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productivity. However, conventional nitrogen fertilization practices
often lead to inefficiencies, environmental pollution, and health
hazards. This review paper explores the evolving landscape of ni-
trogen management in agriculture, focusing on the advancements
in nanofertilizers and their potential to revolutionize nutrient de-
livery, enhance efficiency, and promote sustainability. Nitrogen
nanofertilizers have emerged as a promising tool in agricultural
practices, offering targeted nutrient delivery mechanisms that op-
timize plant uptake while minimizing environmental impact. The
role of these nanofertilizers in unlocking agricultural potential is
underscored by their ability to overcome challenges such as nutri-
ent leaching and volatilization, thus maximizing nitrogen use effi-
ciency. However, the efficacy of nanofertilizers is influenced by vari-
ous factors including particle size, surface charge, and composition,
highlighting the importance of understanding the mechanisms
governing their performance. Synthesis methods play a crucial role
in tailoring nanofertilizer properties to meet specific agricultural
needs, with controlled and slow-release formulations gaining trac-
tion for their ability to sustainably supply nutrients over extended
periods. Moreover, nanofertilizers contribute to nitrogen dynamics
within soil-plant systems, influencing nitrogen cycling and minimiz-
ing losses to the environment. Beyond agricultural benefits, these
nanomaterials also hold promise in mitigating climate change by
optimizing nitrogen utilization and reducing greenhouse gas emis-
sions associated with conventional fertilization practices. However,
the widespread adoption of nitrogen nanofertilizers necessitates
a comprehensive evaluation of their potential impacts on human
health, particularly within agricultural systems. Addressing con-
cerns related to nanoparticle toxicity and accumulation in food
chains is imperative to ensure the safe and sustainable integration
of nanofertilizers into modern farming practices.
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Introduction

The worldwide agricultural landscape reflects humanity's
never-ending search for higher crop yields and food security.
The extensive use of nitrogen fertilizers, which are critical for
increasing agricultural output, is central to this effort. According
to Anas et al. [8], the use of nitrogen fertilizers has become in-
extricably linked to current agricultural techniques, influencing
the trajectory of world food production. However, this depen-
dency has its own set of issues, notably in terms of managing
nitrogen supplies sustainably in the face of rising demand. The
International Fertilizers Association [35] predicts that global

N supply will continue to expand, surpassing demand growth,
which will be driven mostly by rising industrial demands. By
2050, the world population is expected to exceed 9.7 billion
people, representing a 70% increase in food consumption above
current levels [26,32,47]. This population explosion emphasizes
the critical need to increase agricultural production to maintain
food and nutrition security, especially given the restrictions of
limited arable land. Fertilizer application appears to be a signifi-
cant component in tackling this problem, and it is a vital tool for
increasing crop yields. However, while chemical fertilizers have

Annals of Agricultural & Crop Sciences
Volume 9, Issue 4 (2024)
www.austinpublishinggroup.com
Singh R © All rights are reserved

1159.

Citation: Pooja LR, Singh R, Darjee S, Shrivastava M. Changes in Approach towards Nitrogen
Management: Nanofertilizers for Sustainable Agriculture. Ann Agric Crop Sci. 2024; 9(4):



Singh R

Austin Publishing Group

been shown to increase agricultural productivity, their wide-
spread usage raises concerns about their effects on soil health
and fertility. The indiscriminate application of synthetic fertiliz-
ers has been linked to disruptions in soil structure and microbial
communities [81], endangering the long-term viability of agri-
cultural systems. Furthermore, the ramifications go beyond soil
health, as changes in food chains and heritable modifications in
future consumer generations highlight the far-reaching effects
of excessive fertilizer usage across a variety of environments.

Over the past three decades, nitrogen inhibitors, such as
urease and nitrification inhibitors, have effectively reduced N
losses in agricultural systems. However, their method of action,
which largely involves the inhibition of enzymes critical to N
dynamics, raises worries about their interference with natural
nitrogen cycles. Furthermore, despite their potential benefits,
these inhibitors have faced economic obstacles in terms of
widespread adoption among farmers, with minimal evidence of
considerable agricultural production increases [55,70]. As a re-
sult, the hunt for alternate techniques has escalated, leading to
an increased interest in nanofertilizers. Within this framework,
the incorporation of nanotechnology into agriculture emerges
as a viable route, providing new opportunities for increasing
crop yields while also boosting environmental sustainability. In
light of the problems associated with traditional nitrogen fertil-
izers and the promising potential of nanofertilizers, it becomes
imperative to explore innovative solutions that reconcile the
imperatives of agricultural productivity with environmental
stewardship. This review endeavors to delve into the emerg-
ing paradigm of nanotechnology in agriculture, offering insights
into its transformative potential and implications for sustain-
able crop production in the 21 century.

Nitrogen Nanofertilizer

Finding the best N fertilizer product and linking it with crop
production is the need of the hour. Nowadays the world is mov-
ing towards replacing urea which was the sole N fertilizer used
for crop production but scientists are coming up with innova-
tions in the fertilizer industry. The neem-coated urea which is
normally used in India contains 46% N and when compared to
all other N fertilizers it is cheaper and easily accessible to the
farming community [55]. Nitrogen nanofertilizers are nanoscale
(1-100 nm) particles or composites designed to deliver nitrogen
to plants in a controlled manner, thereby improving crop yields
and reducing N losses [33]. They are also developed by encap-
sulating the fertilizer molecules (urea) into nanomaterials like
nanotubes, nanoporous materials coating urea with polymers,
or preparing emulsions of nano-sized particles [47,54]. Due to
the high surface area to volume ratio, it performs much bet-
ter than all improved conventional N fertilizers. However, this
approach often leads to significant losses through ammonia
(NH,) volatilization, emissions of N oxides (NOx), surface runoff,
leaching, and other pathways as explained in Figure 1 [15,20].
With the advent of nanotechnology, there's a growing oppor-
tunity to utilize nanoscale or nanostructured materials as car-
riers for fertilizers or controlled-release agents, leading to the
development of "smart fertilizers" aimed at improving nutrient
efficiency and reducing environmental costs (Adisa et al., 2019).
Nano fertilizers can be classified into four main groups with dif-
ferent mechanisms of approach [45,87].

Nano-coated fertilizers: In this type, traditional fertilizers
are coated with nanomaterials such as metal oxides, carbon-
based materials, or polymers or incorporate the nutrients into
nanomaterial or nanoparticles for example clay with high po-
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Figure 1: Factors responsible for increased efficiency of
nanofertilizers a) intrinsic factors, b) extrinsic factors, and c¢) mode
of application of nanofertilizers.
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Figure 2: Mechanism of ion exchange process responsible for slow
release of ammonium ions from zeolite.

rosity. The coating serves several purposes, including controlled
release of nutrients, protection against environmental losses
(e.g., leaching, volatilization), and improved uptake efficiency
by plants.

Nano-encapsulated fertilizers: These nanofertilizers involve
encapsulating nutrient compounds within nanoscale capsules
or matrices. This encapsulation protects the nutrients from
degradation, enhances their solubility, and facilitates controlled
release, ensuring a sustained and targeted supply of nutrients
to plants.

Nano-scaled fertilizers: This category comprises nanomate-
rials engineered to deliver nutrients directly to plants. Exam-
ples include nanoparticles of essential elements like nitrogen,
phosphorus, and potassium or nanoparticles functionalized
with specific nutrients. Nano-scaled fertilizers aim to improve
nutrient uptake efficiency by plants through enhanced solubil-
ity, increased surface area, and facilitated transport across cell
membranes.

Nano additive fertilizers: formulation of nanofertilizer by
combining suitable supplement nanomaterial along with con-
ventional fertilizer.

Factors Affecting the nanofertilizer Efficiency

The efficiency of nanofertilizers depends on different factors,
these factors affect the life cycle of the nanofertilizers like up-
take, translocation, and accumulation in the different parts of
the plant. It may be i) intrinsic factors of nanofertilizer or certain
characteristics of nanofertilizer, ii) extrinsic factors or environ-
mental factors, and most importantly iii) Mode of application
[34]. The intrinsic factors involve the shape, size, surface charge,
surface functionalization, and composition of the nanofertilizer.
The extrinsic factors include mainly soil pH, soil texture, and soil
organic matter content [59]. There are mainly two ways of ap-
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Figure 3: Adverse effects of nitrate and nitrite in drinking water
and food on human health reach through nitrogenous fertilizers.

plication of these nanofertilizers one is through soil application
where the required amount of nanofertilizer is directly applied
to the soil, and another is through foliar application where a
prescribed quantity of liquid nanofertilizer is mixed with water
and other chemicals and sprayed on the foliage of the crops as
shown in figure 1. The extraordinary properties of nanomaterial
along with fertilizer increase the efficiency by increased absorp-
tion and précised delivery of nutrients (Zulfigar et al. 2019). In
an experiment comparison between the soil pH was observed
and reported that initially, the soil pH of the conventional fer-
tilizer and nanofertilizer treated soil was higher than the soil
in the control. Then, on 4-5 consecutive days, the pH of nano
fertilizer-treated soil was lower than that of the control and
conventional fertilizer-treated soil [69].

Mechanism of Nitrogen Nanofertilizers in Increasing the Ni-
trogen use Efficiency

The world is now focusing on sustainability; nanotechnology
gives an opportunity in every sector. N nanofertilizers are ex-
pected to increase NUE by improving the effectiveness of N de-
livery to plants reducing N losses to the environment and ensur-

ing the overall development of mankind and biodiversity [54].
The high reactivity of nanomaterial enables increased usage ef-
ficacy and high and effective N absorption for plants, resulting
in minimal losses when compared to conventional fertilizers like
urea. In addition to features inherent to the nanoparticle, such
as size and coating, the efficacy of the absorption, distribution,
and accumulation of nanofertilizers depends on exposure to
other conditions, including the pH of the soil, the amount of or-
ganic matter present, and the texture of the soil [31]. As an ex-
ample, when compared to traditional fertilizers, nanofertilizers
of macronutrients (N, P, and K) improve plant development by
19% and its growth is boosted by 29% [11].

The Working Mechanism of Nitrogen Nanofertilizers

The mechanism by which N nanofertilizers work can be bro-
ken down into two steps:

1.  Protection of the N: The protective coating helps
to keep the N in the soil, reducing its loss to the atmosphere
through processes like volatilization, denitrification, and leach-
ing. This allows the plants to access a steady supply of N over
an extended period, rather than receiving a large amount all at
once [7].

2. Controlled release of the N: The coating is designed to
release the N gradually as the plants need it, allowing for more
efficient use of the fertilizer. This slow release can be controlled
by factors such as soil moisture and temperature, pH, and the
presence of microorganisms [12]. As the plants absorb the N,
the coating gradually degrades, releasing more N into the soil.

Popular Methods of Synthesizing Nitrogen Nanofertilizers
for Enhanced Agricultural Sustainability

Synthesizing nitrogen nanofertilizers for agriculture involves
various methods, each offering distinct advantages and produc-
ing nanofertilizers with specific properties as summarized in
Table 1. Some common methods include:

Table 1: Summary of pros and cons of various synthesis methods of nano fertilizers.

Synthesis Method Pros

Cons References

Ball milling method | Scalable and relatively simple process

Requires high energy input Gajraj Yadav et al., [27]

Allows for precise control over particle size and shape

Potential for contamination from milling media

Can be used for a wide range of materials

Limited to certain types of materials

High surface area and reactivity of resulting nanoparticles

Sol-Gel Method Precise control over composition and structure

Requires careful control of reaction conditions | Kumar et al., [46]

Can produce nanoparticles with uniform size distribution

Time-consuming process

Versatile, suitable for a variety of materials

May involve the use of toxic precursors or
solvents

Can incorporate various additives and dopants

May require post-treatment steps for desired
properties

Hydrothermal
Method

Low processing temperatures, suitable for heat-sensitive
materials

Requires high-pressure equipment Byrappa and Adschiri,

[17]

Allows for control over particle size and morphology

Long reaction times

High purity of synthesized nanoparticles

Limited scalability for large-scale production

Enables synthesis of complex nanostructures

Energy-intensive process

Co-precipitation Simple and cost-effective process

Limited control over particle size and shape Batool et al., [14]

Method High yields and large-scale production capability

Agglomeration of nanoparticles may occur.

Suitable for producing a wide range of materials.

Post-treatment steps may be required for the

Allows for doping and surface modification.

desired properties.

Green Synthesis Environmentally friendly, using non-toxic precursors

Limited control over particle properties Aslam et al., [10]

Low energy consumption

Synthesis conditions may be less reproducible

Biocompatible and suitable for biological applications

Longer synthesis times may be required

Potential for synthesis using renewable resources

Limited scalability for large-scale production
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1. Ball milling method: It is a type of mechanical attrition
where high-energy mechanical devices produce nanoscale par-
ticles. It is facilitated by energetic ball mills like planetary, tum-
bler, or rod mills, which utilize containers filled with powder/
flakes (<50 mm) and tungsten carbide or steel balls. The opti-
mal ball-to-substance ratio is typically 2:1, and milling efficiency
decreases if containers are overfilled. Collision temperatures
can rise significantly, ranging from 100 to 1100°C [27]. The ball
milling method was employed to refine clinoptilolite particles,
reducing their diameter to 30 nm. Similarly, other naturally oc-
curring nano-clays like halloysite, montmorillonite, and benton-
ite were subjected to ball milling, resulting in particles sized be-
tween 30-40 nm [84]. In a recent study conducted by Sebastian
et al. [75], a planetary ball mill was employed for the physical
synthesis of a novel potassium-infused nitrogenous nano-fer-
tilizer using chitosan and potassium carbonate extracted from
banana peel ash, featuring nitrogen content of 5.55 weight %
and potassium content of 3.01 weight %.

2.  Sol-Gel Method: This technique involves the forma-
tion of nanoparticles through the hydrolysis and condensation
of precursor materials in a sol solution. It offers precise control
over particle size and composition and allows the incorporation
of nitrogen sources during synthesis [46]. This method is typi-
cally conducted at low temperatures and facilitates the synthe-
sis of various materials such as aerogels, zeolites, and ordered
porous solids through organic-inorganic hybridization. Utiliz-
ing this technique, nanotubes, nanoparticles, and nanorods
are synthesized by forming a network through the creation of
a liquid sol and subsequent connection of sol particles. Upon
drying, this liquid transforms into powders, thin films, and even
solid masses, offering versatility in material fabrication [58]. For
instance, it has been employed for the biological synthesis of
nano-sized hexagonal hydroxyapatite powder, as demonstrat-
ed in a study conducted by Priyam et [64]. Furthermore, this
method has been instrumental in developing controlled-release
urea formulations, as evidenced by Abhiram [4], and urea-silica
nanohybrids by de Silva et al [22]. This approach has been ex-
plored for the nanotechnology-based controlled release of sus-
tainable fertilizers, particularly metal oxide nanoparticles (Beig
et al.,, 2022).

3. Hydrothermal method: The hydrothermal method
stands as a versatile approach in the synthesis of monodis-
persed particles across a range of materials, encompassing
metal oxides, sulfides, and carbon nanoforms. This method op-
erates by orchestrating reactions involving metal salts and other
requisite chemicals under controlled conditions of temperature
and pH, often executing the process in a single step, thereby
offering scalability for industrial applications [17]. Notably, re-
cent studies have showcased the efficacy of hydroxyapatite
nanoparticles functionalized with humic substances, achieved
through a straightforward dipping process, revealing substantial
enhancements in plant growth and nutrient utilization efficien-
cy, thereby hinting at its potential for wide-scale agronomic use
[97]. Furthermore, the application of supercritical hydrothermal
synthesis presents an avenue for the rapid production of metal
oxide nanocrystals, further augmented by the incorporation
of organic materials to regulate nanoparticle dispersion across
diverse media, thereby conferring advantages for the formula-
tion of nanofertilizers [56]. In addition, Continuous Hydrother-
mal Flow Synthesis (CHFS) techniques emerge as cutting-edge
methodologies for crafting inorganic nanoparticles endowed
with size-dependent properties, an indispensable facet for nu-
merous technological domains, including the development of
nanofertilizers [21].

4. Co-precipitation Method: The co-precipitation meth-
od of synthesizing nanoparticles involves the simultaneous
precipitation of multiple precursor ions from solution, typical-
ly yielding metal oxides or hydroxides. It entails the mixing of
aqueous solutions containing precursor ions under controlled
conditions, leading to a chemical reaction that forms insoluble
nanoparticles directly within the solution. These nanoparticles
nucleate and grow during the reaction, after which they are iso-
lated, purified, and often stabilized to prevent agglomeration.
Naseem et al [57] synthesized mesoporous ZnAlSi, O,, nanofer-

10 ~ 24
tilizers, which enable a high yield of Oryza sativa L.

5. Green Synthesis: This eco-friendly approach involves
the use of natural sources or plant extracts as reducing and cap-
ping agents to synthesize nitrogen nanofertilizers. It offers sus-
tainability and minimal environmental impact while producing
nanofertilizers with desirable properties (Table 1).

Soil Application of Nanofertilizers

The working mechanism of nanofertilizer and conventional
fertilizer is almost alike, in slow-releasing fertilizer the nutri-
ents are released over 40-50 days over 4-5 days in conventional
fertilizers [99]. The mobility and stability of these nanofertiliz-
ers in soil depend on their particle size and surface charge. In
soil, on application, they interact with the soil microorganisms
and other compounds and form aggregates which helps in the
movement and absorption of these nanoparticles through root.
The movement of these aggregates is governed by the Brown-
ian motion towards macro and microspores present in the soil
[68]. The aggregates' movement through soil pores is enhanced
by absorption to certain soil-mobile colloids and also to be not-
ed that their mobility can be inhered by the binding of these
nanoparticles to non-mobile colloids [88]. The soil organic mat-
ter, humic acid, and soil water ionic strength also affect the mo-
bility of these nanoparticles. Any nanofertilizer when applied
to soil undergoes a slow decomposition process. For example,
the urea molecule that is released from the nanofertilizer will
undergo the following reactions to be uptaken by the plants.

(NH.).CO+ 2H.0 = (NH,).CO; ......... Eg.1
(NH,).CO; + 2H* = 2NH] + CO. + H.0... ... . Eq.2
2NH; + 20H™ — 2NH; + 2H,0(pKa = 9.3) ... .. Eq.3

The soil urease enzyme catalyzes the reaction; one urea mol-
ecule gives rise to two ammonia molecules, as shown in equa-
tions 1, 2, and 3. Therefore the role of urease enzyme activity
is very unique having the half-life of urease enzyme catalyzed
acativity 20 ms at 25°C [78]. Further, the produced ammo-
nium undergoes a nitrification process which is carried out by
a very narrow range of bacteria, they convert ammonium to
nitrite (NO,") by Nitrosomonas spp. and then nitrate (NO,") by
Nitrosococcus spp. The ammonium can also be directly taken
by the plants and some soil microorganisms. Inside the plant
cells, the urease enzyme is produced due to the catabolism of
purines and arginines, which actively convert the urea to am-
monia which acts as an N source [52]. Both roots and shoots
may reduce NO,, although NO,™ is reduced directly in the cy-
toplasm whereas NO,™ is used in plastids and chloroplasts. The
nitrate reductase enzyme converts NO,"to NO,™ in the cytosol
as shown in Figure 2. Nitrite is carried into the chloroplasts of
leaves, where NO,™ is then transformed by the enzyme nitrite
reductase into ammonium ions.
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Table 2: Effect of different composition of nitrogen nanofertilizer on different crops and their yields.

N Use
Name of N nano A ) )
. Method of preparation Crop Dosage Effi- Yield Reference
fertilizer )
ciency
. Lettuce
Nanozeolite compos- . Khan et al.
i . Co-precipitation method (Lactuca 10g 42m - -
ite fertilize (NZCF) . [44]
sativa)
Biological Developed b ivat
- iologica proce.ss [ ev.e ope. .y a prlv.a e Potato Abd El-
Nanofertilizer NPK company (Pratishtha) in India in associa- .
. ) ) ) ) (Solanum 350 Kg N ha™ 67.74 23.71 ton ha™ Azeim et
(19:19:19) tion with the Indian Council of Agricultural
tuberosum) al. [1]
Research]
Kangkon 76.00 g 100 plants™ (Fresh
. Modification of zeolite using hexadecyltri- glong g p ( Rajonee et
N nanofertilizer . X (lIpomoea 40 kg ha* 92.8 Weight)
methylammonium bromide (HDTMABr) . . al. [69]
aquatic) 5.33 g 100 plants™ (Dry Weight)
Ladies'
Urea-modified hydroxyapatite + Cu2+,
Hybrid nanofertilizer I v xyA P . finger (Abel- Tarafder et
Fe2+, and Zn2+ NPs using ultrasound 50 mg week* - -
(HNF) o . moschus al. [87]
sonication (30 kHz for 1 h) technique
esculentus)
. Durum ;
Nitrate-doped CaP Wheat Ramirez-
ea
nanoparticles (nano- Precipitation method (Trit 75 kg of N ha™ - - Rodriguez
riticum
NPK)- nano U-NPK etal. [72]
durum)
50 mL for 20 coffee
. . . . Coffee seed- .
Chitosan based NPK lonic gelation of tripolyphosphate and lings (Coffea seedlings of each plot Haetal.,
nanofertilizer chitosan solution & . at 50 ppm of NPK [29]
arabica) . .
nanofertilizer emulsion
Brinjal
. ) Kale and
Zn0O Nanoparticles (Solanum
- 4500 mg ha™ - 3106 g Gawade
(ZnO NP) melongena
[40]
L)
Urea coated with With 3% Zn w w with . . i
- Tomatoes - Increased biomass and yield | Pierre [61]
ZnO NPs urea
20% higher seed yield as
Nano hydroxyl apa- nHA as a source of ° g v . Singh et al.
. L - Soybean - compared to conventional
tite (nHA) application phosphorous . [46]
phosphorous application
Tea (Camel- .
X o R 28-30% conc. of N @ . . i Raguraj et
Urea—HA nanohybrid - lia sinensis - 14-16% increase in the yield
675 kg hatyrt al. [66]
(L.) Kuntze)
Germination was accelerated,
Urea-Hydroxyapatite- . . 124%, 147.6% increase in Pabodha
. In-situ sol-gel method Maize - - X
Polymer Nanohybrids average biomass, root length | et al. [60]
respectively
Foli licati
o |ar.app ication o o ) Abdel-Aziz
of chitosan-NPK Polymerization of meth acrylic acid Wheat 25% nano NPK - Crop yield plant-1: 8.28 g tal. [2]
etal.
fertilizer
. . Abdel-Aziz
Nano-composite NPK - Red pepper 25% conc. - Promoted growth and yield tal. 3]
etal.

Anas et al [8] reported that the ammonia byproducts gluta-
mine and glutamate serve as N donors during the production of
amino acids, chlorophyll, and nucleic acids. Three major ammo-
nium assimilation processes, primary N assimilation, reassimila-
tion of photorespiratory ammonia, and "recycled" N assimila-
tion—have been identified, and their respective isoenzymes are
glutamine synthetase, glutamate synthetase, and glutamate de-
hydrogenase. Glutamine and glutamate are converted to aspar-
tate and asparagine in the presence of aspartate aminotransfer-
ase and asparagine synthetase respectively (Figure 1) [9].

Foliar Application of Nanofertilizer

The mechanism of uptake of N nanofertilizers through the
foliar application (spraying the fertilizer directly onto the plant's
leaves) is different from that of traditional fertilizer application
methods, such as soil application. The mechanism of uptake of
nanofertilizers through foliar application involves several steps:

1.  Absorption of the nanofertilizer: The nanofertilizer
particles are absorbed into the stomata, the small pores on the
surface of the leaves, where they come into contact with the
plant's cells. Many mechanisms were proposed for the intake of
the nutrients, like pore formation, endocytosis, carrier protein-
mediated absorption, and through plasmodesmata, as shown
in Figure 1 [11].

2. Transport of the nanofertilizer: Once the nanofertiliz-
eris inside the plant, it is transported through the plant's vascu-
lar system to the areas where it is needed. This allows the plant
to receive the fertilizer's benefits quickly and efficiently [98].

3. Uptake of the nutrient: The nanofertilizer is broken
down into its constituent parts, allowing the plant to absorb
the N or other nutrients it contains. This process is similar to
the way the plant absorbs fertilizer from the soil. The rate at
which the nanofertilizer is absorbed by the plant through the
foliar application is influenced by a variety of factors, including
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the size of the particles, the thickness and composition of the
leaf cuticle (the waxy outer layer of the leaf), the stage of plant
growth, and the presence of other substances in the fertilizer
solution (such as surfactants or adjuvants that can enhance the
uptake of the particles) [13].

4. Utilization of the nutrient: The plant uses the absorbed
nutrients for various metabolic processes, including growth and
reproduction, to help it thrive.

Enhancing the Fertilizer Delivery System

The nanofertilizers developed using nanotechnology can de-
liver the active ingredients of the fertilizer to the crop based
on their biological demands. One of the important characteris-
tics of nanourea in enhancing the delivery of nutrients is its size
and surface area, high sorption capacity, and controlled release
mechanism. The ordinary urea granule size ranges between
2.82 mm to 2.06 mm, whereas the nanourea’s size ranges from
20 nm to 50 nm. Nanourea has 10,000 times more surface area
than ordinary urea [41]. This nanourea improves the absorp-
tion, nutrient-holding capacity, and bio-availability of crops and
soil. Due to the smart delivery system of these nanofertilizers,
it is also called ‘smart fertilizer’ [65,83]. The main mechanism
involved in N nanofertilizer is that its ‘Smart delivery of the
N’ means delivery to a specifically targeted place, by avoiding
the barriers with multifunctional characteristics and also with
remote regulation of these nutrients containing nanoparticles
[81].

Controlled/ Slow Releasing of Nutrients

The thumb rule for applying synthetic fertilizers for the In-
dian agricultural system is given at the ratio of N:P:K is 4:2:1
to achieve optimum crop productivity, in reality, farmers are
forced to apply NPK in the ratio of 10:2.7:1 [19]. So it is ob-
served that our farmers are applying 2.5 times more N than the
actual requirement of the crop. Still, we can see that the excess
amount of fertilizer is also not able to fulfill the necessary N for
the crop. Recent research studies on nanofertilizers have given
us the hope of reducing the bulk usage of these N fertilizers as
these nanostructured formulations have come up with a solu-
tion for the controlled and smart release of nutrients as and
when required by the crop [48].

Hydroxyapatite Nanoparticles as Base Material

Hydroxyapatite is used in agriculture due to its bioactivity
and biocompatibility properties. It is a rich source of phospho-
rous and calcium, and combining the urea with these hydroxy-
apatite nanostructures helps slow the release of N along with
phosphorous and calcium. Tarafder et al [87] formulated a Hy-
brid Nano Fertilizer by taking a Nano urea modified hydroxyapa-
tite nanoparticles and combining them with a few essential mi-
cronutrients and applying it to the Ladies’ finger (Abelmoschus
esculentus) crop during a pot experiment. It was found that
there was a slow and sustainable release of urea and other nu-
trients such as Ca*, PO, *, Cu*, Fe*, and Zn*. It was also re-
ported that there was a considerable increase in the uptake of
micronutrients due to slow release and increased nutrient use
efficiency with a meager effect on the environment. In another
study, a urea-modified hydroxyapatite nanohybrid fertilizer was
synthesized using urea and hydroxyapatite in a ratio of 6:1 by
weight. The slow release of N was tested in the Rice Research
and Development Institute of Sri Lanka on the rice crop itself
and found that the urea-modified hydroxyapatite nanohybrid
released N 12 times slower than conventional urea and it re-

duced up to 50% of fertilizer application for rice crop [45,74]. An
integrated nanofertilizer produced using hydroxyapatite con-
taining NPK and also micronutrients (Zn, Fe, Cu, Co, and Ag) of
size 20-30 nm in width and 80 nm in length, rod-shaped struc-
tures helped in improving the biomass production of medicinal
crops like Ming aralia (Polyscias fruticosa) and vegetable crop
like Asparagus (Asparagus officinalis) by 50% compared to non-
nanofertilizer treated plots [49]. A urea-coated hydroxyapatite
nanoparticles sized less than 90 nm containing 36.5% of the N
when applied to aerobic paddy at the rate of 25% of recom-
mended dose of N showed higher grain yield than 50% of RDN
of UCH and 100% conventional urea [16].

Zeolite as Base Material

Zeolites are porous structures with a high absorption capac-
ity to absorb and hold the N, P, and K nutrients. It is widely used
because of its effective ion exchange capacity, high surface area
of approximately, 900 m? g, 1-10 nm micropores, and higher
water holding capacity as shown in Figure 2 [77]. It has a slow
nutrient-releasing capacity, lasting up to 50 days, i.e., 5 times
more release duration than conventional urea. Nanozeolite
composite fertilizer was prepared by adding salts of macronutri-
ents by simple co-precipitation method showed the long-term
release of nutrients enhancing the nutrient availability and im-
proving the soil’s physical, chemical, and biological properties
[37,44]. A synthesized nano N fertilizer using zeolite as carrier
material tested on Ipomoea aquatica (Kalmi) in a pot experiment
showed higher N accumulation in plants with optimum pH, cat-
ion exchange capacity, soil moisture, and available N [69]. Few
studies on the N-use efficiency of crops have increased due to
the adsorbent nature of nano zeolites. The release of nutrients
especially N from the conventional urea, NBPT-treated urea,
zeolite amended urea, and nano zeolite-treated urea is 4 days,
10-15 days, 34 days, and 40-48 days respectively [76]. Rastogi et
al. [73] mentioned that nano zeolites might be effectively used
in agriculture to facilitate water filtration and preservation in
the soil due to their porous and capillary properties, which act
as a slow-release water source. Applying foliar-applied mixed
Nanofertilizer and commercial fertilizer (NPK) significantly in-
creased plant growth parameters, protein, fiber, Fe, Zn, and K
compared to only commercial fertilizer-treated tomatoes [67].
Few studies on the N-use efficiency of crops have increased due
to the adsorbent nature of nano zeolites. The release of nutri-
ents, especially N from the conventional urea, NBPT-treated
urea, zeolite amended urea, and nano zeolite-treated urea is
4 days, 10-15 days, 34 days, and 40-48 days respectively [76].

Montmorillonite as Base Material

Montmorillonite belongs to the smectite group of clay miner-
als (2:1), it has one octahedral sheet and two tetrahedral sheets
with interlayer gaps after each reoccurring triple-layered sheet
[92]. The specific surface area of normal montmorillonite clay
has increased from 13-17 m? g* to 1000-1200 m? g* when it is
fabricated to nano dimensions [28]. Thus, retaining the unique
feature of a high surface mass ratio helps slow and consistent
release of nutrients [86]. A nanohybrid developed by inculcat-
ing the urea-hydroxyapatite nanoparticles has proved to be a
structurally and functionally valuable system in the slow and
sustainable release of N fertilizer. A significant yield improve-
ment in Rice crops during the field trials taken up at the Rice
Research and Development Institute, Srilanka has promised the
reduction of the use of conventional fertilizers by 50% [51].
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Chitosan Derived Nanofertilizer

Chitosan-derived nanofertilizers are a type of fertilizer that
is made by modifying chitosan, which is a biopolymer derived
from chitin, a natural polymer that is found in the shells of crus-
taceans like shrimp and crabs [79]. Chitosan is known for its bio-
compatibility, biodegradability, and ability to interact with plant
tissues, making it a promising material for use in agriculture. To
create a chitosan-based nanofertilizer, chitosan is typically mod-
ified through chemical or physical methods to create nanoscale
particles that can be applied to crops as a fertilizer [63]. These
particles can be designed to release N and other essential nutri-
ents slowly and consistently over time, providing plants with a
steady supply of nutrients as they grow. A study conducted on
engineering chitosan-based hydrogen in combination with the
montmorillonite nano clays exhibited improved control release
of fertilizers also it has increased the swelling nature thereby in-
creasing water retention. Degradability was also improved, 57%
of the applied engineered nanoparticles were degraded after
swelling in water for 20 days [24].

Role of Nitrogen Nanofertilizer in Nitrogen dynamics

Nitrogen dynamics refers to how N moves and cycles through
different components of the environment, such as the soil, wa-
ter, air, and plants [20,25]. One of the key ways that N nanofer-
tilizers impact N dynamics is by reducing the loss of N from the
soil. According to Subramanian and Rahale [85], nutrients re-
leased from nanofertilizers can last for more than 50 days, in
contrast to the 10-12 days that nutrients released from tradi-
tional fertilizers (urea) last. They also speculated that nanofer-
tilizers could be used as a method for controlling the smart re-
lease of nutrients that are appropriate for crop needs. Leaching,
denitrification, and volatilization account for 50-70% of the N
losses (Figure 1) from the soil, while crop N Utilization Efficiency
(NUE) seldom reaches 30-35% [70,89]. The small particle size
and protective coating of the fertilizer particles help to keep the
N in the soil, reducing the risk of loss through processes like vol-
atilization, denitrification, and leaching. This allows for a more
consistent supply of N to the plants over an extended period,
reducing the need for frequent reapplication of fertilizer [90].
Additionally, there are two different types of N used by plants
NH,-N and NO,-N (aerobic systems, such as those in maize and
wheat) (rice and aquatic plants). Unlike NH, * -N, which is at-
tracted to soil organic matter and soil particles, nitrate-N is a
negatively charged ion. Because it is soluble in water and there-
fore can travel below the crop's root system, nitrate-N may con-
tribute to the pollution of groundwater [50]. The slow release
of N from the nanofertilizer particles can reduce the risk of N
leaching into groundwater and other water sources, which can
help to protect the environment. This also can result in lower
emissions of N oxides (NOx) and nitrous oxide (N,O), which are
potent greenhouse gases and can also reduce the risk of N con-
tamination in water bodies.

Role of Nitrogen Nanofertilizer in Mitigating Climate Change

The use of N nanofertilizers can play a role in mitigating cli-
mate change by improving the efficiency of N use in agriculture
and reducing greenhouse gas emissions. First, by delivering N
to the plant in a controlled and sustained manner, N nanofer-
tilizers can reduce the amount of N lost to the environment
through processes like volatilization, denitrification, and leach-
ing [91]. This can result in lower emissions of N oxides (NOx)
and nitrous oxide (N,0), which are potent greenhouse gases. By
reducing these emissions, N nanofertilizers can help to mitigate

the impact of agriculture on climate change. Second, the slow
release of N from the nanofertilizer can also help to reduce the
amount of fertilizer needed to achieve the same yield, which
can lead to cost savings for farmers and reduced pressure on
natural resources [65,71]. This can help to promote sustain-
able agriculture practices that are less reliant on fossil fuels
and other resources that contribute to greenhouse gas emis-
sions. Finally, the improved efficiency of N use in agriculture
can lead to higher crop yields, which can help to feed a growing
global population while reducing the need for additional land
to be cleared for agriculture [80]. This can help to mitigate the
impact of deforestation, which is a significant contributor to
greenhouse gas emissions [18,93]. Overall, the use of nano N
fertilizers has the potential to play a role in mitigating climate
change by improving the efficiency of N use in agriculture and
reducing greenhouse gas emissions. However, it is important to
carefully evaluate the long-term effects of using these fertiliz-
ers and to consider their impact on soil health, plant health,
and the environment as a whole. Additionally, reducing emis-
sions and mitigating the impacts of climate change will require a
comprehensive approach that incorporates multiple strategies,
including the use of efficient and sustainable agricultural prac-
tices, reducing emissions from other sectors, and transitioning
to low-carbon energy sources.

Impact of Nitrogen Nanofertilizers on Human Health in Ag-
ricultural Systems

Despite the undeniable benefits of nitrogen fertilizers, the
neglect of their environmental and health ramifications has led
to alarming levels of pollution, soil degradation, and greenhouse
gas emissions [6]. High dietary nitrate intake contributes to vari-
ous health conditions, including thyroid disorders and cancers,
primarily through contaminated drinking water and excessive
consumption of nitrate-rich foods as depicted in Figure 3 [39].
While nanofertilizers offer potential benefits in improving plant
growth and reducing health risks associated with traditional fer-
tilizers [29,42,62], they may also introduce new risks due to the
release of nanomaterials into the environment, impacting hu-
man health adversely.

Some nanostructured fertilizers, such as water-zeolite sus-
pension, exhibit promising environmental and health proper-
ties like no mutagenic activity and significant antimutagenic
effects against certain mutagens [23]. Zeolite/Fe203 nanocom-
posites are generally non-toxic to human fibroblast cells and
significantly pernicious to human malignant melanoma cells
[36]. However, certain base nanomaterials used in synthesizing
nitrogen nanofertilizers pose threats to human health. While
zinc oxide nanoparticles show antimicrobial activity and en-
hance plant stress responses in some studies [38,43], others
indicate potential risks such as reduced plant biomass and tox-
icity concerns in soil microorganisms and humans [5,94,96]. The
adoption of nitrogen nanofertilizers presents a complex balance
between agricultural benefits and potential health and environ-
mental risks, necessitating thorough evaluation and risk man-
agement strategies. As the production scale of nanofertilizers
(NFs) increases, unit costs decrease, fostering affordability and
wider adoption among farmers. This cost reduction is driven by
economies of scale, advancements in production efficiency, and
enhanced crop yields, ultimately benefiting both farmers and
the supply chain [27,82].

Conclusions

Overall, the use of N nanofertilizers can result in improved
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plant growth and vyields, reduced N loss to the environment,
and more efficient use of fertilizer resources. However, it is im-
portant to note that more research is needed to fully under-
stand the long-term effects of using these fertilizers and their
impact on soil health and the environment. By improving fertil-
izer products, nanotechnology has the potential to have a huge
impact on energy, the economy, and the environment. It is cru-
cial to look at new possibilities for combining nanotechnologies
into fertilizers in light of any potential harm to the environment
or human health. With focused efforts from governments and
research institutions in developing such enabled agri-products,
we believe that nanotechnology will change this market.
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