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Abstract 
The application of nanotechnology in 
agriculture offers a new methodology to 
promote soil health and yield production. 
Engineered nanomaterials (ENMs), such as 
metal oxide nanoparticles and carbon-based 
nanostructures, have found rising use in soil 
systems for their ability to enhance nutrient 
accessibility, soil friability, and plant resistance. 
Research has proved that fertilizers in the nano-
scale can promote nutrient use efficiency along 
with minimizing environmental losses 
(Thangavelu et al., 2024). Further, ENMs have 
been demonstrated to remediate polluted soils 
and promote plant growth under abiotic stress 
conditions like heavy metal toxicity and drought 
(Li et al., 2024). There are concerns about their 

ecotoxicological effects on soil microbial 
communities and long-term soil functioning 
(Yadav & Yadav, 2024; Rath et al., 2024). The 
interactions between soil microbiota and 
nanoparticles are complicated, tending to 
produce stimulatory as well as inhibitory effects 
on microbial diversity and enzyme activities. As 
much as improvement in analytical technology 
has enabled in depth understanding of these 
interactions, more research needs to be carried 
out to identify safe application thresholds and 
regulatory principles. This review emphasizes 
the dual character of nanomaterials in soil 
systems and calls for the need to pursue a 
balanced, evidence-based strategy to use them 
in sustainable agriculture.

Introduction 
Soil health is a basic building block of 
sustainable agriculture, impacting food security, 
biodiversity, and ecosystem services directly. 
But over the years, conventional farming 
methods have resulted in soil degradation 
through nutrient loss, pollution, and erosion. 
Against this backdrop, nanotechnology has 
come forward as a revolutionary aid to 
rejuvenate soil ecosystems. Engineered 
nanomaterials (ENMs)—artificially 
manufactured particles ranging in size from 1 to 
100 nm possess distinctive physicochemical 
characteristics, including high surface area, 
reactivity, and targeted delivery mechanisms. 
These characteristics render ENMs promising 

candidates for use in soil fertility improvement, 
pollutant remediation, and crop protection. 
The application of nanotechnology to soil 
science is being increasingly accepted as a tool 
to enhance resource-use efficiency and counter 
environmental problems. For example, nano-
fertilizers can considerably minimize nutrient 
leaching and volatilization, hence enhancing 
nutrient-use efficiency. At the same time, 
nanomaterials are applied for the 
immobilization of heavy metals, adsorption of 
organic pollutants, and promotion of useful 
microbial activity. In spite of these benefits, 
issues remain about the long-term impacts of 
ENMs on soil biota and the possible disruption 
of sensitive ecological balances. 

Definition and Classification of Engineered Nanomaterials 
Synthesized nanomaterials are intentional 
materials with structure in the range of 

nanoscale. Of the ENMs most studied for soil 
applications are: 
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• Metal and Metal Oxide Nanoparticles 
(e.g., ZnO, Fe₂O₃, TiO₂, CuO): Applied as 
antimicrobial agents, remediation agents, 
and fertilizers. 

• Carbon-Based Nanomaterials (e.g., 
carbon nanotubes, graphene oxide): Used in 
pollutant sorption and seed coating. 

• Nano-structured Carriers: Such as nano-
clays or dendrimers, which aid in slow and 
targeted release of agrochemicals. 

These materials are different from bulk 
materials in terms of reactivity, mobility, and 
soil component interaction. They are classified 
according to chemical composition, 
morphology, and functional properties. 

2. Applications of ENMs in Soil Systems 
Engineered nanomaterials (ENMs) have 
revealed dramatic potential to improve soil 
quality and fertility via various routes of 
application. They shows favorable 
physicochemical characteristics that enable 
them to serve as smart fertilizers, soil 
conditioners, and soil remediation agents, 
particularly in degraded or polluted soils. 
2.1 Soil Fertility Enhancement 
ENMs have been extensively utilized to enhance 
soil fertility by raising the availability of 
nutrients, reducing nutrient loss, and enhancing 
soil-water relationships. Nano-fertilizers like 
nano-ZnO, nano-urea, and nano-hydroxyapatite 
provide controlled release, enhanced solubility, 
and improved root-zone delivery over 
traditional forms (Raliya & Tarafdar, 2013). 
These nano-fertilizers also lower nutrient 
leaching and enhance nutrient use efficiency 
(NUE). 
For example, ZnO nanoparticles increase zinc 
bioavailability in zinc-deficient soils, promoting 
plant growth and yield. Likewise, nano-

phosphates are more soluble in acidic and 
alkaline soils and enhance the uptake of 
phosphorus by plants (Solanki & Laura, 2022). 
2.2 Soil Remediation 
ENMs like nano-zero valent iron (nZVI), nano-
titanium dioxide (TiO₂), and graphene oxide 
have shown effective outcomes in 
decontaminating heavy metals (e.g., Pb, Cd, As) 
and organic contaminants from polluted soils 
(Sharma et al., 2021). These ENMs work by 
mechanisms such as adsorption, reduction, and 
catalytic degradation of the contaminants. 
2.3 Plant Growth Promotion 
Some ENMs may also directly affect plant 
metabolism. Carbon nanomaterials like carbon 
nanotubes (CNTs) may penetrate seed coats and 
promote germination, photosynthesis, and root 
growth. Metal oxide nanoparticles have also 
been found to cause the induction of antioxidant 
enzyme activity in plants and thus enhance 
environmental stress tolerance against drought 
and salinity (Rajput et al., 2023). 

Table 1: Types of Common ENMs and Their Agricultural Applications 
Nanomaterial 

Type Primary Use Mode of Action Example Application 

ZnO nanoparticles Nano-fertilizer Enhances micronutrient 
availability 

Wheat and rice yield 
enhancement 

nZVI Soil remediation Reduces heavy metal 
mobility 

Arsenic-contaminated paddy 
soils 

Carbon nanotubes Growth 
stimulant 

Improves seed 
germination 

Cotton and tomato seed 
treatment 

Graphene oxide Pesticide 
adsorbent 

High surface adsorption Reduces pesticide leaching 
in loam 

Nano-
hydroxyapatite 

Phosphorus 
fertilizer 

Slow-release nutrient 
delivery 

Maize and groundnut soil 
amendments 
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3. Interaction of ENMs with Soil Physicochemical Properties 
Engineered nanomaterials (ENMs), because of 
their large surface area, surface charge, and 
reactivity, have the potential to dynamically 
interact with the physicochemical 
characteristics of soil. Such interactions have 
direct consequences for soil structure, nutrient 
cycling thus influence soil health and function. 
3.1 Soil Texture and Structure 
ENMs can alter soil porosity and aggregation. 
For example, iron nanoparticles like nano-zero 
valent iron (nZVI) and nano-Fe₃O₄ have been 
reported to impact soil aggregation through the 
binding of clay particle. These interactions may 
enhance water holding and erosion resistance in 
sandy soils. Excessive buildup, though, may 
result in particle clogging in micropores, 
hindering infiltration and aeration. 
3.2 Soil pH and Cation Exchange Capacity  
The functional groups and surface charge of 
ENMs have the potential to affect soil pH and 

modify its buffering capacity. ZnO and TiO₂ 
nanoparticles, for instance, have been discovered 
to raise soil pH in acidic soils because they are 
alkaline. In addition, ENMs can adsorb or release 
ions, thereby modifying the CEC of soil which is 
a key characteristic for the retention and 
exchange of nutrients. 
3.3 Interaction with Soil Organic Matter 
(SOM) 
ENMs tend to associate stably or transiently with 
humic substances. Carbon-based ENMs like 
graphene oxide and carbon nanotubes, for 
instance, can adsorb the soil organic matter and 
perhaps stabilize them or change their mobility 
(Zhang et al., 2021). Such interactions are likely 
to affect microbial access to carbon substrates 
and interfere with normal decomposition 
processes. 

4. Effects of ENMs on Soil Microbial Communities 
Soil microbial communities are the core of soil 
health, nutrient cycling, and ecosystem 
resilience. The interaction between engineered 
nanomaterials (ENMs) with these 
microorganisms may be positive or negative and 
is influenced by the type of nanomaterial, 
concentration, exposure time, and soil 
conditions. 

 
 
 
 
 
 

                                                                                             Fig : Effect of ENP on soil properties 
4.1 Changes in Microbial Diversity and 
Abundance 
ENMs have the capability to greatly shift 
microbial community diversity and composition. 
Exposure to metal-based nanoparticles (e.g., Ag, 
ZnO, TiO₂) tends to be followed by reduced 
microbial richness owing to their antimicrobial 
nature. For example, silver nanoparticles 
(AgNPs) have the ability to compromise bacterial 
cell walls and interfere with metabolic processes, 
resulting in diminished microbial biomass. 
4.2 Effects on Microbial Functional Groups 
Key functional groups involved in nutrient 
cycling, such as nitrogen-fixing bacteria, 
phosphate-solubilizing bacteria, and arbuscular 
mycorrhizal fungi, are highly sensitive to ENMs. 

• Nano-ZnO and nano-CuO have been shown 
to inhibit nitrogen-fixers like Rhizobium and 
Azospirillum (Cheng et al., 2023). 

• Carbon nanomaterials, in contrast, can 
promote mycorrhizal colonization and 
improve root-microbe interactions under 
certain conditions (Jia et al., 2020). 

4.3 Implications for Soil Health 
Microbial community changes caused by ENMs 
have significant implications are reduction in 
microbial diversity and biomass can 
compromise soil aggregation, nutrient turnover, 
and decomposition of organic matter. And 
another is disturbance of beneficial microbial 
processes could reduce stress tolerance and 
nutrient uptake in plants. Therefore, it is
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important to know the thresholds and long-        term effects of ENMs for safe and sustainable 
nanotechnology application in soils. 
5. Environmental Risks and Soil Ecotoxicology of ENMs 
With increasing applications of engineered 
nanomaterials (ENMs) in agriculture and 
industry comes increasing concern about their 
unforeseen effects in soil ecosystems. Their 
persistence, reactivity, and bioaccumulation 
potential make ENMs a double-edged sword–
providing benefits but also substantial 
ecotoxicological threats to soil organisms and 
ecological processes. 
5.1 Accumulation and Persistence in Soil 
ENMs will settle in the topsoil because they 
have low mobility and adsorb onto clay particles 
and organic matter. Long-lasting ENMs, e.g., 
silver nanoparticles (AgNPs) and carbon 
nanotubes (CNTs), can persist in the soil for 
extended times, avoiding degradation, and cause 
long-term exposure hazard. 
• ENMs can be retained in soil aggregates or 

adsorbed onto humic substances. 
• In poorly drained or acidic soils, their 

persistence and mobility can increase, 
enhancing environmental risk. 

5.2 Toxicity to Soil Fauna 

ENMs have demonstrated toxic effects on key 
soil fauna including earthworms, nematodes, 
collembola, and protozoa: 
• AgNPs impair reproduction, enzyme 

activity, and immune response in 
earthworms (Eisenia fetida). 

• TiO₂ and ZnO nanoparticles cause 
oxidative stress and cellular damage in 
nematodes (Caenorhabditis elegans). 

5.3 Risk of Leaching and Groundwater 
Contamination 
Some ENMs are mobile under specific 
conditions (e.g., high rainfall, sandy soil) and 
may leach into deeper layers, eventually 
contaminating groundwater. This is 
particularly concerning for: 
• Titanium dioxide and cerium oxide 

nanoparticles, which are relatively stable 
and can migrate under flow conditions. 

• Functionalized nanoparticles, which may 
carry adsorbed pesticides, metals, or 
antibiotics. 

Table 2: Summary of Ecotoxicological Effects of Major ENMs on Soil Biota 
ENM 
Type 

Soil Organism 
Affected Observed Effects Reference 

AgNPs Earthworms (E. 
fetida) 

Reduced reproduction, enzyme 
inhibition 

Shoults-Wilson et al., 
2011 

TiO₂ NPs Nematodes (C. 
elegans) 

Oxidative stress, growth inhibition Yang et al., 2022 

ZnO NPs Soil microbes Decline in microbial biomass and 
diversity 

Zhou et al., 2021 

CNTs Microbial 
communities 

Mixed effects on abundance and 
enzyme activity 

Jia et al., 2020 

Future Prospects and Safe Integration of Engineered Nanomaterials (ENMs) in Soil Systems 
The growing part of engineered nanomaterials 
(ENMs) in agriculture does not just require 
innovation but also responsible management to 
ensure soil health and ecological stability. One 
of the best ways to reduce the negative impacts 
of ENMs is by the development of green 
nanomaterials. New advancements in green 
synthesis methods, for example, using plant 
extracts, microbes, and degradable biopolymers, 

have produced ENMs that are biocompatible 
and more environmentally friendly. For 
example, chitosan nanoparticles and 
nanomaterials supported by biochar have shown 
promise as slow-release fertilizers and soil 
conditioners with both efficiency and lower 
toxicity. 
Along with green synthesis, functionalization of 
ENMs is also proving to be a feasible approach 



                   Ecofarming (e-Magazine)                                  

 

  
[Ecofarming, Vol. 05 (04): 56-61, 2025] 60 

 

to minimizing their environmental hazard. 
Surface modification in the form of coating with 
silica, organic matter, or harmless polymers can 
greatly minimize agglomeration, reactivity, and 
bioavailability within the soil matrix. These 
surface modifications not only decrease the 
toxicity of ENMs to non-target organisms but 
also increase targeted delivery of micronutrients 
and biocontrol agents, thus enhancing their 
efficacy and safety profile (Yadav & Yadav, 
2024). 
Another field of possibility is the application of 
ENMs to make precision agriculture possible. 
ENMs can be designed to allow the targeted 
release of fertilizers and pesticides, reducing 
loss of nutrients via leaching or volatilization 
and increasing uptake by the plant. This can 

dramatically improve nutrient use efficiency 
and lower environmental pollution. Secondly, 
smart nanosensors can be embedded within soils 
to allow for real-time monitoring of parameters 
like pH, moisture, and nutrient content, hence 
facilitating data-informed management 
decisions on agricultural farms (Singh et al., 
2022). 
Finally, generating awareness among farmers, 
extension agents, and consumers about the 
advantages and hazards of nanomaterials is 
essential for safe implementation. Public 
participation, coupled with interdisciplinary 
training bridging nanoscience, soil ecology, and 
environmental health, will be essential to 
educating the next generation of scientists, 
regulators, and educated stakeholders. 

Conclusion and Recommendations 
Engineered nanomaterials (ENMs) are poised to 
bring revolutionary change to agriculture through 
improved nutrient delivery, targeted pest 
management, and efficient soil remediation. Yet 
their distinctive attributes can also displace soil 
physicochemical balance, modify microbial 
diversity, and present ecotoxicological threats if 
not well controlled.  
To facilitate safe use, it is critical to synthesize 
eco-friendly ENMs using green synthesis and 
surface functionalization methods that reduce 
toxicity. Standardized procedures for risk 
assessment, long-term field trials, and life cycle 

assessments need to become part of regulatory 
guidelines. Interdisciplinary research will be 
crucial in designing ENMs that are effective as 
well as environmentally friendly. 
Additionally, public consciousness and farmer 
education should be made a priority to encourage 
sustainable use. Open policies and active 
monitoring will assist in correlating innovation 
with sustainability objectives. Overall, the 
destiny of ENMs in soil systems relies on a 
harmonious process combining technological 
development with environmental management. 
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