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Abstract:

Nanotechnology has rapidly emerged as one of the most powerful modern tools
in agriculture and is expected to significantly influence the agricultural economy in the
coming years. By utilizing innovative chemical compounds and advanced delivery
platforms, nanotechnology enhances crop productivity while reducing the reliance on
conventional bulk agrochemicals. It offers promising and efficient solutions to several
persistent challenges in agriculture.In many developing nations, agriculture remains the
primary livelihood source for over 60% of the population. However, the sector faces
numerous issues such as climate variability, unsustainable resource use, and excessive
application of chemical fertilizers. Nanotechnology provides several direct applications
in agriculture, including targeted delivery of nutrients and pesticides, nano-carriers,
intelligent packaging systems, nanosensors, veterinary and aquaculture applications, and
detection of nutrient deficiencies.Nanomaterials are generally produced through two
major approaches: top-down techniques, which involve reducing larger materials into
nanoscale forms, and bottom-up techniques, which build materials from atomic or
molecular units. Nano-fertilizers are now increasingly preferred over traditional
fertilizers because they help decrease soil and water contamination caused by
agrochemicals. Their slow-release nature ensures a gradual supply of nutrients,
minimizing nutrient loss and enhancing nutrient-use efficiency. Nanotechnology
therefore improves fertilizer efficiency, decreases environmental protection costs, and
provides an effective alternative to water-soluble fertilizers.This work highlights the
significant role of nanotechnology in advancing agricultural systems, particularly in
improving plant nutrition and plant protection.
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Introduction

Nanotechnology has rapidly become one of the most influential modern tools in
agriculture and is projected to play a major role in driving the agricultural economy in
the near future. By incorporating innovative chemical compounds and advanced delivery
mechanisms, nanotechnology enhances crop productivity while lowering the dependence
on conventional bulk agrochemicals. This emerging field offers more precise and
efficient solutions to many long-standing agricultural challenges.Agriculture remains the
foundation of most developing nations, providing a livelihood for more than 60% of their
populations. However, the sector is continuously affected by issues such as climate
change, irrational resource use, and excessive reliance on chemical fertilizers [1].
Nanotechnology, often described as “the art and science of manipulating matter at the
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nanoscale,” involves designing, characterizing, producing, and applying materials,
devices, and systems by controlling their structure at nanometer dimensions [2].

Recognized as the sixth major technological revolution, nanotechnology has
expanded across numerous scientific fields and is expected to become a key contributor
in agriculture and food science in the coming decades. Despite its vast potential,
scientific research on the agricultural applications of nanotechnology remains limited
worldwide [3]. Since plant nutrition plays a critical role in crop yield and quality and
nearly 40% to 60% of global food production depends on fertilizer use [4]
nanotechnology provides new possibilities for improving agricultural efficiency.By
working with particles at extremely small scales, nanotechnology aims to address
problems that conventional methods cannot solve, ultimately supporting better
management of agricultural inputs. Nanoparticles possess unique physicochemical
properties, including large surface area, high reactivity, and customizable pore sizes,
making them promising tools for future advancements in plant nutrition to meet the
demands of a growing population.

Nanotechnology:

Nanotechnology is an advanced scientific field that involves using materials and
devices capable of exploiting the physical and chemical properties of matter at molecular
and atomic levels. It enables exploration and manipulation of biological and material
systems at the nanometer scale for applications ranging from medicine to agriculture [5].
It deals with materials smaller than 100 nm—where 1 nanometer equals 10~ meters—
and integrates principles from solid-state physics, chemistry, chemical engineering,
biophysics, biochemistry, and materials science.

Nanoparticles:

Nanoparticles are defined primarily by their size, at which they exhibit
properties significantly different from those of their bulk counterparts. Their dimensions
overlap with colloidal particles, typically ranging from 1 nm to 1 mm in diameter [6].
Because of their extremely high surface-to-volume ratio, nanoparticles also display
physical behaviors that differ considerably from larger materials [7].

Production Methods of Nanoparticle

Nanomaterials are generally synthesized using two major approaches: top-down
and bottom-up techniques (as described by the Royal Society and the Royal Academy of
Engineering).

1 Top-down approach

This method reduces larger bulk materials into nanoscale particles through
physical and mechanical processes such as milling, grinding, or crushing. It is commonly
used to produce nanocomposites and nano-grained metals or ceramics, typically
generating particles within a broad size range (10-1000 nm), as illustrated in Figure 1.

Emerging Technologies in Energy, Environment and, Sustainable Materials for a Greener Future ,Pub Date:

254
09/09/2025,1SBN: 978-93-47108-79-2 , Web- https:/jkpub.in


https://jkpub.in/

Meachanical-physical
Process

Milling

-

Fimne grinding
Figure 1: mechanical process for preparation of nanoparticles (8).

2 Bottom-up system: in ‘Bottom-up’ building up, numerous molecules self-assemble in
parallel steps, as a function of their molecular recognition characters, this processing
produces more complex structures from atoms or molecules, also, this method produce a
uniform controlling sizes, shapes and size ranges of nano materials (Figure 2).
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Figure 2: Nano particle’s Structures chemically fabricated (9)
In the bottom-up approach, nanomaterials are generated by assembling atoms or
molecules into organized structures through self-assembly. This process relies on
molecular recognition properties, enabling molecules to spontaneously arrange
themselves into more complex formations. Such techniques allow precise control over
particle size, shape, and distribution (Figure 2). This method is widely used to produce
most nanomaterials within the 1-100 nm range and plays a critical role in fabricating
nanoscale structures. Additional synthesis techniques include attrition, pyrolysis, and
biological (green) nanoparticle production.
Unique characters of Nanoparticles
i. At sizes below 100 nm, materials behave very differently because classical
physical rules start giving way to quantum effects. Nanotechnology takes
advantage of these unique properties, which include:
ii. High surface charge and enhanced reactivity due to extremely small particle size
[10].
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iii. Greater surface area-to-volume ratio, causing surface atoms to be far more
active than internal atoms.

iv. Improved mechanical strength, increased thermal stability, reduced melting
point, and altered magnetic properties because of nanoscale clustering.

V. Variations in exposed surface structures lead to differences in atomic
arrangement across nanoparticles, influencing electron-transfer kinetics between
nanoparticles and the molecules bound to them.

Vi. Superior catalytic efficiency, especially in tetrahedral nanoparticles, followed
sequentially by cubic and spherical forms, due to highly reactive corners and
edges [11].

Nanomaterials in Agriculture
Nanomaterials possess chemical, physical, and biological characteristics that
differ significantly from their larger counterparts, which may also introduce unique
safety considerations. Their potential has drawn major interest in agriculture and food
systems, as they can enhance the quality and efficiency of agricultural inputs. With rapid
technological progress since the late 20th century, controlled synthesis of nanomaterials
with specific shapes and sizes, along with new conceptual approaches, has provided
strong foundations for addressing longstanding challenges in nutrient uptake.
Nanotechnology in agriculture includes applications such as targeted delivery of
agrochemicals, understanding plant disease mechanisms, and improving plant genomes
[12].
Positive approaches of nanomaterials in the agriculture
i Nanomaterials offer several advantages because of their nanoscale properties:
ii. Higher solubility when dispersed in solutions.
iii. Larger surface area and small particle size, enhancing their ability to penetrate seed
coats and root tissues.
iv. Improved molecular bioavailability to seed radicals, supporting early plant growth
[13].
Aspects of nanomaterials in agricultural applications:
i Ideal nanomaterials intended for agricultural use should exhibit the following
characteristics:
ii. Controlled and precise release of fertilizers or pesticides under specific
conditions—for example, TiO: nanoparticles used to enhance Mung bean growth
[14].
iii. Enhanced target specificity, ensuring better delivery and reduced wastage [15].
iv. Lower environmental toxicity, combined with safe and user-friendly handling and
transport.
Nanomaterials practise in agriculture
Nanotechnology is applied across multiple stages of agricultural production through
various forms and techniques, such as:

i. Nano-fertilizers for balanced nutrient supply [16,17]

ii.  Crop enhancement (e.g., zinc nano-fertilizers improving Pennisetum americanum
yield) [18]
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Nano-formulated pesticides, fungicides, and herbicides for plant protection [19]
Weed management

Nano-pesticide formulations [20]

Nano-enabled sensors for soil and crop monitoring [21]

Post-harvest preservation and packaging technologies [22]

Bio-synthesized nanoparticles for agricultural applications [18]

Biosensors in aquaculture [23]

Nanobiotechnology tools for gene expression and regulation studies [24]
Tracking and verifying the quality and identity of agricultural produce [25]
Precision agriculture to increase yield while minimizing soil and water damage,
reducing nutrient losses from leaching, and boosting long-term nutrient retention
by soil microbes (Figure 3)

Seed technology

Water purification and improved irrigation systems [27]

Nano-based plant growth regulators [28]

Soil improvement and management [29]

Applications in agricultural engineering [30]

Nanotechnology in food processing and food safety [31]

10. Some applications of Nanotechnology in Agriculture
a. Crop improvement

b. Enhanced efficiency of fertilizers and pesticides

c. Soil quality improvement

d. Early detection of plant diseases

e. Improved water resource management

f. Gene expression and regulatory studies
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Potential Risks of Nanotechnology
Certain nanomaterials can pose risks to living organisms and the environment.

For instance, exposure to high levels of silver nanoparticles may result in toxic effects on

edible plants. In addition, some nanoparticles are capable of producing reactive oxygen

species within biological tissues, which can lead to DNA damage. Because of these
potential hazards, it is essential to thoroughly assess the safety of nano-based agricultural

materials before their widespread application [32].

Conclusion

Nanotechnology is emerging as a significant tool for enhancing agricultural
productivity by improving nutrient-use efficiency and strengthening plant protection
strategies. It offers promising solutions to numerous agricultural challenges, including
the development of improved crop varieties, disease detection, and real-time monitoring
of plant growth. With its advanced applications, nanotechnology holds considerable
potential for transforming the agricultural sector and increasing global food production in
the coming decades. Current progress in areas such as nano-nutrients, crop productivity
enhancement, plant protection (including herbicides and pesticides), nano-packaging, and
nanosensors demonstrates its growing impact on modern agriculture.
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