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Abstract

Nanotechnology has emerged as a promising
tool to enhance the efficiency of phytoremediation, a
sustainable and cost-effective method for the removal
of environmental contaminants using plants. Nano-
based phytoremediation combines the unique
properties of nanoparticles (NPs), such as high surface
area, reactivity, and mobility, with the natural ability
of plants to absorb, accumulate, and detoxify
pollutants. Additionally, NPs can facilitate the
transformation and degradation of contaminants into
less toxic forms, improve plant growth and stress
tolerance, and accelerate the rate of pollutant removal.
The synergy between NPs and plant systems holds
great potential for the remediation of polluted
environments, particularly in complex or difficult-to-
treat sites. However, concerns regarding the toxicity
and long-term environmental impact of different
nanomaterials (NMs) must be addressed through
comprehensive studies. This article highlights the
advancements, challenges, and future directions in the
field of nano-based phytoremediation, emphasizing
the need for a balanced approach to maximize its
benefits while minimizing potential risks.

Keywords: = Nanotechnology, phytoremediation,
contaminants, nanoparticles, zero-valent iron

Introduction

The environmental pollution is considered as
one of the paramount dilemmas of modern age
industrialization, where contaminants, seemed to be
hazardous substances like heavy metals, organic
pollutants, and radioactive species pose a colossal
threat towards the ecosystems and human health.
Traditional methods of environmental cleanup,
including chemical treatment and excavation, are
often costly, energy-intensive, and environmentally
disruptive. In contrast, phytoremediation — the use of
plants to remove, stabilize, or detoxify pollutants—

emerges as an eco-friendly, cost-effective alternative.
Phytoremediation created from Greek prefix “phyto”
means plant and Latin suffix “remedium” means
remedy or restore. Phytoremediation is a versatile
technology to treat polluted soils, pollutants, deposits,
and groundwater, in a profitable as well as
environmental welcoming the usage of plants, thus
can be referred to as natural green biotechnology.
However, while phytoremediation has proven
effective in many cases, its efficiency can be limited by
factors such as pollutant bioavailability, plant species
selection, and environmental conditions.

The integration of nanotechnology with
phytoremediation —commonly referred to as nano-
enabled phytoremediation—has opened a new
frontier in environmental detoxification (Del Prado-
Audelo et al., 2021). NMs possess unique properties,
such as high surface area, reactivity, and the ability to
interact with pollutants at the molecular level. When
combined with plants, these materials can enhance
pollutant uptake, transformation, and detoxification
processes. Here, we have discussed how nano-enabled
phytoremediation works, its potential advantages,
and the challenges that remain in its application.

Phytoremediation: A Green Solution for Pollutant
Removal

Phytoremediation is an environmentally
friendly, cost-effective, and sustainable method of
using plants and their associated microorganisms to
remove, detoxify, immobilize, or contain pollutants
from soil, water, and air (Yan et al., 2020). This natural
process leverages the ability of certain plant species
(hyperaccumulator) like Agrostis castellana, Hordeum
vulgare, Melastoma malabathricum L., Vicia faba, Brassica
napus, Brassica juncea etc. to absorb, transform, or
degrade harmful substances, providing a biological
solution to pollution problems. The process of
hyperaccumulation in plants is a complex interplay of
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uptake, transport, detoxification, and storage
mechanisms (Pasricha et al., 2021).
Hyperaccumulators have evolved  specialized

biochemical and physiological traits that allow them
to thrive in metal-rich environments and accumulate
heavy metals without suffering from toxicity. By
understanding and harnessing the mechanisms
(Figure 1) of hyperaccumulation, researchers and
environmental scientists can enhance the effectiveness
of bioremediation strategies for heavy metal pollution.
The key mechanisms of phytoremediation include:

1. Phyto-stabilization: The  process of
immobilizing pollutants in the soil, preventing
their spread.

2. Phyto-extraction: The uptake and
accumulation of pollutants in plant tissues,
particularly roots and shoots.

3. Phyto-degradation: The breakdown of
pollutants into less toxic or non-toxic
compounds through plant metabolism.

4. Phyto-volatilization: The release of volatile
pollutants, often in a less harmful form,
through plant transpiration.

5. Rhizo-filtration: The process of
phytoremediation specifically involves the use
of plant roots to remove, absorb, concentrate,
and detoxify pollutants from water.

@ @ ® Contaminants (heavy metal)
o Volatile form
€ Organic contaminant
@ Degradation product

Phytovolatilization
volatilization of pollutants

Phytodegradation

degradation of organic contaminants >
Phytoextraction

concentration of contaminants
from soil to plant tissues

Rhizofiltration
@ adsorption and absorption of
pollutants from water

Fig. 1. Key mechanisms of phytoremediation

Although phytoremediation is a promising
technique, its application is limited by various factors,

absorb only specific pollutants which need to be
readdressed critically.

The Role of Nanotechnology
Phytoremediation

in Enhancing

Nanotechnology refers to the manipulation of
materials at the nanometer scale (1-100 nanometers)
to exploit their unique chemical, physical, and
biological = properties. NMs offer significant
advantages in the context of phytoremediation due to
their large surface area, high reactivity, and ability to
interact with pollutants in ways that bulk materials
cannot (Raj et al., 2024). Benefits of nano-enabled
phytoremediation have been mentioned below.

a. Improved Pollutant Bioavailability: NMs can
increase the solubility of pollutants, making
them more bioavailable to plants. For example,
NPs of zero-valent iron (nZVI) can reduce toxic
metals like chromium and lead to less toxic
forms, facilitating easier uptake by plant roots.

b. Nanoparticle-Mediated Uptake: NPs can
penetrate plant cell membranes more easily
than bulk materials, promoting better uptake
of pollutants. For instance, silver NPs have
been shown to enhance the uptake of metals
such as copper and zinc in plants.

c. Nano-Encapsulation for Enhanced Plant
Protection: NMs can be used to encapsulate
pollutants, stabilizing them in a form that is
easier for plants to process. This method also
reduces the toxicity of pollutants to plants and
increases their survival rates during the
remediation process.

d. Phytodegradation Enhancement: NMs can
catalyze the breakdown of organic
contaminants by interacting with plant
enzymes. For example, nano-catalysts can
speed up the degradation of organic pollutants
like pesticides and petroleum hydrocarbons.

e. Synergistic  Effects  with  Microbial
Communities: NPs can also interact with the
microbial communities in the rhizosphere (the
root zone of plants), enhancing their ability to
break down pollutants (Verma et al., 2024).
Nano-biotic interactions between plants,
microbes, and NPs are being studied for their
potential to increase the effectiveness of

including poor bioavailability of certain contaminants, phytoremediation.
slow processing rates, and the ability of plants to
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Types of NMs Used in Phytoremediation

The use of NMs in phytoremediation offers
numerous advantages, such as improving the
efficiency of pollutant uptake, enhancing the
detoxification processes, and enabling real-time
monitoring of pollutant levels. NMs are engineered
materials with structures on the nanoscale (typically
less than 100 nanometers) and exhibit unique physical,
chemical, and biological properties compared to bulk
materials. These properties make them ideal for
improving the efficiency and effectiveness of
phytoremediation processes, especially for tackling
heavy metals, organic pollutants, and other toxic
substances in the environment. The combination of
metal oxide NDPs, carbon-based materials,
nanocomposites, and magnetic NPs provides a
versatile  toolkit for tackling environmental
contamination. Several types of NMs have shown
promise in improving phytoremediation, including;:

1. Metal Oxide NPs: These NPs, such as titanium
dioxide (TiO:), zinc oxide (ZnO), iron oxide

(FesOs), and copper oxide (CuO), are

commonly used in phytoremediation due to

their high surface area, reactivity, and ability
to adsorb or react with contaminants. TiO-NPs
are widely used in the degradation of organic
pollutants through photocatalysis while

Fe;OuNPs are often used to remove heavy

metals, such as arsenic, lead, and cadmium, by

adsorbing these metals onto their surface,
which can then be taken up by plants (Eddy et

al., 2024).
2. Noble Metal NPs: Gold (Au) and silver (Ag)
NPs have antibacterial and antiviral

properties, which can help mitigate microbial
contamination in soil and water. Additionally,
their small size and high surface area allow for
enhanced interaction with pollutants.

3. Carbon-Based NPs: Carbon NMs, such as
carbon nanotubes (CNTs), graphene oxide
(GO), and fullerenes, can be used to improve
plant uptake of metals, organic pollutants, and
water. They can also enhance soil properties
and microbial activity, making them useful for
bioremediation (Hoang et al., 2022).

4. Polymer Nanocomposites: Polymeric
nanostructures are a combination of NPs (like
metal oxides) embedded in a polymer matrix,

which can be used for both adsorption and
controlled release of pollutants (Khan et al.,
2021). For  example,  polymer-based
nanocomposites can be designed to gradually
release nutrients or enhance metal absorption
in plants, promoting more efficient
phytoremediation.

5. Quantum  dots (QDs):  These  are
semiconductor NPs with unique optical
properties. Their small size allows them to be
used for tracking and monitoring pollutant
uptake in plants through fluorescence-based
sensors (Wang et al., 2023). While not directly
involved in the removal of contaminants,
quantum dots can be used to monitor the
efficiency of phytoremediation processes,
providing real-time feedback on plant
performance and metal accumulation.

Merits of nano-enabled phytoremediation
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Fig. 2. Potentials of nano-based phytoremediation

Nano-based phytoremediation offers
enhanced pollutant removal efficiency, targeted
remediation, and improved plant health, making it a
highly promising and cost-effective solution for
environmental cleanup. Nanotechnology can be
applied to a wide range of contaminants, including
heavy metals, organic pollutants, and radioactive
materials. This makes nano-enabled
phytoremediation a versatile tool for addressing
various environmental challenges. By leveraging the
unique properties of NMs, this approach can
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accelerate the removal of contaminants, minimize
their impact on ecosystems, and offer a more
sustainable, eco-friendly alternative to traditional
methods (Figure 2). NMs can significantly increase the
efficiency of phytoremediation by enhancing the
uptake and transformation of pollutants that would
otherwise be difficult for plants to process. Although
the production of NMs can be costly, the use of
nanotechnology can reduce the overall cost of
remediation in the long run by improving efficiency
and reducing the need for subsequent interventions.

Challenges and Limitations

Despite its promising potential, the integration
of nanotechnology into phytoremediation is not
without its challenges:

i.  Toxicity of NMs: The potential toxicity of NMs
to plants, soil microbes, and aquatic organisms
is a significant concern. Careful selection of
NMs and controlled application methods are
essential to mitigate these risks.

ii.  Environmental Fate of NMs: Once released
into the environment, the long-term behavior
of NMs is still not fully understood. Their
persistence, mobility, and bioaccumulation
need to be thoroughly studied to prevent
unintended environmental consequences.

iii. =~ Regulatory and Ethical Issues: The use of NMs
in environmental applications is subject to
regulatory frameworks that are still evolving.
There is a need for clear guidelines and
standards for the safe use of nanotechnology in
environmental remediation.

iv. Cost of NMs: Although nano-enabled
phytoremediation may be cost-effective in the
long term, the initial investment in NMs can be
high, which may limit its application in large-
scale environmental cleanup projects.

Conclusion

Nano-enabled phytoremediation represents a
cutting-edge solution for addressing the growing
problem of environmental contamination. By
combining the natural power of plants with the
transformative properties of NMs, this approach has
the potential to revolutionize environmental
detoxification. However, careful consideration must
be given to the selection and application of NMs,
ensuring that their benefits outweigh the risks. As

research continues, nano-enabled phytoremediation
could become an essential tool in the fight to restore
polluted ecosystems and ensure a healthier, more
sustainable future.
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