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he emergence of nanotechnology in agriculture has led to the development of nano-

fertilizers—fertilizer formulations engineered at the nanoscale to improve nutrient
delivery, enhance crop productivity, and reduce environmental pollution. Unlike conventional
fertilizers, nano-fertilizers can release nutrients in a controlled and targeted manner, leading
to higher nutrient-use efficiency (NUE) and minimal losses. However, while their potential is
vast, concerns regarding nanotoxicity, soil microbiota disruption, and regulatory uncertainty
present significant risks. This article reviews the types, mechanisms, and agronomic benefits
of nano-fertilizers and critically evaluates their environmental and ecological implications.
The article also explores recent advances in nano-enabled smart delivery systems and the
need for sustainable, biosafe nano-agronomic applications.

Introduction

Conventional fertilizer use has contributed significantly to global food security but also
brought about numerous environmental issues such as nutrient leaching, eutrophication, and
soil degradation. Traditional fertilizers exhibit low nutrient-use efficiency (NUE)—often as
low as 30-40% for nitrogen, with the remainder lost to the environment. This inefficiency
necessitates novel innovations in fertilizer technology. Nano-fertilizers represent a cutting-
edge advancement in sustainable agronomy, aiming to enhance fertilizer efficacy by using
nanotechnology to deliver nutrients more precisely and efficiently. These materials are
engineered to be in the 1-100 nanometer size range, allowing unique interactions with plant
systems due to their high surface area-to-volume ratio and reactivity. This article discusses
the potential, mechanisms, and risks associated with nano-fertilizers in agriculture.

Classification and Composition of Nano-Fertilizers
Nano-fertilizers can be classified based on their origin and function:

Types of Nano-Fertilizers

. Nanoparticles that supply essential Zn0O, FeO, nano-SiO.,
Nutrient-based nutrients nano-CaCOs
Nano-encansulated Nutrients enclosed in a polymer or Urea encapsulated in
P nanocarrier for controlled release chitosan or zeolite
. Liquid formulations with nanoscale  Foliar sprays of micro- and
Nano-emulsions .
droplets macronutrients

rbon- . . . Graphene oxide, carbon
Carbo ba§ed Nutrient carriers or stimulants P
nanomaterials nanotubes

Synthesis Methods
e Top-down (mechanical grinding, laser ablation)
« Bottom-up (precipitation, sol-gel methods, green synthesis using plant extracts)

AGRI MAGATINE ISSN: 3048-8656



mailto:thapliyal003@gmail.com

Thapliyal (2025) Agri Magazine, 02(06): 123-125 (JUNE, 2025)

Green synthesis is gaining popularity due to its environmentally friendly approach and
minimal toxicity.

Mechanisms of Action and Nutrient Uptake

Nano-fertilizers differ from conventional fertilizers in mode of delivery and bioavailability:

Controlled and Targeted Release

« Nano-encapsulated nutrients offer slow and steady nutrient release, preventing leaching
and volatilization.

o Smart nano-fertilizers release nutrients in response to environmental stimuli such as pH,
temperature, or moisture.

Enhanced Root and Foliar Absorption

o Nanoscale particles can penetrate stomata and cuticles more efficiently.

e They interact with root exudates and rhizosphere microbes, promoting nutrient
solubilization and uptake.

Improved NUE and Crop Performance

o Studies show a 20-50% increase in NUE with nano-fertilizer use.

e Enhanced chlorophyll content, root biomass, and photosynthesis rates have been
reported.

Agronomic Benefits of Nano-Fertilizers

Enhanced Nutrient-Use Efficiency

« Nano-Zn and nano-Fe improve micronutrient availability, even in alkaline soils.

o Nano-urea reduces nitrogen loss via volatilization and denitrification.

Improved Crop Yield and Quality

e Inrice, wheat, and maize, nano-fertilizers have been shown to increase yield by 10-30%.

e Quality parameters such as protein content, oil yield, and nutrient density also
improve.

Reduced Environmental Footprint

o Lower application rates (in mg/L) reduce soil and water contamination.

« Mitigation of greenhouse gas emissions like N>O from nitrogen fertilizers.

Compatibility with Precision Agriculture

o Nano-fertilizers can be integrated with drones and remote sensing systems for site-
specific application.

Risks and Concerns

Despite their potential, nano-fertilizers pose several environmental and health risks that

need careful evaluation.

Nanotoxicity and Bioaccumulation

o Certain nanoparticles (e.g., ZnO, AgNPs) may accumulate in plant tissues, affecting
food safety.

e Prolonged exposure may impair photosynthesis, enzyme function, and DNA integrity
in crops.

Soil Microbial Imbalance

e Some nano-fertilizers alter microbial community structures, suppressing beneficial
microbes like Rhizobium and Azospirillum.

« Disruption of soil-plant-microbe interactions can lead to reduced fertility in the long
term.

Lack of Regulatory Frameworks

e« No global consensus exists on the safe levels, testing protocols, or labeling
requirements for nano-fertilizers.

e Current legislation in many countries treats them under conventional agrochemicals,
ignoring their unique properties.
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Economic Barriers and Accessibility
e High production and testing costs may restrict usage to commercial-scale or export-
oriented farms, creating inequality in access.

Sustainable Strategies for Safe Use

To maximize benefits while minimizing risks, the following sustainable strategies are

recommended:

Green and Biogenic Synthesis

o Use of plant extracts, microbes, and biopolymers for synthesis reduces toxicity.

o Biodegradable carriers like chitosan, starch, and lignin offer safer encapsulation.

Lifecycle Assessment (LCA)

o Assess the environmental footprint of nano-fertilizer production, use, and disposal.

e Include parameters like energy consumption, CO: emissions, and ecotoxicity.

Regulatory Framework and Risk Assessment

o Development of nano-specific agricultural safety guidelines.

e Use of OECD-recommended nanotoxicology protocols to test environmental and
human health impacts.

Farmer Training and Extension Services

e Promote capacity building to enable farmers to apply nano-fertilizers judiciously.

o Integrate with existing soil health and precision nutrient management programs.

Future Perspectives and Research Needs

e Smart nano-fertilizers integrated with 10T and Al could enable real-time nutrient
sensing and delivery.

e Multifunctional nano-formulations combining fertilizers with bio-stimulants,
pesticides, or sensors are under development.

e Long-term field studies are essential to validate laboratory results and evaluate
cumulative effects on ecosystems.

Conclusion

Nano-fertilizers hold transformative potential for next-generation agronomy, enabling high
productivity, reduced environmental impact, and resource-efficient farming. Their high NUE,
controlled release mechanisms, and integration potential with precision agriculture tools
make them a cornerstone for climate-smart and sustainable agriculture. However, this
potential must be tempered with robust risk assessment, regulatory oversight, and public
awareness to ensure that nano-fertilizers do not become a new source of agro-environmental
pollution. The future of nano-agronomy lies in the balance between innovation, safety, and
sustainability.
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