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ustainable agriculture requires innovative strategies that improve crop productivity while

minimizing environmental impacts. Conventional fertilizers have played a crucial role in
increasing agricultural production, but their excessive use has led to soil degradation, nutrient
imbalance, water pollution, and greenhouse gas emissions. In recent years, nanotechnology
has emerged as a promising tool for enhancing fertilizer efficiency through the development
of nano fertilizers. These fertilizers contain nutrients engineered at the nanoscale, enabling
improved nutrient delivery, enhanced plant uptake, and reduced nutrient losses. Nano
fertilizers have the potential to significantly improve nutrient use efficiency, increase crop
productivity, and reduce the ecological footprint of agriculture. This article discusses the
concept, mechanisms, advantages, and future prospects of nano fertilizers in sustainable
agriculture. It also highlights their role in improving nutrient management, enhancing foliar
nutrient uptake, and reducing environmental pollution.

Introduction

Agriculture is facing significant challenges due to population growth, climate change, and
declining soil fertility. To meet the global demand for food, agricultural productivity must
increase while ensuring environmental sustainability. Chemical fertilizers have contributed
significantly to agricultural productivity during the Green Revolution. However, their
excessive and imbalanced use has created serious environmental and agronomic issues.

Large quantities of conventional fertilizers are often applied to agricultural fields, but plants
typically absorb only a fraction of these nutrients. The remaining nutrients are lost through
leaching, volatilization, and runoff, which leads to water pollution, soil degradation, and
increased greenhouse gas emissions (Tilman et al., 2002). In many agricultural regions, the
imbalance in nitrogen, phosphorus, and potassium application has further aggravated soil
fertility problems. Nanotechnology offers innovative solutions to address these challenges.
Nano fertilizers are designed to deliver nutrients efficiently by using nanoparticles or nano-
structured materials. Due to their extremely small size and large surface area, nano fertilizers
can improve nutrient uptake and reduce fertilizer losses (Nair et al., 2010). Recent research
suggests that nano fertilizers could play an important role in sustainable agriculture by
increasing fertilizer efficiency while reducing environmental impacts (Kah et al., 2018).
These advanced fertilizers may help farmers achieve higher yields with lower fertilizer
inputs.

Concept and Characteristics of Nano Fertilizers

Nano fertilizers are fertilizers that contain nutrients in the form of nanoparticles or nano-
structured materials. These particles typically range between 1 and 100 nanometers in size,
allowing them to interact more effectively with plant tissues. Unlike conventional fertilizers,

ACRI MACATINE ISSN: 3048-8656 Page 235



mailto:devarajkawas97@gmail.com

Devaraj et al. (2026) Agri Magazine, 03(03): 235-239 (MAR, 2026)

nano fertilizers are designed to provide controlled and targeted nutrient release. This
improves nutrient availability to plants and reduces losses to the environment. Some nano
fertilizers are formulated as nano-colloidal suspensions containing functionalized nutrient
molecules. For example, nano nitrogen and nano phosphorus fertilizers have been developed
to enhance nutrient absorption and plant metabolism. These fertilizers can be applied through
foliar sprays, seed treatments, soil applications, or fertigation.

Nano fertilizers have several distinctive properties:

High surface area to volume ratio

Improved solubility and dispersion

Enhanced nutrient absorption by plants

Controlled nutrient release

« Reduced nutrient losses

These properties allow nano fertilizers to deliver nutrients more efficiently than conventional
fertilizers.

Limitations of Conventional Fertilizers

Although chemical fertilizers have contributed significantly to agricultural productivity, their
inefficient utilization has created multiple challenges.

Low Nutrient Use Efficiency

Plants absorb only 30-50% of applied nitrogen fertilizers, while the rest is lost through
volatilization, leaching, or microbial processes (Raun & Johnson, 1999).

Environmental Pollution

Excess fertilizer use contributes to eutrophication of water bodies and increases emissions of
nitrous oxide, a potent greenhouse gas (Robertson & Vitousek, 2009).

Soil Health Degradation

Continuous use of chemical fertilizers without organic amendments may reduce soil
microbial diversity and soil structure over time.

Increased Production Costs

Farmers often apply higher fertilizer doses to compensate for nutrient losses, increasing
production costs.

These issues highlight the need for advanced nutrient delivery systems that improve fertilizer
efficiency while reducing environmental impacts.

Mechanism of Nano Fertilizer Uptake in Plants

Nano fertilizers are extremely small nutrient particles (usually less than 100 nanometers) that
can be applied directly to plant leaves as a foliar spray. Because of their tiny size and high
reactivity, they are easily absorbed and efficiently transported within the plant. The uptake
mechanism through leaves occurs in several steps:

+ Spraying of Nano Fertilizer on Leaf Surface

Nano fertilizers are applied as a fine spray on the leaf surface.

e The spray forms tiny droplets

. . . Mechanism of Nano Fertilizer Uptake in Plants
containing nutrient nanopartlcles.

through Leaves
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A. Cuticular pathway
o Nanoparticles diffuse through micropores in the waxy cuticle layer.
e Their very small size allows them to pass through these tiny openings.
B. Stomatal pathway
« Nanoparticles enter through stomata, which are natural pores on the leaf surface.
o Stomata regulate gas exchange but can also allow entry of nano-sized nutrients.
4 Penetration into Leaf Cells
After entering the leaf, nanoparticles move through the epidermal cells and into the
mesophyll tissue.
Inside the leaf:
« Nanoparticles dissolve or release nutrient ions gradually.
e These nutrients are absorbed by surrounding plant cells.
This controlled release improves nutrient availability and efficiency.
+ Transport Through Mesophyll Cells
Within the mesophyll layer:
« Nutrients move from cell to cell through cytoplasm connections called plasmodesmata.
« This movement helps distribute nutrients across the leaf tissue.
This stage ensures nutrients reach areas where photosynthesis and metabolic processes
occur.
+ Translocation Through Plant Transport Pathways
After absorption, nutrients move through two pathways:
Apoplastic pathway
« Movement through cell walls and intercellular spaces.
Symplastic pathway
« Movement through cytoplasm of connected cells via plasmodesmata.
Both pathways help move nutrients toward the vascular tissues.
+ Movement to Vascular System
Finally, nutrients enter the vascular system (xylem and phloem).
From here they are transported to:
Growing leaves
Roots
Flowers
Developing grains or fruits
This ensures whole-plant nutrient distribution.

Role of Nano Fertilizers in Sustainable Agriculture

» Improving Nutrient Use Efficiency

Nano fertilizers significantly improve nutrient use efficiency by delivering nutrients directly
to plant tissues. Research indicates that nano fertilizers can achieve nutrient use efficiency
above 90%, reducing fertilizer requirements.

» Enhancing Crop Growth and Productivity

Nano fertilizers improve photosynthetic efficiency, BENEFITS OF IFFCO NANO FERTILIZERS
chlorophyll formation, and enzyme activity. These

physiological improvements contribute to higher s o LT
crop yields and improved crop quality. B e | (@
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nano fertilizers can reduce nutrient accumulation in | @™ ‘:':’jj_,_»;é Q=

soil and help maintain soil health.

» Reducing Environmental Impact : N

Because nano fertilizers require smaller quantities, R el i
they can reduce nutrient losses and minimize
environmental pollution. Reduced fertilizer use also lowers greenhouse gas emissions
associated with fertilizer production and application.

Option to Reduce Chemical Fertilizer Usage
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» Enhanced Foliar Absorption

Nano fertilizers are particularly effective in foliar applications because their small particle
size allows them to penetrate the waxy cuticle layer of leaves.

» Increased Nutrient Mobility

Nanoparticles can move through plant tissues more efficiently, allowing nutrients to reach
various plant organs.

» Controlled Nutrient Release

Nano fertilizers can release nutrients gradually, ensuring continuous nutrient supply to plants.
» Improved Nutrient Assimilation

Nano nutrients enhance enzyme activity involved in nitrogen assimilation and
photosynthesis, improving plant metabolism.

Environmental and Climate Benefits

Nano fertilizers have the potential to contribute significantly to climate-smart agriculture.

+ Reduced Greenhouse Gas Emissions: Lower fertilizer consumption reduces energy use
and greenhouse gas emissions associated with fertilizer manufacturing.

+ Reduced Nutrient Runoff: Improved nutrient absorption reduces nutrient runoff into
water bodies.

4+ Eco-Friendly Formulations

Many nano fertilizers are designed to be biodegradable and safe for agricultural use.

Application Methods of Nano Fertilizers

Nano fertilizers can be applied through several methods:

Foliar spraying

Seed treatment

Root dipping

Fertigation

Tuber treatment

These versatile application methods make nano fertilizers suitable for a wide range of crops.

Challenges and Future Prospects

Despite their promising benefits, nano fertilizers still face several challenges.

Regulatory Concerns

The use of nanomaterials in agriculture is relatively new, and regulatory frameworks for their
safe use are still evolving.

Limited Awareness

Many farmers are unaware of nano fertilizer technology and its benefits.

Research Gaps

Further research is required to evaluate the long-term effects of nano fertilizers on soil health,
plant physiology, and human health.

However, continued advancements in nanotechnology and increased research investments are
expected to accelerate the adoption of nano fertilizers in agriculture.

Conclusion

Nano fertilizers represent a promising innovation in agricultural nutrient management. Their
ability to enhance nutrient use efficiency, reduce environmental pollution, and improve crop
productivity makes them an important tool for sustainable agriculture. By integrating nano
fertilizers with modern farming practices and appropriate regulatory frameworks, agriculture
can move toward a more sustainable and climate-resilient future.

The Future of Farming

Nano fertilizer technology is still developing, and more research is being conducted to
understand its long-term effects. However, it is already showing great promise for improving
crop productivity while protecting natural resources. With proper awareness and training,
nano fertilizers could become an important tool for sustainable and climate-smart agriculture.
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