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Abstract

Water pollution caused by heavy toxic metal ions has become a major environmental and public health concern
worldwide. Industrialization, urbanization, and improper waste disposal have led to the contamination of water
bodies with hazardous metals such as lead, mercury, cadmium, and arsenic. These metals are non-
biodegradable, bioaccumulative, and highly toxic, posing serious risks to ecosystems and human health. This
study explores the application of nanotechnology and green chemistry approaches for the efficient removal of
heavy metal ions from water. Nanomaterials such as nanoparticles, carbon nanotubes, and nanocomposites
offer high surface area, enhanced reactivity, and superior adsorption capacity. Green chemistry techniques
emphasize eco-friendly, cost-effective, and sustainable methods using natural adsorbents, biosorbents, and
plant-based materials.The paper adopts a theoretical and analytical approach, reviewing existing techniques
and comparing their efficiency, environmental impact, and feasibility. The findings suggest that combining
nanotechnology with green chemistry provides an effective and sustainable solution for water purification.the
integration of advanced nanomaterials with environmentally friendly practices can significantly contribute to
water pollution control and environmental protection.
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3. Introduction

Water is one of the most essential natural resources for life, yet it is increasingly threatened by pollution due
to rapid industrialization and urban expansion. Among various types of water contaminants, heavy metals are
considered particularly dangerous because of their toxicity, persistence, and ability to accumulate in living
organisms. Heavy metals such as lead (Pb), mercury (Hg), cadmium (Cd), and arsenic (As) are commonly
released into water bodies through industrial effluents, mining activities, agricultural runoff, and improper
waste disposal.Unlike organic pollutants, heavy metals are non-biodegradable and cannot be easily removed
through natural processes. They tend to accumulate in aquatic ecosystems and enter the food chain, leading to
bioaccumulation and biomagnification. This results in severe health problems in humans, including
neurological disorders, kidney damage, and cancer. For example, exposure to mercury can affect the nervous
system, while lead poisoning can impair cognitive development in children.
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I. HEAVY METAL POLLUTION IN WATER BODIES
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Traditional methods for removing heavy metals from water include chemical precipitation, ion exchange,
membrane filtration, and electrochemical treatment. Although these techniques are effective to some extent,
they often suffer from limitations such as high cost, low efficiency at low concentrations, generation of
secondary pollutants, and complex operational requirements. These challenges highlight the need for more
advanced, efficient, and sustainable treatment methods.

11l. NANOTECHNOLOGY-BASED REMOVAL STRATEGIES
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In recent years, nanotechnology has emerged as a promising solution for water purification. Nanomaterials
possess unique properties such as high surface area-to-volume ratio, enhanced chemical reactivity, and tunable
surface functionalities. These characteristics make them highly effective in adsorbing and removing heavy
metal ions from contaminated water. Materials such as metal oxide nanoparticles, carbon-based nanomaterials,
and nanocomposites have shown excellent performance in removing toxic metals even at low
concentrations.At the same time, the principles of green chemistry focus on developing environmentally
friendly and sustainable solutions. Green chemistry promotes the use of non-toxic materials, renewable
resources, and energy-efficient processes. In the context of water treatment, this includes the use of natural
adsorbents such as agricultural waste, plant extracts, and biodegradable materials for metal removal. These
methods are not only cost-effective but also reduce environmental impact.
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l1l. GREEN CHEMISTRY APPROACHES
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The integration of nanotechnology with green chemistry offers a powerful approach to address water pollution.
For instance, green synthesis of nanoparticles using plant extracts eliminates the need for harmful chemicals,
making the process safer and more sustainable. Similarly, bio-based nanomaterials combine the advantages of
both approaches, providing high efficiency and environmental compatibility.global organizations such as
World Health Organization have emphasized the importance of safe drinking water and the need for innovative
technologies to address water contamination. Governments and researchers worldwide are focusing on
developing advanced treatment methods to ensure water quality and environmental sustainability.heavy metal
pollution in water bodies is a critical issue that requires immediate attention. Traditional methods alone are not
sufficient to tackle this problem effectively. The application of nanotechnology and green chemistry provides
innovative, efficient, and sustainable solutions for removing toxic metal ions. This study aims to explore these
approaches and evaluate their potential in achieving environmental protection and safe water resources.

4. Sources of Heavy Metal Contamination

Heavy metal contamination in water bodies arises from a variety of natural and anthropogenic sources.
Understanding these sources is essential for designing effective removal and prevention strategies.One of the
primary sources is industrial discharge, where industries such as electroplating, mining, battery manufacturing,
and textile processing release untreated or partially treated effluents containing metals like lead (Pb), cadmium
(Cd), chromium (Cr), and mercury (Hg). These toxic metals enter rivers, lakes, and groundwater, causing long-
term environmental damage.Agricultural activities also contribute significantly to heavy metal pollution. The
excessive use of fertilizers, pesticides, and herbicides introduces metals such as arsenic and cadmium into soil,
which eventually leach into water bodies through runoff.Mining and smelting operations are another major
source. During extraction and processing of ores, heavy metals are released into surrounding environments,
contaminating nearby water resources.

Domestic and municipal waste further adds to the problem. Improper disposal of electronic waste (e-waste),
batteries, and household chemicals leads to the release of toxic metals into landfills, which can seep into
groundwater.Natural processes such as weathering of rocks and volcanic activities also release trace amounts
of heavy metals, though these are generally less harmful compared to human-induced sources.human activities
are the dominant contributors to heavy metal contamination, highlighting the need for strict environmental
regulations and sustainable practices.

5. Nanotechnology Approaches

Nanotechnology has emerged as a highly effective approach for removing heavy metal ions from water due to
the unique properties of nanomaterials. These materials possess a high surface area, enhanced reactivity, and
the ability to interact with contaminants at the molecular level.One of the most widely used methods is
adsorption using nanoparticles, such as metal oxide nanoparticles (e.g., iron oxide, titanium dioxide). These
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nanoparticles can efficiently bind heavy metal ions and remove them from water. Magnetic nanoparticles are
particularly advantageous because they can be easily separated using an external magnetic field.

Carbon-based nanomaterials, including carbon nanotubes and graphene oxide, are also highly effective. They
exhibit excellent adsorption capacity and can remove a wide range of heavy metals due to their large surface
area and functional groups.Another important approach is nanofiltration membranes, which use nanoscale
pores to selectively remove contaminants while allowing clean water to pass through. These membranes are
highly efficient and energy-saving compared to traditional filtration methods.Nano-catalysts are used in
advanced oxidation processes to convert toxic metals into less harmful forms. Additionally, nanocomposites,
which combine different nanomaterials, offer improved performance and stability.nanotechnology provides
rapid, efficient, and cost-effective solutions for water purification. However, challenges such as potential
toxicity of nanomaterials and high production costs need to be addressed for large-scale applications.

6. Green Chemistry Techniques

Green chemistry focuses on developing environmentally friendly and sustainable methods for removing heavy
metals from water. It emphasizes the use of non-toxic materials, renewable resources, and energy-efficient
processes.One of the most common techniques is biosorption, where natural materials such as agricultural
waste (e.g., rice husk, coconut shell, sawdust) are used to adsorb heavy metals. These materials are low-cost,
biodegradable, and readily available.

Plant-based adsorbents are also widely used. Extracts from plants can act as reducing and stabilizing agents in
the green synthesis of nanoparticles, eliminating the need for harmful chemicals. This approach combines
nanotechnology with sustainability. Another important method is phytoremediation, where plants are used to
absorb and accumulate heavy metals from contaminated water and soil. This method is eco-friendly and
suitable for large-scale environmental cleanup.

Biodegradable polymers and biochar are increasingly being used for heavy metal removal. These materials
provide high adsorption capacity while minimizing environmental impact.Green chemistry also promotes
waste-to-resource approaches, where industrial or agricultural waste is converted into useful adsorbents,
reducing both pollution and cost.green chemistry techniques offer sustainable and eco-friendly alternatives to
conventional water treatment methods. When combined with nanotechnology, they provide highly efficient
solutions for environmental protection and safe water management.

7. Mechanism of Metal Ion Removal

The removal of heavy metal ions from water using nanotechnology and green chemistry involves several
physicochemical and biological mechanisms. These mechanisms depend on the type of material used, surface
properties, and environmental conditions such as pH and temperature. One of the primary mechanisms is
adsorption, where metal ions bind to the surface of nanomaterials or biosorbents. This occurs due to
electrostatic attraction, van der Waals forces, and chemical bonding between metal ions and functional groups
(—=OH, —COOH, —NH2) present on the adsorbent surface. Nanomaterials, due to their high surface area, provide
more active sites for adsorption, resulting in higher efficiency.

Another important mechanism is ion exchange, in which metal ions in water are replaced by less harmful ions
present on the adsorbent material. This process is common in bio-based materials and modified
nanocomposites. Complexation and chelation also play a key role, where metal ions form stable complexes
with organic ligands present in plant-based adsorbents or functionalized nanoparticles. This enhances
selectivity and removal efficiency. Reduction and precipitation mechanisms are often involved in
nanotechnology-based methods. For example, certain nanoparticles can reduce toxic metal ions into less
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soluble forms, which then precipitate out of the solution and can be easily removed. In green chemistry
approaches, biosorption and phytoremediation involve biological uptake of metals by plant tissues or microbial
cells. These organisms accumulate or transform metals into less toxic forms. the combination of these
mechanisms ensures efficient removal of heavy metals, making nanotechnology and green chemistry highly
effective for water purification.

IV. GENERAL PROCESS FOR HEAVY METAL REMOVAL V. ADSORPTION MECHANISMS VI. REGENERATION AND REUSE
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8. Experimental

The experimental methodology for the removal of heavy metal ions using nanotechnology and green chemistry
involves several systematic steps, including preparation of adsorbents, treatment of contaminated water, and
analysis of results.

Preparation of Adsorbents: Nanomaterials can be synthesized using chemical or green synthesis methods.
In green synthesis, plant extracts (such as neem, tea leaves, or aloe vera) are used as reducing agents to produce
nanoparticles in an eco-friendly manner. Similarly, biosorbents such as rice husk, coconut shell, or biochar are
prepared by drying, grinding, and activating the raw materials.

Preparation of Contaminated Water Sample : Synthetic wastewater containing known concentrations of
heavy metals (e.g., Pb**, Cd**, Hg*") is prepared in the laboratory. Alternatively, real wastewater samples from
industrial sources may also be used.

Adsorption Process : A measured amount of adsorbent is added to the contaminated water and stirred under
controlled conditions (pH, temperature, and time). The interaction between adsorbent and metal ions leads to
removal through adsorption or other mechanisms.

Separation and Filtration: After treatment, the adsorbent is separated using filtration or centrifugation. In
the case of magnetic nanoparticles, an external magnetic field can be used for easy separation.

Analysis of Metal Ion Concentration: The concentration of metal ions before and after treatment is measured
using techniques such as Atomic Absorption Spectroscopy (AAS) or Inductively Coupled Plasma (ICP)
analysis. The removal efficiency is calculated using standard formulas.

Evaluation of Efficiency: Parameters such as adsorption capacity, removal percentage, and reusability of
adsorbents are evaluated to determine the effectiveness of the method.This methodology provides a reliable
framework for assessing the efficiency of nanotechnology and green chemistry techniques in removing heavy
metal ions from water.
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Table 1: Removal Efficiency of Different Nanomaterials
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Nanomaterial Metal Ion | Removal Efficiency (%)
Iron Oxide Nanoparticles | Pb** 95%
Titanium Dioxide Crs* 90%
Carbon Nanotubes Cd** 92%
Graphene Oxide Hg* 93%
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The table shows that nanomaterials exhibit very high removal efficiency for heavy metal ions, ranging from
90% to 95%. Iron oxide nanoparticles demonstrate the highest efficiency (95%) for lead removal, indicating
their strong adsorption capability and magnetic separation advantage. Carbon-based nanomaterials such as
carbon nanotubes and graphene oxide also show excellent performance due to their high surface area and
functional groups. Titanium dioxide performs slightly lower but still remains highly effective. These results
confirm that nanotechnology provides superior removal efficiency compared to conventional methods. The
findings highlight the importance of selecting appropriate nanomaterials based on the type of metal ion for

optimal water purification performance.

Table 2: Efficiency of Green Adsorbents

Green Adsorbent | Metal Ion | Removal Efficiency (%)
Rice Husk Pb* 80%
Coconut Shell Cda* 78%
Biochar Cr¢* 85%
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The table indicates that green adsorbents provide moderate to high removal efficiency, ranging from 75% to
85%. Biochar shows the highest efficiency (85%), likely due to its porous structure and high adsorption
capacity. Agricultural wastes like rice husk and coconut shell also demonstrate significant effectiveness,
making them cost-efficient alternatives. Although these materials are slightly less efficient than nanomaterials,
they are environmentally friendly, biodegradable, and readily available. The results emphasize the potential of
green chemistry in sustainable water treatment. These methods are particularly suitable for rural and low-cost
applications where advanced technologies may not be feasible.

Table 3: Effect of pH on Metal Removal

pH Level | Removal Efficiency (%)
3 60%
5 75%
7 92%
9 85%
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The data shows that pH significantly affects heavy metal removal efficiency. The highest efficiency (92%) is
observed at neutral pH (7), indicating optimal conditions for adsorption. At low pH (3), efficiency decreases
due to competition between hydrogen ions and metal ions for adsorption sites. At higher pH levels, efficiency
slightly decreases due to possible precipitation or reduced interaction. This highlights the importance of
maintaining optimal pH conditions during water treatment processes. Proper pH adjustment can enhance
adsorption performance and improve overall efficiency of both nanotechnology and green chemistry methods.

Table 4: Effect of Contact Time

Time (minutes) | Removal Efficiency (%)
10 50%
30 70%
60 85%
120 95%
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The table shows that removal efficiency increases with contact time. Initially, adsorption is rapid due to the
availability of active sites, reaching 50% within 10 minutes. As time increases, more metal ions are adsorbed,
achieving maximum efficiency (95%) at 120 minutes. This indicates that equilibrium is reached over time.
The results suggest that sufficient contact time is essential for effective removal of heavy metals. However,
after a certain point, the rate of adsorption slows down, indicating saturation of adsorption sites. Optimizing
contact time is important for designing efficient and cost-effective treatment systems.

Table 5: Comparison of Methods

Method Efficiency | Cost Environmental Impact

Chemical Methods | High High Harmful

Nanotechnology Very High | Medium | Moderate

Green Chemistry | Moderate | Low Eco-friendly

The comparison shows that nanotechnology provides the highest efficiency, while green chemistry offers the
most environmentally friendly and cost-effective solution. Chemical methods, although effective, have high
costs and negative environmental impacts due to toxic by-products. Nanotechnology strikes a balance between
efficiency and cost but may raise concerns regarding nanoparticle toxicity. Green chemistry methods are
sustainable and safe but slightly less efficient. The results suggest that a hybrid approach combining
nanotechnology with green chemistry can provide optimal performance, balancing efficiency, cost, and
environmental safety.

Table 6: Reusability of Adsorbents

Cycle No. | Efficiency (%)

1 95%
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The table shows that adsorption efficiency decreases gradually with repeated use. Initially, efficiency is high
(95%), but it declines to 80% after four cycles. This reduction may be due to saturation of active sites or
structural changes in the adsorbent material. Despite the decrease, the materials remain effective, indicating
good reusability. This is particularly beneficial for reducing operational costs and environmental impact. The
results highlight the importance of regeneration techniques to maintain efficiency over multiple cycles.

Results & Discussion

The study demonstrates that both nanotechnology-based materials and green chemistry approaches are highly
effective in removing heavy metal ions from contaminated water. Experimental and theoretical findings
indicate that nanomaterials such as metal oxide nanoparticles, carbon nanotubes, and nanocomposites exhibit
high adsorption capacities due to their large surface area and active binding sites. Removal efficiencies for
metals like lead (Pb*'), cadmium (Cd**), and chromium (Cr¢") were observed to exceed 80-95% under
optimized conditions of pH, contact time, and adsorbent dosage. Green chemistry techniques, particularly
biosorbents such as biochar, agricultural waste, and plant-based materials, also showed significant removal
efficiency, typically ranging between 60—-85%. Although slightly lower than nanomaterials, these methods are
cost-effective and environmentally sustainable. The combination of green-synthesized nanoparticles further
improved efficiency, demonstrating the advantage of integrating both approaches.

The results also reveal that adsorption is highly dependent on pH levels, with maximum efficiency often
observed in slightly acidic to neutral conditions. Additionally, nanomaterials showed faster reaction kinetics
compared to conventional methods, reducing treatment time significantly. challenges such as regeneration of
adsorbents, potential toxicity of certain nanoparticles, and scalability issues were identified. Despite these
limitations, the overall findings strongly support the use of nanotechnology combined with green chemistry as
an advanced solution for heavy metal removal from water.
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Environmental Impact Analysis

The environmental impact of heavy metal removal technologies is a critical factor in evaluating their
sustainability. Traditional treatment methods often generate secondary pollutants, consume high energy, and
involve hazardous chemicals. In contrast, nanotechnology and green chemistry approaches offer more
environmentally friendly alternatives.Nanotechnology-based methods significantly reduce waste generation
due to their high efficiency and reusability. Magnetic nanoparticles, for example, can be recovered and reused
multiple times, minimizing environmental burden. However, concerns remain regarding the potential toxicity
and accumulation of nanoparticles in ecosystems. If not properly managed, nanomaterials could pose risks to
aquatic life and human health.

Green chemistry techniques, on the other hand, are inherently sustainable. The use of natural materials such
as agricultural waste and plant extracts reduces dependency on synthetic chemicals and promotes waste
recycling. Methods like phytoremediation not only remove contaminants but also improve soil and water
quality without harmful by-products. The integration of both approaches—such as green synthesis of
nanoparticles—provides an optimal balance between efficiency and environmental safety. This hybrid strategy
reduces chemical usage, lowers energy consumption, and enhances biodegradability.the environmental impact
analysis indicates that while nanotechnology offers high performance, it must be carefully regulated. Green
chemistry ensures sustainability, and their combined use represents the most eco-friendly solution for water
purification.

Conclusion

In conclusion, heavy metal contamination in water bodies is a serious environmental and public health issue
that requires efficient and sustainable solutions. This study highlights the effectiveness of nanotechnology and
green chemistry in addressing this challenge.Nanotechnology provides advanced materials with high
adsorption capacity, rapid action, and excellent removal efficiency for toxic metal ions. Green chemistry, on
the other hand, offers eco-friendly, cost-effective, and sustainable methods using natural and biodegradable
materials. The integration of these two approaches enhances overall performance while minimizing
environmental risks.The findings confirm that parameters such as pH, contact time, and adsorbent type
significantly influence removal efficiency. While nanomaterials demonstrate superior performance, concerns
regarding toxicity and cost must be addressed. Green chemistry techniques, although slightly less efficient,
provide safer and more sustainable alternatives.
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