enabled herbicides and their uses in weed
management. Modern  nano-herbicides  primarily
operate by inhibiting the activity of enzymes or proteins
within the cell, initiating a series of events that result in
either cell death or developmental impairment (Vats,
2015). A variety of nano-formulations, including
dendrimer glyphosate, CS alginate NPs, PCL_ATZ
NPs, and nano-emulsions containing glyphosate, show
encouraging results in terms of decreased toxicity,
increased stability, and improved biological efficacy
(Forini et al., 2022). The nano-formulations solve
issues with traditional herbicide applications by
demonstrating regulated release, reduced soil sorption,
and higher plant absorption of herbicides
(https://product.statnano.com/; accessed: January 20,
2024).

Zn-layered hydroxides, mesoporous silica NPs,
halloysite nanotubes (HNTs), and layered double
hydroxides (LDHs) are a few examples (Forini et al.,
2022). These nano-formulations exhibit stimulus-
responsive delivery systems, regulated release of many
herbicides at once, and sustained release. The results
show that herbicides with inorganic NT can enhance
herbicidal effectiveness while reducing side effects.
These formulations show promise for successful and
sustainable weed management in agriculture because of
their enhanced efficacy, controlled release, and
decreased toxicity. The variety of nano-formulations
and their intended effects on various plant species
highlight the encouraging developments in nano-
herbicide research for future agricultural practices.
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2.2 Nano-fertilizer

Nano-fertilizers (NFs) present several advantages over
conventional fertilizers (CFs), such as NFs demonstrate
environmental friendliness by being non-toxic;
contribute to improved soil fertility, crop yield, and
quality; reduce the overall cost of production; exhibit
higher nutrient use efficiency compared to CFs; and
provide a targeted, balanced, and slow release of
nutrients, contributing to effective nutrient management
(Fig. 4). Nanoparticles have shown promising
applications in agriculture across various crops. Carbon
nanoparticles applied to wheat (Triticum aestivum)
enhance plant biomass, height, nutrient uptake, and
nitrogen utilization efficiency (Zhao et al., 2021). Silica
nanoparticles (Si-NPs) increase plant height, fruit
weight, leaf area, and overall biomass in cucumber
(Cucumis sativus) (Yassen et al., 2017). Zinc oxide
nanoparticles (ZnONPs) effectively enhance plant
growth and alleviate zinc deficiency symptoms in rice
(Oryza satival.) (Bala et al., 2019). These findings
highlight the potential of nanoparticle use in agriculture
to enhance crop productivity and nutrient efficiency.
Nano-coated fertilizers enhance nutrient delivery by
exploiting their tiny size to improve penetration
through plant stomata and cell walls. Due to their
diameter being smaller than cell wall pores,
nanoparticles can easily pass through these openings
and reach the plasma membrane of plant cells. This
enables more efficient entry into the plant tissue and
direct access to the cells. The small size of
nanoparticles allows them to navigate through the
stomatal openings and traverse the cell wall's pores
more effectively than larger particles. Once inside the
plant, nano-coated fertilizers facilitate targeted and
controlled nutrient delivery, improving nutrient uptake,
reducing waste, and enhancing overall plant growth and
productivity.(Joshua et al., 2023). Application through
foliar methods facilitates the transportation of NPs to
heterotrophic cells from the application site through
plasmodesmata, characterized by a diameter of 40 nm
(Etxeberria et al., 2016). The uptake of NPs involves
binding to carrier proteins, aquaporins, ion channels,
and endocytosis. Table 2 outlines various nano-enabled
fertilizers developed by multiple companies across
different countries, each boasting distinctive properties
and targeted applications. Dr. Vivasayam Crop Care
Services in India offers Nano Potash Liquid Fertilizer,
emphasizing plant growth acceleration and soil
nutrition enhancement. Groagro 1 by Microwell Bio
Solutions in Malaysia introduces a controlled-release
organic fertilizer that is rich in potassium, magnesium,
and boron, which is recommended for peat soil. Fosvit
K30 from the Kimitec Group in Spain focuses on
agricultural self-defence enhancement against invasive
fungal infections. AFME Trading Group in the UK
contributes with nano-potassium chelate and nano-Zn
chelate fertilizers, emphasizing plant growth regulation
and nutritional benefits.
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Table 1. Nano-enabled pesticides and their applications in agriculture (NPD 2024).

Nano-enabled = Company Country  Properties Applications
pesticides
Smart Plant NanoBeeBio India Pesticide Removal ~ They are fast-acting and unique.
Protector Innovations (ReAgri) and Plant health Colloidal NT acts both on contact
Improvement and as a repellent, controlling eggs,
larvae, and adult pests' stages while
also managing plant diseases with
its antibacterial and antifungal
properties.
Nano Shield Anand Agro Care India Antibiotic, Nano Shield is a synergy of
Virucidal and hydrogen peroxide stabilized with
Fungicide nano-Ag particles in the presence of
a catalyst. This unique product is
effective on an extensive range of
microorganisms. Nano Shield is an
excellent fungicide, antibiotic, and
virucide.
GotaBlanca® ClearLeaf Costa Antibacterial Ag nano-colloid-based pre-harvest
500 Rica Activity and solutions are for protection in open
Fungicide fields, greenhouses, and
hydroponics, and  post-harvest
solutions are for better conservation
during the long transit.
NANOCU Bio Nano Technology Egypt Plant Growth Cu products manufactured by
Acceleration nanotechnology used as a fungicide
and a bactericide contain Cu in the
form of NPs,
Nano Ag 2000 YK Laboratories India Anti-microbial Nano-Ag ions can bind to the
ppm For Plant activity microbial cell's molecular
Protection & component, further deactivating the
Disinfection metabolic system and inhibiting
further reproducing the microbes
and eventually killing them.
Kopsil-Agri Filo life sciences pvt. India Antibacterial, These are Ag-based and Cu-based
Ltd. Activity Anti- nano-colloids. These are mixed with
fungal Activity, waterand can be sprayed directly
Antiviral and Anti-  onto plants and shrubs. Its action
Germ works outside of the plants to
effectively destroy bacteria, viruses,
fungi, etc. It leaves no residue on
food plants sprayed with it, as do
poison sprays and is safe for human
consumption.
Bee-Sico Nanobeebioinnovations  India Antibacterial BEE-SICO is a colloid of NPs of

(reagri)

Activity Anti-
microbial activity
Antiviral
Fungicide

pure Ag and Cu encapsulated in a
biopolymer. Encapsulation
improves stability and has an anti-
microbial effect.Our unique
proprietary NT process prepares it,
which reduces Ag* to Ag® and Cu*
to Cu’(metallic copper). It contains
250 ppm of nano-Ag and 250 ppm
of nano-Cu.
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Nano cube® Dennerle
marinus

complete plus

Blue lagoon Dennerle
uv-block

Antialgae Dennerle
Direct

Algaestop Dennerle

Germany

Germany

Germany

Germany

Algae Resistance

Lagoon

Non-toxic
Environmentally
Friendly Algae
Resistance PH
Control

Non-toxic
Environmentally
Friendly Algae
Resistance pH
Control

Nano Cube Marinus Complete Plus
contains everything you need to get
off to a good start.

This is used to prevent green and
thread algae. It controls algae
growth by reducing light
penetration using a special blue dye.
It is ideal for all garden ponds, koi
ponds, and swimming ponds. Gives
the water an attractive, blue lagoon
coloration. It makes the colors of
fish and plants appear more intense.
Perfectly biologically harmless for
fish, plants, and all other pond
inhabitants  (crayfish,  mussels,
snails, frogs, newts, dragonfly
larvae, etc.) Pond water treated with
Blue Lagoon is harmless to all pets
(dogs, cats, and birds).

Ag nanoparticle-based  product
provides a swift and simple means
of killing off irksome thread algae,
which tend to grow around the
pond's edge or float on large mats
on the water's surface. The powder
is sprinkled directly onto the algae.
The active oxygen that is released
destroys the algae cells. The dead
algae are broken down by the
bacteria living in the pond. The
active component, hydrogen
peroxide, quickly decomposes into
oxygen and water.

Ag nanoparticle-based barley straw
isan effective and reliable agent to
treat thread algae, which can be
used as a preventative and fight
algae. Barley straw inhibits algae
growth through its decomposition
and causes any algae present to die
off. Dennerle Algae Stop also
includes humic peat, oak bark, and
alder fruit. These reduce and
regulate the pH, as algae require
high pH values. A slightly golden-
brown colour also filters algae,
promoting UV light. Prevents new
algae growth. For clear, healthy
pond water Made from renewable
raw materials
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Fig. 4. Application of nano-enabled fertilizers and their mode of action for crop production.

AgroArgentum® Bor by Hortus  Supplies
International B.V. in the Netherlands stresses
optimized photosynthesis, reduced plant stress, and
enhanced growth. AFME Trading Group in the UK
also offers Nano Fe Chelate Fertilizer for plant
growth regulation and acceleration. Each fertilizer
caters to specific agricultural needs, ranging from
nutrient enrichment to stress resilience, showcasing
the evolving landscape of nano-agricultural
innovations globally “Nanotechnology in Agriculture
Industry | NPD,” 2024.).

Bioteksa in Mexico presents Nubiotek® Ultra Ca,
promoting crop tolerance to climatic stress and pests.
The litho plant in Brazil introduces lithocal,
enhancing nutritional absorption through calcium and
magnesium elements. Alert Biotech in India provides
nano-Zn, which is vital for protein synthesis and
plant growth. Additionally, table 2 features fertilizers
like Shoot Food, an NT-based foliar liquid fertilizer
by NanoBeeBiolnnovations in India, and High-Tech
Nano Chelated Manganese Fertilizer 12% from
Trademax Corporation FzeLlc in the UAE, aimed at
enzyme activation and photosynthesis increase.
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Table 2. Nano-enabled fertilizers and their applications for plant growth (NPD 2024).

Nano-enabled Company Country  Properties Applications

Fertilizers

Nano Potash Liquid  Dr. India Plant Growth Nano Potash enhances root

Fertilizer Vivasayam Acceleration Soil growth and  development,

Crop Care nutritious contributing to a more robust,
Services healthier root system.

Groagro 1: Super  Microwell Malaysia ~ Controlled-release Advanced material formulation

Nano-Catalyst Bio Solutions organic fertilizer for K, compounds  contain  high

Kalium+T.E SdnBhd Mg, and B High of organic potassium, magnesium,

organic K (max 25%) boron, and essential trace
High of alkalinity elements.
property (pH<11) Highly
recommended for peat
soil.
Fosvit K30 Kimitec Spain Agriculture Invasive Provide self-defence
Group fungal infections enhancement
Integrated Production
Nano potassium AFME UK Plant Growth Regulation ~ Acceleration of plant growth
chelate fertilizer trading group Plant Growth
Acceleration
Nubiotek ® Ultra Bioteksa Mexico Effectively helps the crop  Plant growth regulation and
Ca generally tolerate nutritional plant growth
different scenarios of acceleration
climatic stress the
aggressive presence of
pests, or diseases with
excellent performance.
Lithocal Litho Plant Brazil Nutritional absorption Calcium (Ca) and Magnesium
enhancement (Mg) in formulation are
essential elements for all crops.
They promote an increase in the
root system where the plant
absorbs more water and
nutrients from the soil, better
resisting periods of drought,
and increasing tillering sprouts
and vegetative vigor.

Nano Zn (chelated)  Alert Biotech  India pH stability Nutritional Nano Zn is an essential
micronutrient and a vital
constituent of various enzyme
systems. The element regulates
protein  synthesis,  energy
production, and plant growth.

Nano Zn chelate AFME India Plant growth regulation Chelated fertilizers provide one

fertilizer Trading plant growth acceleration  or more nutrient metal elements

Group to plants, in which deficiencies
will result in the yellowing of
leaves, retarded growth, and
general low-quality corps.

Shoot Food NanoBeeBiol India NT based Essential Provide foliar liquid fertilizer,

nnovations Primary, Secondary & fast absorbing used for all
(ReAgri) Micronutrients plants
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High-Tech Nano Trademax UAE
chelated manganese  Corporation

enzymes activation &
photosynthesis increase form, completely soluble in

This nano fertilizer is in powder

fertilizer 12% FzelLlc water, and absorbable through
foliar spraying (1.5 g/L) and
soil application (2-5 kg/ha).
AgroArgentum® Hortus Netherla  Pesticide removal plant Optimized photosynthesis can
Bor Supplies nds growth regulation plant boost the plant's growth and
International stress reduction development and more
B.V. flowering and harvest. It also
provides the necessary
elements. Thus, the plant
becomes, more robust and more
tolerant to stress.
Nano Fe chelate AFME UK Plant growth regulation Using these fertilizers will
fertilizer trading group plant growth acceleration  increase plant growth while

assuring adequate development
and efficient crop production.

2.3. NPs-Based Soil Improvement

By altering the pore fluid and strengthening the
bonds between soil particles, nanomaterials are
essential for increasing soil strength. Because of their
tiny size, NPs can spread into the pore space more
efficiently, especially in fine soil particles that are not
under much pressure. The inclusion of nanomaterials
affects the soil's microstructure. For example, the
two-dimensional structure of CNT and other NPs has
a different effect on the soil than that of three-
dimensional NPs like colloidal silica (Etxeberria et
al., 2016) Titanium dioxide nanoparticles show
promise in boosting wheat yields when used as a
foliar application. Hydroxyapatite nanoparticles are
highly effective in acidic soil conditions. Zinc oxide
nanoparticles, integrated into urea fertilizers, offer
agricultural benefits for wheat by increasing zinc
levels and impacting the growth of rice and maize
(Hadri et al., 2024). Copper oxide nanoparticles
demonstrate resilience to environmental stressors and
effectively manage nutrient deficiencies (Hadri et al.,
2024).

Rheological ~suspension qualities impact the
architecture of NPs in soil-water suspension, which is
essential for their ability to strengthen soil (Kannan
and Sujatha, 2022). The specific surface area of NPs
increases with decreasing particle size. As a result,
the atomic surface becomes more extensive,
improving interactions with other particles and ion
exchange capacity. In soils containing these particles,
increased plastic and liquid limits result from the
facilitation of pore water collection by NPs. When
characterizing the energy and motion state of
particles at the nanoscale, NPs in the soil brings
complications that are more in line with models from
quantum mechanics than classical mechanics,
provides a comprehensive overview of various
engineered NPs (ENPs). These include various

materials such as fullerenes, including Buckminster
fullerenes, CNTs, and nano-cones. Metal ENPs are
also covered, featuring elemental metals like Ag, Au,
and Fe. Oxides, including TiO,, CuO, FeO,, Zn0O,
aluminium oxide (Al,O5), SiO,, and cerium dioxide
(CeO,), are described in the context of ENPs.
Complex compounds like Co-Zn-Fe oxide and
quantum dots, often coated with polymers such as
cadmium-selenide (CdSe), and organic polymers like
dendrimers and polystyrene, are also outlined. This
classification emphasizes the vast array of engineered
nanomaterials recognized and studied by the
authority. This demonstrates the unique and complex
interaction ~ between  soil mechanics  and
nanomaterials, offering new perspectives on creative
methods for improving soil in various applications.

2.4 NPs-Based Plant Growth Enhancers

In biology, applying nanomaterials may significantly
improve plant development, growth, and production.
With NT, agricultural productivity may be increased
by maximizing input efficiency and reducing losses
caused by various causes. The capacity of NPs to
offer agrochemicals to a broader and more targeted
surface area, acting as special carriers that improve
nutrient absorption, is one of their main
characteristics. Consequently, this leads to an
elevated buildup of vital nutrients in crop plants.
Gold Nanoparticles (Au  NPs) applied at
concentrations of 10 pg/mL and 80 pg/mL via foliar
spray on Brassica juncea, resulted in a positive
increase in seed yield (Arora et al., 2012). Silver
Nanoparticles (Ag NPs) at concentrations of 50 mg/L
and 75 mg/L showed effective fungicidal activity and
improved growth and heat stress tolerance in
Triticum aestivum (Chavan and Shelar, 2015). Zinc
Oxide Nanoparticles (ZnO NPs) enhanced grain yield
and biomass accumulation while decreasing shoot
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chlorophyll content in Triticum aestivum (Afify et al.,
2019). Titanium dioxide Nanoparticles (TiO, NPs)
applied at 100-1,000 mg/kg in pots with soil on
Solanum lycopersicum, improved plant height, root
length, biomass, and lycopene content (Eddy et al.,
2020).

In addition to improving nutrition, NPs are essential
for crop protection. Because of their unique qualities,
NPs can effectively transport agrochemicals with
controlled release and targeted delivery. This focused
strategy reduces the adverse effects on the
environment while increasing the effectiveness of
crop protection methods. Using nanomaterials in
agriculture has enormous potential to maximize crop
protection, enhance nutrient management, and
optimize resource usage. This creative way of
incorporating NT into biological systems can
improve overall productivity and sustainability in
agriculture. Boron is essential for maintaining a
balance between sugar and starch in plants and plays
a crucial role in translocating sugars and
carbohydrates. Specifically, boron influences sugar
metabolism and carbohydrate distribution related to
sugar and starch synthesis, transport, and utilization.
Thus, their nano-boron product is a versatile solution
for plant growth regulation, primarily functioning as
an herbicide, algaecide, and pest controller. It
employs boron NPs to target impaired cell expansion
in rapidly growing organs, leading to malformation,
shorter roots, and sterility in male and female
flowers, ultimately reducing seed set (NPD 2024).
The Nano-Molybdenum product focuses on plant
growth regulation, leveraging molybdenum’s role in
essential enzymes like nitrate reductase and
nitrogenase.  Symptoms  resembling  nitrogen
deficiency, such as pale green color and stunted
growth, can be alleviated with this nano-enhanced
solution. Nano-Magnesium, another offering from
Kanak Biotech, uses magnesium-based nano-capsules
to address issues like yellowing between leaf veins
and reddish-brown tints, which are symptoms of
magnesium deficiency. Magnesium is vital in
phosphorus translocation and is a crucial constituent
of the chlorophyll molecule. For plants experiencing
stunted growth and fruit development issues, nano-
iron provides a solution. Fe NPs address symptoms
like reduced leaf size, discoloration, premature leaf
fall, and chlorosis, enhancing plant growth
acceleration. Kanak Biotech's nano-potassium
product tackles challenges such as brown scorching,
leaf curling, chlorosis, and overall poor resistance to
environmental stressors. The potassium nano-powder
promotes healthy root development and robust plant
growth. Nano-phosphorous is designed to combat
reduced growth, stunted internodes, smaller leaves,
and poor seed development by utilizing phosphorous

Egypt. J. Soil Sci. 64, No. 4 (2024)

NPs. It addresses symptoms like dark green or purple
leaves, promoting tillering in cereals.

Nano-Zn addresses stunted growth and fruit
development, like nano-Fe, by mitigating issues such
as reduced leaf size, discoloration, premature leaf
fall, and chlorosis, ultimately supporting overall plant
health and growth acceleration. The Kanak Biotech
products showcase NT's versatility in optimizing
plant nutrition and growth regulation.

3. Integrating Approaches of Nanotechnological
Products into Sustainable Agriculture and
Environmental Management Practices

In several areas of environmental remediation, such
as soil, air, and wastewater treatment, NPs are
essential. Nanomaterials improve nutrient delivery,
strengthen mechanical strength, and make removing
contaminants from soil easier. Fertilizers using NT
provide targeted and regulated releases of nutrients,
promoting agricultural output and plant development.
Because of their antibacterial, antiviral, and
antimicrobial characteristics, NPs are essential to air
purification technology for air remediation.
Particulate matter is successfully removed from air
purification systems using nanofiber-coated filter
media, which increases filtering efficiency. NPs,
particularly MNPs, and nano-sorbents, are helpful in
the treatment of wastewater because they help get rid
of organic solutes, bacteria, viruses, and hazardous
metal ions. In sophisticated oxidation systems,
photocatalytic NPs are essential for breaking down
pollutants in wastewater (Regmi et al., 2018).
Membrane technologies that enhance mass transfer
and selectively filter impurities, such as zeolite and
graphene-embedded membranes, also aid in the
purification of water (Gao et al., 2022). The
adaptability and specific uses of NPs highlight their
importance in putting into practice long-term and
successful environmental restoration plans.

3.1 Soil Improvement

With various NT uses, nano-remediation is an
emerging technology with enormous potential for
treating soil pollution. These include immobilization,
adsorption,  Fenton-type  oxidation,  reduction
reactions, surface assimilation, and integration with
bioremediation methods such as phytoremediation
(Mukhopadhyay et al., 2022). Biochar-treated soil
exhibited higher pH and organic carbon content,
increased labile carbon, total nitrogen, and available
phosphorus concentrations. NP-biochar combinations
enhanced soil fertility reduced sodicity risk, and
boosted ryegrass biomass (Forjan et al., 2024). Nano-
enabled soil remediation solutions offer innovative
approaches to address various soil challenges.
According to Madhura et al. (Madhura et al., 2018),
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the use of magnetite NPs and nano-zerovalent Fe
assisted in readily degrading organic contaminants in
the soil. Additionally, nano-TiO, and PEI-Cu NPs
were reported to shorten the half-lives of atrazine and
phenanthrene in the soil, respectively (Kalidhasan et
al., 2017; Li et al., 2016).Moreover, magnetite
nanomaterials modified with polyacrylamide can
potentially promote soil degradation and arsenate
leaching (Zheng et al., 2020).Research also suggested
that adding nZVI to soil contaminated with pyrene
produced strong reducing conditions that made it
possible to eliminate pyrene via reduction. According
to the study, 80% of soil-bound Cr (VI) could be
eliminated by using sodium carboxymethyl cellulose-
stabilized nZVI(Usman et al., 2020). Polycyclic
aromatic hydrocarbons (PAHSs) were bioremediation
using a lipid derivative of choline-coated silica NPs.
In addition, Fe sulfide, and stabilized by
carboxymethylcellulose, was investigated for its
ability to consolidate mercury in soils severely
polluted with PAHs (Gong et al., 2012). In 2007, Yu
et al. Click or tap here to enter text. conducted
research on the degradation of organochlorine
pesticides, including a-, p-, y-, and §-
hexachlorobenzene, dicofol, and cypermethrin, using
nano-scale TiO, and ZnO as superior photocatalysts.
According to research by Rui et al. (Fan et al., 2014)
(2010), organophosphorus and carbamate insecticides
exhibited 15-30% photocatalytic degradation. This
photocatalytic degradation was achieved using nano-
TiO, containing rhenium (Re*®) in the leaves of
tomato plants. Due to complete oxidation and
increased electron release, nanoscale zerovalent Fe
reduces DDT and detoxifies CBs and organochlorine
pesticides from soil (EI-Temsah et al., 2016; Pan and
Xing, 2012).

Another solution is the liquid nano-clay treatment by
Desert Control LNC in Norway. This technology
significantly reduces water usage by saturating the
soil and retaining water effectively by up to 50-65%
compared to traditional irrigation methods. In
Australia, Richgro's Natural Sand to Soil introduces a
zeolite nanoporous product that transforms sandy soil
into nutrient-rich garden soil with improved drainage
and water-holding capacity. Meanwhile, Zoiltech™
Soil Treatment by Enviro Veritas in the USA
provides non-toxic deodorization, nutrient balancing,
and moisture retention, promoting a healthy soil
environment. Grigg Brothers' Zeopro™ utilizes
zeolite to enhance soil physical properties, aiding
turfgrass establishment (NPD 2024).

Zeomax® Gardenaid, from Zeotech Corporation in
the USA, is a long-lasting soil amendment that
improves nutrient retention, aeration, and moisture
content. Another Canadian solution, the BRZ Soil
Amendment by Bear River Zeolite Co., reduces

irrigation needs, prevents compaction, and enhances
root system aeration. Bear River Zeolite Co. offers
the BRZ High Salinity Soils solution for challenging
high-salinity soils, addressing specific issues such as
hydrophobia and aeration reduction. KMI Zeolite
Inc.'s Zeolite 12 x 30 (14 x 40) Mesh is versatile and
used in artificial turf, soil amendment, and
environmental remediation due to its ability to
remove toxic pollutants. lda-Ore Zeolite, LLC’s
Enviro-Guard in the USA excels in poisonous
contaminants by absorbing liquids, preventing the
release of harmful chemicals into water sources.
Finally, Zeolite Australia Pty Ltd. introduces zeolite-
infused potting mixes and composts, enhancing
nutrient retention and preventing leaching, thus
promoting efficient plant growth.

These nano-enabled solutions showcase diverse
applications, from water conservation to nutrient
management, emphasizing their potential to
revolutionize soil remediation practices globally.

3.2 Polluted Wastewater Treatment

Using different nanomaterials, NT has been
extensively investigated to find more effective
techniques for treating wastewater (“Home |
Nanotechnology Products Database | NPD,” 2024.).
NPs promise to improve water purification and
wastewater treatment methods (Bala et al., 2019).
Various nanoparticles, including carbon-based,
semiconductor, ceramic, polymeric, metal, and
magnetic nanoparticles, are extensively researched
for their potential application in treating
contaminated and wastewater environments (Punia et
al., 2021). The maximum adsorption capacity of CuO
nanoparticles for fluoride is reported to be 3152
mg/qg, highlighting their ability to remove more than
three times the weight of fluoride from water (Ighalo
et al., 2021). Large surface area, robust mechanical
qualities, increased chemical reactivity, cost-
effectiveness, and energy efficiency are just a few of
the unique attributes that enable them to effectively
remove harmful metal ions, bacteria, viruses, and
organic and inorganic solutes from wastewater.
Wastewater treatment has shown promise for several
nanomaterials, including MNPs, nano-sorbents,
bioactive NPs, nanofiltration membranes, CNTSs,
zeolites, and clay (Usmani et al., 2017). Nano-
enabled wastewater treatment technologies exhibit
remarkable properties and applications, contributing
to the advancement of water purification systems.
Lockheed Martin Corporation's Perforin Graphene
Membrane from the USA stands out for its chemical
resistance (EID, 2009; Ramos-Delgado et al., 2016).
Featuring an atomically thin layer of perforated
graphene, it pushes the theoretical limits of
membrane performance, offering the benefits of
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standard membranes but with enhanced permeability
due to graphene's thinness. Biopure Filtration Pty
Ltd. in Australia provides the Nano Ag Activated
Carbon Water Filter, a 1-micron filter with
antibacterial activity and deodorization capabilities.
This filter, designed for whole-house systems,
incorporates nano-Ag activated carbon made from
natural coconut carbon, effectively reducing taste,
odor, chlorine, VOCs, and bacteria resistance. The
Vitaloop Defender filter by Vitaloop in Norway is
tailored for urban, outdoor, and tropical
environments, addressing a broad spectrum of
contaminants, including heavy metals and viruses.
This versatile water treatment solution emphasizes
antibacterial activity and virus removal. India's 13
Nanotec presents Zeolite Membranes available in
various tubular formats, offering diverse applications
and improving mass transfer in water treatment.
These membranes are designed to enhance filtration
efficiency and are compatible with different
membrane housings. LIG Nanowise Ltd., from the
UK, introduces graphene-embedded hollow fiber
nanoporous membranes designed for aqueous
filtration. These membranes, enhanced with
graphene, demonstrate durability, virus removal
capability, and reduced energy consumption. With
the ability to filter particles as small as 10-20 nm,
including viruses and microplastics, they contribute
significantly to efficient water purification.

Together, these nano-enabled wastewater treatment
solutions showcase a range of advanced technologies
addressing diverse water purification needs, from
chemical resistance and antibacterial properties to
virus removal and energy efficiency.

3.3 Role of Nanoproducts Products in Air
remediation

In air remediation, several companies are harnessing
NT to develop innovative solutions(Dwevedi and
Sharma, 2018). Various types of nanoparticles such
as TiOy-based NPs, dendrimers, Fe-based NPs, silica
and carbon nanomaterials, graphene-based NPs,
nanotubes, polymers, micelles, and nanomembranes
are employed to mitigate environmental hazards
(Hussain et al., 2022). This involves utilizing in-situ
methods such as  bioventing,  bioslurping,
biosparging, phytoremediation, and permeable
reactive barriers, as well as ex-situ approaches such
as biopiles, windrows, bioreactors, and land farming
(Hussain et al., 2022). Trane Technologies plc, based
in Ireland, offers the Thermo King Air Purification
Solution, a graphene-based air purifier primarily used
in buses. This solution is known for its antibacterial
and antiviral properties. G6 Materials Corp., located
in the USA, introduced an air purifier featuring a
unique filtration system to eliminate fine particulate
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matter, volatile organic compounds, and pathogenic
microorganisms such as fungal spores, bacteria, and
viruses. Graphene in this air purifier contributes to its
certified antibacterial, anti-microbial, anti-fungal,
anti-pollen, anti-dust, and antiviral activities.
Retapspol. Based in the Czech Republic, Sro has
developed the nano-air-cleaner Wood Glazed Air
Purifier. This air purification system employs TiO,
NPs or powder to dispose and decompose harmful
substances. The nano-chiller eliminates bacteria,
viruses, fungi, microscopic dust, formaldehyde, and
toluene. Additionally, the cleaner operates ultra-
quietly, has minimal maintenance requirements, and
offers various purifier types made of natural
materials. Nanolab Instruments SDN BHD, a
company from Malaysia, specializes in nanofiber-
coated filter media for air purification. Their
nanofiber-coated  polypropylene  filter  media
enhances the performance of polypropylene filters in
removing particulates from air streams. These filters
find applications in HVAC systems, vehicles,
computer disk drive ventilation, and cabin air filters,
contributing to improved user comfort and health.
Nano-lab Instruments SDN BHD also offers
Nanofiber-Coated Fiberglass Filter Media,
particularly suitable for automotive HVAC filters and
computer disk drive ventilation, further emphasizing
the role of nanofibers in air purification.

4. Nanoproducts Related Safety Risk Assessments
and Rules Regulations

Because of their changed behaviours at the
nanoscale, nanomaterials pose dangers to human
health and the environment and are therefore a source
of concern for possible toxicity (Fig. 5). Concerns
include environmental effects, cellular interactions,
and worker inhalation risks. Concerns regarding
regulatory gaps arise from the inability of regulatory
frameworks to keep up with changes. To address
these issues, we must keep doing multidisciplinary
research, working together, and creating customized
safety protocols (lavicoli et al., 2017). Jeevanandam
et al. (2018) recommended definition of NPs is a
naturally occurring, accidentally occurring, or
artificially created material that contains particles in
an unbound state, as an aggregation, or as an
agglomeration, where one or more of the exterior
dimensions of at least 50% of the particles in the
number size distribution fall between 1 and 100 nm
in size (Peltonen-Sainio et al., 2009). A threshold
between one and fifty percent may be used instead of
the fifty percent barrier in some situations, as
determined by factors such as competitiveness,
health, safety, or environmental concerns.
Nanomaterials include fullerenes, graphene flakes,
and SWCNTs that have one or more exterior
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dimensions of less than 1 nm. FDA Guidance for
Industry (FDA, 2014): The FDA will consider
whether a material or final product is designed to
have an internal or surface structure, or at least one
exterior dimension, in the nanoscale range (about 1
nm-100 nm). Furthermore, even if a material's or
finished product's dimensions are outside the
nanoscale range up to 1 um (1000 nm), the FDA will
evaluate whether the material or product is created to
display phenomena or features, such as physical or
chemical attributes or biological impacts, traceable to
its dimensions. Chemical substances that are solids at
25 °C and atmospheric pressure that are produced or
processed in a way that the primary particles,
aggregates, or agglomerates are in size range of 1-
100 nm (nm) and exhibit distinctive and novel
characteristics or properties due to their size are
defined by the US-EPA (Federal Register/Vol. 82,
No. 8, 3641, 2017) (Ali et al., 2023). According to
ISO/TR 18401:2017, a nanomaterial is defined as A
substance that has an internal structure or surface
structure at the nanoscale, or any exterior dimension
at all, is referred to as a nanomaterial (Trotta et al,
2019).

REACH According to Commission Regulation (EU)
2018/1881, which amends REACH. A nanoform is
defined as: According to the Commission's
recommendation from October 18, 2011, a nanoform
is a natural or artificial material that contains
particles, either as an aggregate or in an unbound
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condition (Allan et al., 2021)The Safe-by-Design
(SbD) concept is gaining traction in NT, evident in its
integration into numerous EU-funded projects and

adoption in the EU Chemical Strategy for
Sustainability (Doak et al., 2022; Savolainen et al.,
2013).  This  underscores  the  increasing

acknowledgment and application of SbD as a guiding
principle in NT, emphasizing proactive safety
measures in  developing and implementing
nanomaterials. The Advanced Nano GO FAIR
Implementation Network 2 (IN) has been established
to address the management of nano-safety data. The
primary goal of the Advanced Nano IN is to foster
data-driven innovation in nanoscience. This objective
is closely tied to promoting human health and
environmental protection by leveraging machine-
enabled reuse of existing safety data. The initiative
aims to address the contemporary challenge derived
from toxicology in the 21* century, characterized by
abundant chemicals and materials (Martens et al.,
2021). Several initiatives address bio-concerns in
nano-safety, including the EU-funded Nano-Safety
Cluster, the OECD's Working Party on Manufactured
Nanomaterials (WPMN) (Rasmussen et al., 2016),
and the NT Consumer Products Inventory. The
Nanomedicine Safety Consortium focuses on the
safety of nanomedicines, while the Nano-Safety
Research  Group contributes to understanding
nanomaterial safety.

Bioaccumulation of NPs
Based Products
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Fig. 5. Application of nano-enabled products can lead to adverse effects such as bioaccumulation and toxicity
on human health.

the Woodrow Wilson International Centre's inventory
tracks NT in consumer products, and the NT-enabled
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Water Treatment Centre addresses water safety
concerns (Wang et al., 2017). These efforts
collectively aim to ensure the safe development and
use of nanomaterials, focusing on bio-related
concerns and regulatory requirements.

5. Conclusion

In conclusion, research into nano-enabled products
shows they have a wide range of potential uses in
agriculture. NT provides numerous options, from
creative crop protection strategies to improving soil
and encouraging plant development. The field of
environmental protection further demonstrates how
versatile nanoparticles are in addressing urgent
ecological issues. Though the story raises concerns
about nanomaterial safety, it also emphasizes the
need for continued study and the development of
regulatory solid systems. Unleashing NT's full
potential in promoting sustainable agriculture and
environmental ~ protection  involves  balancing
maintaining safety and fostering innovation.
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