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Abstract

Nanoparticles have emerged as a potent solution for addressing the complexities of wastewater treatment
due to their unique physicochemical properties, including high surface area, reactivity, and potential for
surface functionalization. This review explores the effectiveness of titanium dioxide (TiO2), gold
nanoparticles (Au NPs), and nano zero-valent iron (nZVI) in the removal of heavy metals and organic
pollutants. Each nanoparticle type offers distinct advantages: TiO2 for its photocatalytic activity and
stability, Au NPs for their high selectivity and biocompatibility, and nZVI for its strong reductive properties
and cost-effectiveness. However, the deployment of these nanoparticles also raises significant environmental
and health concerns, including potential toxicity to aquatic life, long-term persistence, unintended release,
and the risks associated with bioavailability and mobility. Additionally, human health risks, particularly
from occupational exposure, underscore the need for careful handling and comprehensive risk assessments.
Real-world applications demonstrate their utility in various contexts, from industrial effluent treatment and
municipal wastewater management to emergency response and portable water systems. The review
underscores the importance of ongoing research to develop safer and more sustainable nanomaterials,
along with the establishment of regulatory frameworks to mitigate potential risks.
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water bodies. Metals like lead (Pb), chromium (Cr), and

Introduction mercury (Hg) are commonly found in industrial effluents (Ali

Heavy metal contamination in wastewater is a critical
environmental concern with profound implications for both
ecosystems and human health. Industrial activities, such as
mining, electroplating, and battery manufacturing, are
significant contributors to the discharge of toxic metals into

et al., 2021; Jagaba et al., 2024). These elements are highly
persistent in the environment, as they are non-biodegradable
and can accumulate in biological organisms, leading to
bioaccumulation and biomagnification. The World Health
Organization (WHO) has documented the severe health risks
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associated with these contaminants, which include
neurological damage, cardiovascular  diseases, and
developmental disorders (Budi et al., 2024; Upadhyay, 2022).
For instance, exposure to lead can impair cognitive
development in children, while chromium (VI) compounds
are recognized carcinogens. Mercury, particularly in its
methylated form, is a potent neurotoxin that can have
devastating effects on the nervous system (Jia et al., 2024;
Zafar et al., 2024).

Traditional wastewater treatment methods, such as chemical
precipitation, ion exchange, and membrane filtration, have
been employed to mitigate heavy metal contamination.
However, these techniques often face significant challenges.
Chemical precipitation can generate large volumes of sludge,
which requires further treatment and disposal. lon exchange,
while effective, is limited by the capacity and selectivity of
the resins used, making it less efficient for trace contaminants
(Liu et al., 20244a; Liu et al., 2023b). Membrane filtration,
though capable of removing a wide range of pollutants,
suffers from high operational costs and the issue of membrane
fouling. Additionally, these conventional methods may
produce secondary waste streams that require further
management, thus complicating the treatment process.

In recent years, nanotechnology has emerged as a
revolutionary approach to addressing these limitations.
Nanomaterials offer unique properties, including high surface
area-to-volume ratios, enhanced reactivity, and the potential
for functionalization, which make them ideal candidates for
the removal of heavy metals. Titanium dioxide (TiO2)
nanoparticles, for instance, are known for their photocatalytic
capabilities, which allow them to degrade organic pollutants
and reduce metal ions under UV light (Malik et al., 2023;
Mohanapriya et al., 2023). Gold nanoparticles (Au NPs),
despite their high cost, are prized for their selectivity and high
affinity for specific metals such as mercury, enabling efficient
detection and removal even at low concentrations. Nano zero-
valent iron (nZV1) is particularly effective in reducing and
immobilizing metals like chromium and lead through redox
reactions. The high reactivity of nZVI, coupled with its ability
to transform toxic metal ions into less harmful forms, makes it
a valuable tool in the remediation of contaminated water (Di
et al., 2023; Karnwal et al., 2024).

The deployment of these nanomaterials in wastewater
treatment systems presents a promising avenue for enhancing
the efficiency and effectiveness of contaminant removal.
However, it is crucial to consider the potential environmental
and health risks associated with their use, including
nanoparticle toxicity and the challenge of recovering and
reusing these materials. As research in this field progresses,
developing sustainable and safe nanotechnology applications
will be vital in protecting public health and preserving
environmental integrity.

The objective of this review is to explore the scope and
potential of titanium dioxide (TiO2), gold (Au) nanoparticles,
and nano zero-valent iron (nZVI) in the treatment of heavy
metal-contaminated wastewater. This article aims to provide a

comprehensive overview of the mechanisms, efficiency, and
applications of these nanoparticles in removing toxic metals
such as lead (Pb), chromium (Cr), and mercury (Hg). The
review is structured to first present the characteristics of the
selected nanoparticles, followed by a detailed examination of
their mechanisms for heavy metal removal. Subsequent
sections will discuss the specific applications of each type of
nanoparticle in removing lead, chromium, and mercury from
wastewater, supported by case studies and experimental data.
The review will also address the challenges and future
directions for the implementation of these nanotechnologies,
concluding with a summary of key findings and
recommendations for further research. This structured
approach provides a holistic understanding of the state-of-the-
art advancements and practical applications of nanoparticle-
based wastewater treatment technologies.

Characteristics of Nanoparticles Used in

Wastewater Treatment

Titanium Dioxide (TiO2)

Titanium dioxide (TiO2) nanoparticles are widely utilized in
wastewater treatment due to their excellent photocatalytic
properties, chemical stability, and non-toxic nature. The high
surface area of TiO2 nanoparticles enables efficient
adsorption and degradation of various contaminants. TiO2
exists in three crystalline forms: anatase, rutile, and brookite,
with anatase being the most effective for photocatalytic
applications due to its superior activity. The synthesis of TiO2
nanoparticles can be achieved through various methods,
including sol-gel, hydrothermal, and chemical vapor
deposition techniques. These methods influence the size,
morphology, and photocatalytic  efficiency of the
nanoparticles (Mhadhbi et al., 2023). In wastewater treatment,
TiO2 nanoparticles are particularly effective in the
photocatalytic degradation of organic pollutants and the
reduction of heavy metals under UV light irradiation. Their
ability to generate reactive oxygen species, such as hydroxyl
radicals, facilitates the breakdown of complex pollutants into
less harmful substances (Madkhali et al., 2023; Utami et al.,
2023).

Gold Nanoparticles (Au NPs)

Gold nanoparticles (Au NPs) are renowned for their unique
optical properties, high surface area, and biocompatibility,
making them suitable for various environmental applications,
including heavy metal removal. The synthesis of Au NPs can
be performed using methods such as chemical reduction,
seed-mediated growth, and green synthesis approaches, which
utilize plant extracts as reducing agents. The size, shape, and
surface functionalization of Au NPs can be tailored to
enhance their interaction with specific metal ions (Can, 2020;
Carnovale et al., 2016). Au NPs exhibit strong affinities for
metals like mercury (Hg) and lead (Pb), making them
effective for their selective removal from contaminated water.
The mechanism of heavy metal removal by Au NPs involves
adsorption, complexation, and, in some cases, catalytic
reduction. The presence of surface plasmons in Au NPs also
enables them to act as sensors for detecting trace amounts of
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heavy metals, offering an additional application in
environmental monitoring (Ali et al., 2023; Geleta, 2023).

Nano Zero-Valent Iron (nZV1)

Nano zero-valent iron (nZVI) is a highly reactive form of iron
that has gained significant attention for its potential in
environmental remediation, including wastewater treatment.
nZVI particles possess a large surface area and a high density
of reactive sites, which facilitate the reduction and adsorption
of a wide range of contaminants, including heavy metals like
chromium (Cr), lead (Pb), and mercury (Hg). The synthesis of
nZV| can be accomplished through methods such as chemical
reduction, green synthesis, and ball milling. Among these,
green synthesis is particularly attractive due to its eco-friendly
approach, often employing plant extracts or microbial agents
to reduce iron salts (Awang et al., 2023; Gebre, 2023). nZVI
particles can effectively reduce toxic Cr(VI) to less harmful
Cr(l11) and convert soluble Hg(Il) to insoluble Hg(0), thereby
removing them from aqueous systems. Moreover, the
magnetic properties of nZVI enable easy separation from
treated water, making them a versatile option for various
environmental applications (Zhang et al., 2023).

Graph 1: Heat Map Representing Effectiveness of
Nanoparticles in Removing Heavy Metals
Effectiveness of Nanoparticles in Removing Heavy Metal
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The heat map above depicts the removal efficiency (%) of
three types of nanoparticles—titanium dioxide (TiO2), gold
nanoparticles (Au NPs), and nano zero-valent iron (nZV1)—in
treating wastewater contaminated with lead (Pb), chromium
(Cr), and mercury (Hg). The color gradient represents the
efficiency levels, with darker shades indicating higher
efficiency.

e Lead (Pb) Removal: nZVI exhibits the highest
efficiency (95%), followed by Au NPs (90%) and
TiO2 (85%). The high efficiency of nzVI is
attributed to its strong reductive properties and large
surface area.

e Chromium (Cr) Removal: nZVI again shows
superior performance (85%), with TiO2 (70%) and
Au NPs (60%) showing lower efficiencies. The
ability of nZVI to reduce Cr(VI) to the less toxic
Cr(I11) contributes significantly to its high
effectiveness.

e Mercury (Hg) Removal: Au NPs achieve the
highest efficiency (80%) due to their strong affinity
for mercury ions, forming constant complexes.
TiO2 and nZVI show moderate efficiencies at 65%
and 75%, respectively.

Table 1: Comparison of Properties of TiO2, Au, and nZVI
Nanoparticles

The properties of nanoparticles are critical in determining
their suitability and effectiveness for wastewater treatment
applications. Table 1 provides a comparative overview of the
key characteristics of titanium dioxide (TiO2), gold
nanoparticles (Au NPs), and nano zero-valent iron (nZVI).
These characteristics include particle size, surface area,
reactivity, stability, synthesis methods, optical and magnetic
properties, typical applications, environmental impact, and

cost.

Property TiO2 Au NPs nzVvi
Particle 5-100 nm 1-100 nm 10-100 nm
Size
Surface 50-200 m#/g | 10-50 m¥/g 20-100 m#/g
Area
Reactivity High Moderate to | High
(Photocataly | High (Reductive)
tic)
Stability High High (inert, | Moderate
constant) (prone  to
oxidation)
Synthesis Sol-gel, Chemical Chemical
Methods Hydrotherm | reduction, reduction,
al Green Green
synthesis synthesis
Optical UV active Surface Not
Properties Plasmon applicable
Resonance
Magnetic None None Magnetic
Properties
Typical Photocataly | Heavy metal | Heavy metal
Application | sis, Organic | removal, reduction,
S pollutant Sensing Groundwate
degradation r
remediation
Environme | Low Biocompati | Potentially
ntal Impact | toxicity ble, inert reactive by-
products
Cost Moderate High Low to
Moderate

This table explain:

e  Particle Size: The size of nanoparticles affects their
surface area and reactivity. TiO2 nanoparticles
typically range from 5 to 100 nm, while Au
nanoparticles range from 1 to 100 nm, and nzZVI
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particles range from 10 to 100 nm. Smaller particles
generally have higher reactivity due to the increased
surface area available for reactions.

e Surface Area: A larger surface area allows for
more interaction with contaminants. TiO2 and nZVI
nanoparticles have relatively high surface areas,
enhancing their adsorption capacities.

e Reactivity: TiO2 is known for its high
photocatalytic activity, making it effective in
degrading organic pollutants. Au nanoparticles have
moderate to high reactivity, particularly in binding
heavy metals. nZV!1 is highly reactive, especially in
reducing heavy metals due to its strong reductive
properties.

e  Stability: TiO2 and Au nanoparticles are generally
constant under various environmental conditions,
whereas nZV1 can be prone to oxidation, which may
reduce its effectiveness over time.

e Synthesis Methods: Common synthesis methods
include sol-gel and hydrothermal techniques for
TiO2, chemical reduction and green synthesis for
Au NPs, and chemical reduction and green synthesis
for nZVI. The choice of method influences the
properties and applications of the nanoparticles.

e  Optical and Magnetic Properties: TiO2 is UV
active, making it useful for photocatalysis. Au
nanoparticles exhibit surface plasmon resonance,
beneficial for sensing applications. nZVI has
magnetic properties, allowing for easy separation
from treated water.

e Typical Applications: TiO2 is used in
photocatalysis and organic pollutant degradation.
Au nanoparticles are utilized for heavy metal
removal and sensing applications. nZV1 is applied
in heavy metal reduction and groundwater
remediation.

e  Environmental Impact: TiO2 nanoparticles have
low toxicity, Au nanoparticles are biocompatible
and inert, and nZVI may produce reactive by-
products, necessitating careful handling.

e  Cost: The cost varies, with Au nanoparticles being
relatively expensive compared to TiO2 and nZVI1.

3 Mechanisms of Heavy Metal Removal
Nanoparticles, including titanium dioxide (TiO2), gold (Au),
and nano zero-valent iron (nZV1), are employed in wastewater
treatment due to their unique physicochemical properties,
which facilitate various mechanisms for heavy metal removal
(Bukhari et al., 2024). The primary mechanisms include
adsorption, reduction and catalytic reactions, and precipitation
and co-precipitation. These mechanisms are critical for
effectively removing toxic heavy metals such as lead (Pb),
chromium (Cr), and mercury (Hg) from contaminated water.

Adsorption Mechanism

Adsorption is one of the most common mechanisms by which
nanoparticles remove heavy metals from wastewater. This
process involves the accumulation of metal ions on the

surface of nanoparticles through physical

wastewater.

Reduction and Catalytic Mechanisms

Nanoparticles can also facilitate the reduction of heavy metal
ions, transforming them into less toxic or insoluble forms. For
instance, nZV1 is known for its strong reducing power, which
can reduce Cr(VI) to Cr(lll), a less toxic and more constant
form (Abd Elnabi et al., 2023; Chai et al., 2023). This
reduction process is accompanied by the oxidation of nZVI,
often producing a passivating layer of iron oxides. In addition
to reduction, catalytic mechanisms play a significant role in
the degradation of organic pollutants and the transformation
of heavy metals. TiO2, for example, acts as a photo catalyst
under UV light, generating reactive oxygen species (ROS)
such as hydroxyl radicals. These ROS can oxidize organic
compounds and reduce metal ions, thus aiding in the
detoxification and removal of heavy metals (Mansoor et al.,
2023). Au nanoparticles can also serve as catalysts, promoting
ions through surface Plasmon

the reduction of metal
resonance and facilitating redox reactions.

Precipitation and Co-precipitation

Precipitation and co-precipitation are additional mechanisms
by which nanoparticles remove heavy metals. In these
processes, metal ions react with other ions or molecules in the
solution to form insoluble precipitates. For example, nZVI can
induce the precipitation of heavy metals as hydroxides,
sulfides, or other insoluble compounds, depending on the
environmental conditions (Di et al., 2023). These precipitates
can either form on the surface of the nanoparticles or be co-
precipitated with other insoluble materials. This mechanism is
particularly useful for removing metal ions that are otherwise
difficult to adsorb or reduce. The efficiency of precipitation
and co-precipitation depends on factors such as pH, the
presence of counter-ions, and the concentration of metal ions.

Graph 2: Efficiency of Different Nanoparticles in
Adsorbing Lead, Chromium, and Mercury
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or chemical
interactions. The high surface area and surface reactivity of
nanoparticles significantly enhance their adsorption capacity.
For example, TiO2 nanoparticles can adsorb heavy metals due
to their large surface area and the presence of surface
hydroxyl groups, which can form complexes with metal ions
(Baig et al., 2024; Chen et al., 2023). Similarly, Au
nanoparticles, with their tunable surface properties, can
adsorb specific heavy metals like Hg and Pb, forming constant
complexes on the nanoparticle surface (Ali et al., 2023). The
adsorption capacity is influenced by factors such as pH,
temperature, and the presence of competing ions in the

Efficiency of Different Nanoparticles in Adsorbing Lead, Chromium, and Mercury
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This graph depicts the adsorption efficiency of three types of
nanoparticles—titanium  dioxide (TiO2), gold (Au)
nanoparticles, and nano zero-valent iron (nZVI1)—in removing
heavy metals, specifically lead (Pb), chromium (Cr), and
mercury (Hg) from wastewater. The efficiency percentages
are derived from experimental data and represent the
maximum adsorption capacity under optimal conditions for
each nanoparticle type.

e Titanium Dioxide (TiO2): TiO2 nanoparticles
show a high adsorption efficiency for lead (Pb) at
85%, a moderate efficiency for chromium (Cr) at
70%, and a relatively lower efficiency for mercury
(Hg) at 65%. The high surface area and
photocatalytic properties of TiO2 contribute to its
effectiveness in removing these metals, particularly
lead.

e  Gold Nanoparticles (Au NPs): Au NPs exhibit the
highest efficiency for lead (Pb) adsorption at 90%,
reflecting their strong affinity for this metal. The
efficiency for mercury (Hg) is also significant at
80%, while the efficiency for chromium (Cr) is
lower at 60%. The unique surface properties of Au
NPs allow for selective adsorption and catalysis,
particularly useful for precious metal recovery and
sensing applications.

e Nano Zero-Valent Iron (nzZVI): nzVI
demonstrates the highest overall adsorption
efficiency, particularly for chromium (Cr) at 85%
and lead (Pb) at 95%, showcasing its strong
reductive and adsorptive capabilities. For mercury
(Hg), nzVI achieves an efficiency of 75%,
indicating its versatility in treating various heavy
metal contaminants. The strong reduction potential
and magnetic properties of nZVI make it highly
effective in immobilizing and removing toxic metals
from water.

The graph clearly shows that nZVI nanoparticles are generally
more efficient across the board, particularly for lead and
chromium removal, compared to TiO2 and Au NPs. This high
efficiency is attributed to the large surface area, high
reactivity, and reductive properties of nZVI, making it a
promising candidate for industrial-scale wastewater treatment
applications.

4. Applications in Lead Removal

Case Studies and Experiments

Lead (Pb) contamination in wastewater is a critical
environmental issue due to its toxicity and persistence in the
environment. Various nanoparticles, including titanium
dioxide (TiO2), gold (Au), and nano zero-valent iron (nZVI),
have been extensively studied for their effectiveness in
removing lead from water. A study by Modwi et al. (2023)
demonstrated the high efficiency of TiO2 nanoparticles in
adsorbing lead ions from aqueous solutions. The study
employed TiO2 synthesized via the sol-gel method, achieving
an adsorption capacity of up to 85 mg/g under optimal
conditions. Similarly, Singh et al. (2023) investigated the use
of Au nanoparticles for lead removal, reporting an adsorption

efficiency of 90% at a nanoparticle concentration of 0.1 g/L.
This high efficiency was attributed to the strong affinity of Au
nanoparticles for lead ions, facilitated by the formation of
constant complexes on the nanoparticle surface. Another
notable study by Ding et al. (2023) focused on nZVI,
revealing its superior performance in reducing and adsorbing
lead ions, with an efficiency of 95% achieved at a dosage of
0.5 g/L. The reduction of Pb(ll) to Pb(0) and subsequent
adsorption on the nzZVI surface were highlighted as the
primary mechanisms.

Comparison of Efficiency

The comparative analysis of the efficiency of TiO2, Au, and
nZVI nanoparticles in removing lead from wastewater reveals
significant differences. TiO2, with its photocatalytic
properties, provides a cost-effective and environmentally
friendly option, though its efficiency is slightly lower than
that of Au and nZVI. The adsorption efficiency of TiO2 is
primarily influenced by factors such as pH, temperature, and
the presence of competing ions (Karapinar et al., 2023). On
the other hand, Au nanoparticles, despite their higher cost,
offer excellent selectivity and sensitivity for lead ions, making
them suitable for applications requiring high precision. nZVI
stands out with the highest efficiency, owing to its strong
reductive capabilities and large surface area, which facilitate
the rapid removal and immobilization of lead. The magnetic
properties of nZVI1 also enable easy recovery and reuse,
making it a practical choice for large-scale applications (Patra
etal., 2023).

Environmental and Health Impacts

Lead is a highly toxic metal that can cause severe health
issues, including neurological damage, kidney dysfunction,
and developmental disorders in children. The presence of lead
in drinking water, even at low concentrations, poses
significant health risks. The removal of lead from wastewater
is therefore crucial to prevent environmental contamination
and protect public health. The use of nanoparticles for lead
removal offers a promising solution, as they can effectively
reduce lead concentrations to safe levels (Organization, 2023;
Ullah et al., 2024b; Ummer et al., 2023). However, the
potential environmental impacts of nanoparticles themselves
must also be considered. TiO2 and Au nanoparticles are
generally regarded as safe and biocompatible, with minimal
environmental toxicity. However, nzZVI, while highly
effective, may pose risks due to the generation of reactive by-
products and the potential for oxidative stress in aquatic
organisms. Therefore, proper handling and disposal of
nanoparticles, along with thorough risk assessments, are
essential to mitigate any adverse effects on the environment
and human health (Mishra & Sundaram, 2023; Thakur &
Kumar, 2023).

Table 2: Lead Removal Efficiency (in %) of Different
Nanoparticles under Various Conditions

This table presents the efficiency of titanium dioxide (TiO2),
gold nanoparticles (Au NPs), and nano zero-valent iron
(nZV1) in removing lead (Pb) from wastewater under different
experimental conditions. The conditions include variations in
pH, the presence of competing ions, lead concentration, and
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temperature. The efficiency percentages indicate the
proportion of lead removed from the water, demonstrating the
effectiveness of each nanoparticle type under specific
scenarios.

Condition TiOo2 Au NPs | nzZVI
Efficiency | Efficiency | Efficiency
(%) (%0) (%0)

Optimal pH 5-7 | 85 90 95

Presence of | 75 80 90

Competing lons

High 80 85 92

Concentration

(100 mg/L Pb)

Low 60 70 85

Concentration

(20 mg/L Pb)

Ambient 70 75 88

Temperature

(25°C)

Elevated 90 95 98

Temperature

(50°C)

Analysis:

e Optimal pH (5-7): All nanoparticles show high
efficiency at this pH range, with nzVi
demonstrating the highest removal rate at 95%. This
range is favorable for the adsorption and reduction
of lead ions.

e Presence of Competing lons: The efficiency of all
nanoparticles decreases slightly in the presence of
competing ions, which can interfere with the
adsorption sites. nZVI maintains the highest
efficiency (90%), indicating its strong affinity for
lead ions even in competitive environments.

e High Concentration (100 mg/L Pb): All
nanoparticles perform well at higher concentrations,
with nZVI reaching up to 92% efficiency. This
suggests that nZVI can handle high contaminant
loads effectively.

e Low Concentration (10 mg/L Pb): The efficiency
drops for all nanoparticles at lower concentrations,
particularly for TiO2 (60%). However, nZVI
remains the most effective (85%) in low-
concentration scenarios.

e Ambient Temperature (25°C): At room
temperature, all nanoparticles exhibit moderate
efficiency, with nzZVI (88%) outperforming the
others.

e Elevated Temperature (50°C): Efficiency
increases with temperature for all nanoparticles,
particularly for nZVI (98%), suggesting that higher
temperatures may enhance the reaction kinetics and
lead removal capacity.

5. Applications in Chromium Removal

Chromium Speciation and Toxicity

Chromium (Cr) exists primarily in two oxidation states in the
environment: trivalent chromium (Cr(Ill)) and hexavalent
chromium (Cr(V1)). Cr(lll) is an essential micronutrient for
humans and animals, playing a role in glucose metabolism.
However, it is relatively insoluble and less toxic. In contrast,
Cr(VI) is highly toxic, carcinogenic, and more soluble,
making it a significant environmental and health concern.
Cr(V1) can easily penetrate biological membranes, leading to
oxidative stress, DNA damage, and potentially cancer (Singh
et al., 2022). The discharge of Cr(VI) from industrial
processes, such as leather tanning, electroplating, and textile
manufacturing, into water bodies poses serious environmental
risks. Therefore, reducing Cr(V1) to the less toxic Cr(lll) and
removing it from wastewater is a crucial objective in water
treatment processes (Irshad et al., 2023).

Nanoparticle Performance

Nanoparticles have demonstrated exceptional capabilities in
removing chromium from wastewater, particularly in reducing
Cr(VI) to Cr(1l1). Titanium dioxide (TiO2) nanoparticles are
known for their photocatalytic properties, which can be
harnessed to reduce Cr(VI) under UV light irradiation. The
reduction process involves the generation of electron-hole
pairs that facilitate the transfer of electrons to Cr(VI),
reducing it to Cr(l11) (Irshad et al., 2023; Padwal et al., 2023).
Gold nanoparticles (Au NPs), although less commonly used
for chromium removal, have shown potential in adsorbing
Cr(V1) due to their high surface area and the possibility of
surface modification with functional groups that enhance
selectivity (Liu et al., 2023a; Rajamanikandan et al., 2023).
Nano zero-valent iron (nZVI) is particularly effective in
chromium removal due to its strong reductive properties. The
surface of nZVI provides active sites for the reduction of
Cr(V1) to Cr(l1), followed by the adsorption of Cr(lll) onto
the nanoparticle surface. nZVI's high surface area and
reactivity make it a powerful agent for chromium remediation
(Sun et al., 2022).

Operational Parameters

The efficiency of nanoparticle-based chromium removal is
influenced by various operational parameters, including pH,
temperature, and the presence of competing ions. The pH of
the solution significantly affects the speciation and solubility
of chromium. For instance, Cr(VI) is more constant and
soluble in acidic conditions, while Cr(lll) precipitates more
readily at higher pH levels. TiO2 nanoparticles are more
effective in acidic to neutral pH ranges, where the
photocatalytic activity is maximized (Sathiyan et al., 2020).
The optimal pH for Au NPs in chromium removal typically
lies between 3 and 6, where adsorption and reduction
processes are more efficient. For nzZVI, the reduction of
Cr(V1) is most efficient under slightly acidic conditions, as
this environment favors the availability of hydrogen ions
needed for the reduction reaction. Temperature also plays a
crucial role; higher temperatures generally enhance the
reaction kinetics, improving the reduction and adsorption rates
(Haidri et al., 2024). However, excessive temperatures may
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lead to the agglomeration of nanoparticles, reducing their
active surface area and, consequently, their efficiency. The
presence of other ions can compete with chromium for
adsorption sites on the nanoparticles, potentially reducing the
overall removal efficiency. Therefore, optimizing these
parameters is essential for maximizing the performance of
nanoparticles in chromium remediation (Liu et al., 2024b).

Graph 3: Chromium Removal Efficiency over Time Using
Different Nanoparticles

Chromium Removal Efficiency Over Time Using Different Nanoparticles

jency (%)

Chremium Removal Effic

0 1 2 3 [) 5
Time (hours)

This graph illustrates the efficiency of titanium dioxide
(TiO02), gold (Au) nanoparticles, and nano zero-valent iron
(nZVI1) in removing chromium (Cr) from aqueous solutions
over time. The efficiency is expressed as the percentage of
chromium removed from the solution, measured at various
time intervals up to 5 hours.

e TiO2 Nanoparticles: The efficiency of TiO2
nanoparticles in removing chromium increases
steadily over time, reaching approximately 85%
after 5 hours. The increase in efficiency is attributed
to the sustained photocatalytic activity of TiO2,
which facilitates the reduction of Cr(VI) and its
subsequent adsorption.

e Au Nanoparticles (Au NPs): Au nanoparticles
demonstrate a moderate increase in chromium
removal efficiency, achieving around 80% removal
after 5 hours. The efficiency is somewhat lower
compared to TiO2 and nZVI, likely due to the less
specific affinity of Au NPs for chromium ions.
However, the surface plasmon resonance of Au NPs
can still contribute to the reduction and adsorption
processes.

e Nano Zero-Valent Iron (nZV1): nZVI exhibits the
highest chromium removal efficiency, reaching up
to 95% within 5 hours. The rapid increase in
efficiency, especially in the initial hours, is due to
the strong reductive properties of nzVI, which
effectively reduce Cr(VI) to Cr(lll). The high
surface area and reactivity of nZV1 also enhance the
adsorption of the reduced Cr(l1) species.

6. Applications in Mercury Removal
Mercury Contamination Sources
Mercury (Hg) is a highly toxic element that can exist in
various forms, including elemental mercury (Hg™), inorganic
mercury (Hg"*"), and organic mercury compounds (such as
methylmercury) (Waseem et al., 2023; Wu et al., 2024). In

wastewater, mercury contamination primarily arises from
industrial activities such as chlor-alkali production, mining,
fossil fuel combustion, waste incineration, and the
manufacturing of electrical equipment and batteries.
Methylmercury, the most toxic form, can bioaccumulate in
aquatic food chains, posing severe risks to human health and
the environment. The persistence and toxicity of mercury
necessitate effective removal strategies from contaminated
water sources to prevent ecological and health impacts (Pant
etal., 2024).

Effectiveness of Nanoparticles

Nanoparticles have been widely studied for their potential in
mercury removal due to their high surface area and reactivity.
Titanium dioxide (TiO,) nanoparticles, although primarily
known for their photocatalytic properties, can also adsorb
mercury ions through surface complexation. However, their
efficiency in mercury removal is generally moderate
compared to other nanoparticles, with an adsorption efficiency
of around 65% under optimal conditions (Fatima et al., 2024;
Ghubayra et al., 2024). Gold nanoparticles (Au NPs) are
highly effective in mercury removal due to their strong
affinity for mercury ions, facilitated by the formation of Au-
Hg amalgams. This strong interaction results in an efficiency
of up to 80% in mercury removal, making Au NPs
particularly useful for trace-level detection and removal
applications (Ali et al., 2023). Nano zero-valent iron (nZVI)
exhibits the highest efficiency in mercury removal, reaching
up to 75%. The reduction of Hg"2+ to Hg"0 by nZV1 is a key
mechanism, with the elemental mercury being subsequently
adsorbed onto the iron surface. The high reactivity and large
surface area of nZVI enhance its ability to capture mercury
ions effectively (Awang et al., 2023).

Safety and Recovery

While nanoparticles offer significant advantages in mercury
removal, their use also raises concerns regarding safety and
environmental impact. TiO2 and Au nanoparticles are
generally considered safe, with low toxicity and high stability
(Ullah et al., 2024a). However, the potential release of
nanoparticles into the environment poses risks of nanoparticle
accumulation and toxicity in aquatic organisms. The safety of
nZVI, in particular, requires careful consideration, as the
reactive nature of these nanoparticles can lead to the
generation of reactive oxygen species (ROS) and other by-
products, which may harm aquatic life (Georgin et al., 2024;
Huang et al., 2024). Moreover, the potential leaching of iron
into the environment can cause secondary contamination.
Therefore, the recovery and reuse of nanoparticles are crucial
to minimize environmental risks. Techniques such as
magnetic separation (for nZV1) and filtration can be employed
to recover nanoparticles from treated water. The feasibility of
nanoparticle recovery not only reduces the environmental
footprint but also enhances the economic viability of
nanoparticle-based treatment systems (Yadav et al., 2024).

Table 3: Mercury Removal Rates and Recovery Potential
of Nanoparticles
Description:
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This table presents the mercury removal rates and recovery
potential of three types of nanoparticles—titanium dioxide
(TiO2), gold nanoparticles (Au NPs), and nano zero-valent
iron (nZVI). The data highlight the efficiency of these
nanoparticles in removing mercury from contaminated water,
as well as their potential for recovery and reuse.

Nanoparticle | Mercury | Recovery Key

Type Removal | Potential Recovery
Rate Methods
(%)
Tio2 65 Moderate Filtration
Au NPs 80 High Centrifugation
nZVI 75 Very High | Magnetic
(Magnetic | Separation
Separation)
Analysis:

e TiO2: The mercury removal rate for TiO2
nanoparticles is moderate at 65%. The primary
recovery method is filtration, which provides a
practical but somewhat limited recovery potential
due to the possibility of nanoparticle aggregation
and loss.

e Au NPs: Gold nanoparticles exhibit a higher
mercury removal rate of 80%, attributed to their
strong affinity for mercury ions. The recovery
potential is high, primarily through centrifugation,
which allows for the efficient separation of Au NPs
from treated water.

e nZVI: Nano zero-valent iron shows a removal rate
of 75%, leveraging its reductive properties. The
recovery potential for nZVI is very high due to its
magnetic properties, which facilitate easy separation
and reuse via magnetic separation techniques. This
method not only ensures the effective removal of
mercury but also minimizes the risk of secondary
pollution.

7. Challenges and Future Directions

Scalability and Economic Viability

One of the primary challenges in applying nanoparticles for
wastewater treatment at a large scale is scalability. While
laboratory studies demonstrate the efficacy of nanoparticles
like TiO2, Au NPs, and nzVI, translating these results to
industrial-scale operations involves overcoming several
technical and economic barriers. The production of
nanoparticles in large quantities with consistent quality and
stability can be costly and technically demanding. For
instance, the synthesis of Au NPs, due to the high cost of
gold, poses a significant economic challenge, limiting their
widespread use despite their high efficiency in heavy metal
removal (Natarajan et al., 2023). Similarly, the synthesis and
deployment of nZVI require careful consideration of cost-
effectiveness, especially concerning the large-scale production
and potential issues related to particle aggregation and
passivation (Rodriguez-Rasero et al., 2024). Moreover, the

integration of nanoparticle-based systems into existing
wastewater treatment infrastructure may require significant
capital investment, which could be a deterrent for industries
and municipalities.

Environmental and Regulatory Considerations

The environmental and regulatory landscape for the use of
nanoparticles in wastewater treatment is complex and
evolving. The potential toxicity of nanoparticles to aquatic
organisms and humans is a critical concern. For example,
while TiO2 nanoparticles are generally considered safe, their
widespread use raises questions about long-term
environmental accumulation and potential ecotoxicity
(Bevacqua et al., 2023; Mondal et al., 2023). Similarly, nZVI,
despite its effectiveness in contaminant removal, can generate
reactive by-products, posing risks to both the environment and
human health. The regulation of nanoparticle use in
environmental applications is still developing, with few
standardized guidelines available globally. Regulatory
frameworks need to address the safe production, use, disposal,
and potential environmental release of nanoparticles. The lack
of comprehensive toxicological data on various nanoparticles
complicates the establishment of clear safety guidelines,
necessitating further research to inform regulatory policies
(Chavez-Hernandez et al., 2024; Schoonjans et al., 2023).

Graph 4: Radar Chart Comparing the Nanoparticles
across Key Performance Indicators

Comparison of Nanoparticles Across Key Performance Indicators

Cost

4l Efficiency

Environments| Impact

Tio2
Au NPs

— nzVl #se of Recovery

This radar chart provides a visual comparison of titanium
dioxide (TiO2), gold nanoparticles (Au NPs), and nano zero-
valent iron (nZVI) based on five key performance indicators
(KPIs): Removal Efficiency, Cost, Stability, Environmental
Impact, and Ease of Recovery. Each axis represents a KPI,
with values normalized on a scale from 0 to 1, allowing for a
holistic assessment of each nanoparticle's strengths and
weaknesses.

e TiO2: Exhibits moderate removal efficiency and
high stability, with relatively low environmental
impact. However, it scores lower on ease of
recovery and cost-effectiveness.

e Au NPs: Show high removal efficiency and lower
environmental impact, but their high cost and
moderate ease of recovery are notable limitations.
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e nZVI: Demonstrates the highest removal efficiency
and ease of recovery due to magnetic properties,
though it poses moderate environmental risks and
has a higher cost compared to TiO2.

Innovation and Research Opportunities

The field of nanoparticle-based wastewater treatment is ripe
with innovation and research opportunities. Emerging
technologies, such as the use of hybrid nanoparticles (e.g.,
combining metal oxides with noble metals) and functionalized
nanoparticles, offer the potential for enhanced selectivity and
efficiency in contaminant removal (Yadav et al., 2024).
Research into green synthesis methods, which utilize plant
extracts or microorganisms to produce nanoparticles, is
gaining traction as a more sustainable and environmentally
friendly alternative to conventional chemical synthesis routes.
Additionally, the development of smart nanomaterials with
responsive properties (e.g., pH-sensitive or light-responsive)
can lead to more efficient and targeted removal processes.
Further research is needed to understand the long-term
stability, reactivity, and environmental impacts of these
advanced materials. Exploring the combination of
nanoparticles with other treatment technologies, such as
membrane filtration or advanced oxidation processes, could
also enhance the overall efficiency and versatility of
wastewater treatment systems. Collaboration between
researchers, industry stakeholders, and policymakers is crucial
to advancing these technologies from the laboratory to real-
world applications, ensuring they are safe, effective, and
economically viable (Isibor, 2024).

Graph 5: Cost Comparison of Nanoparticle Synthesis and
Application in Wastewater Treatment
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This graph provides a cost comparison for the synthesis and
application of three types of nanoparticles—titanium dioxide
(TiO2), gold nanoparticles (Au NPs), and nano zero-valent
iron (nZVI)—in wastewater treatment. The costs are
represented in two categories: synthesis cost (USD per gram
of nanoparticles) and application cost (USD per cubic meter
of water treated).

Synthesis Cost (USD/g):

o TiO2: The synthesis cost for TiO2 nanoparticles is
relatively low at approximately 50 USD/g, making
it an economical option for large-scale production.

o Au NPs: Gold nanoparticles have the highest
synthesis cost at around 500 USD/g, primarily due

to the high cost of gold as a raw material and the
complexity of the synthesis process.

o nzZVI: Nano zero-valent iron nanoparticles have a
moderate synthesis cost of about 100 USD/g, which
is relatively affordable considering their
effectiveness in contaminant removal.

e  Application Cost (USD/m3):

o TiO2: The application cost for treating wastewater
with TiO2 is approximately 200 USD/m3. This cost
includes factors such as the need for UV light
sources and additional infrastructure.

o Au NPs: The application cost for Au NPs is the
highest at around 800 USD/m3, reflecting both the
high material cost and the potential for specialized
recovery methods.

o nZVI: The application cost for nZVI1 is about 300
USD/m3. Despite the moderate synthesis cost, the
application cost is relatively higher due to the need
for handling and safety measures associated with its
reactive nature.

Pros and Cons of Using Different Nanoparticle Types for
Wastewater Treatment

The application of nanoparticles in wastewater treatment has
garnered significant attention due to their unique
physicochemical properties, which enable effective removal
of various contaminants. Among the commonly used
nanoparticles, titanium dioxide (TiO2), gold nanoparticles
(Au NPs), and nano zero-valent iron (nZVI) each offer
distinct advantages and drawbacks. These nanoparticles vary
in terms of their reactivity, cost, environmental impact, and
other factors, making them suitable for different treatment
scenarios. A comprehensive understanding of the pros and
cons associated with each type is essential for selecting the
most appropriate nanoparticle for specific applications.

1. Titanium Dioxide (TiO2) Nanoparticles
Pros:

e Photocatalytic Activity: TiO2 is highly effective in
the photodegradation of organic pollutants and the
reduction of certain heavy metals under UV light.
This property is particularly useful for breaking
down complex organic molecules into less harmful
substances (Mao et al., 2024).

e  Stability: TiO2 nanoparticles are chemically
constant and do not easily degrade or dissolve in
water, making them durable for long-term
applications. They are generally considered safe for
the environment and human health, with minimal
risk of releasing toxic by-products (Bhardwaj et al.,
2023; Damavandi et al., 2023).

Cons:

e UV Light Requirement: The photocatalytic
activity of TiO2 necessitates UV light, which can
limit its effectiveness under natural sunlight and
increase operational costs due to the need for
artificial UV sources (Khan & Shah, 2023).
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e Moderate Efficiency: While effective for many
contaminants, TiO2 may not always achieve the
highest removal efficiencies for heavy metals like
mercury compared to other nanoparticles.
Additionally, TiO2 nanoparticles can aggregate in
aqueous solutions, reducing their effective surface
area and activity (Sosa Lissarrague et al., 2023).

2. Gold Nanoparticles (Au NPs)
Pros:

e High Selectivity: Au NPs have a strong affinity for
specific heavy metals, such as mercury, allowing for
targeted removal. This selectivity is advantageous
for applications requiring precise detection and
removal of contaminants (Ayodhya, 2023).

e  Biocompatibility and Surface Functionalization:
Au NPs are non-toxic and inert, making them safe
for use in environmental applications and
potentially in biomedical contexts. Their surface can
be easily modified with various functional groups,
enhancing their selectivity and binding capacity
(Upadhyay et al., 2023).

Cons:

e High Cost: The synthesis of Au NPs is expensive
due to the high cost of gold, limiting their practical
application to scenarios requiring high precision.
This economic constraint poses a significant barrier
to large-scale use (Hassan et al., 2022).

e Limited Availability and Potential
Environmental Impact: The use of gold as a raw
material makes large-scale production challenging
and costly. Despite being inert, the environmental
fate and potential bioaccumulation of Au NPs need
further investigation to ensure safety (Ronavari et
al., 2021).

3. Nano Zero-Valent Iron (nZVI)
Pros:

e High Reactivity: nzZVI has strong reductive
properties, making it highly effective in the
reduction and removal of various heavy metals,
including chromium and lead. This high reactivity
enables rapid and efficient contaminant removal (Li
etal., 2017).

e Magnetic Properties and Cost-Effectiveness: The
magnetic nature of nZV1 allows for easy separation
from treated water, facilitating recovery and reuse.
Compared to Au NPs, nZV1 is relatively affordable
and can be produced in large quantities, making it a
cost-effective option for large-scale applications
(Yadav et al., 2024).

Cons:

e Potential Toxicity and Oxidation: The high
reactivity of nZVI can lead to the generation of
reactive oxygen species (ROS), which may pose
risks to aquatic organisms and human health.
Additionally, nZVI particles can rapidly oxidize in
the presence of water and oxygen, forming an oxide

layer that reduces their reactivity and efficiency
over time (Ken & Sinha, 2020).

e Handling and Safety: The reactive nature of nZVI
requires careful handling to prevent unintended
reactions and ensure safe disposal (Grieger et al.,
2010).

Table 4: Pros and Cons of Nanoparticles for Wastewater
Treatment

This table summarizes the advantages and disadvantages of
using titanium dioxide (TiO2), gold nanoparticles (Au NPs),
and nano zero-valent iron (nZVI) in wastewater treatment
applications. Each type of nanoparticle offers unique benefits,
such as the photocatalytic activity of TiO2, the high
selectivity of Au NPs, and the reactivity of nZVI. However,
these advantages are accompanied by potential drawbacks,
including the requirement for UV light in TiO2, the high cost
of Au NPs, and the handling challenges associated with nZV1.
This comparison helps in understanding the trade-offs
involved in selecting the appropriate nanoparticle for specific
environmental remediation tasks.

Nanoparticle | Pros Cons
Type
TiO2 Photocatalytic uv Light
Activity, Stability, | Requirement,
Low Toxicity Moderate
Efficiency,
Potential for
Aggregation
Au NPs High Selectivity, | High Cost,
Biocompatibility, Limited
Surface Availability,

Functionalization Potential
Environmental

Impact
nzZVI High Reactivity, | Potential
Magnetic Toxicity,
Properties, Cost- | Oxidation and
Effective Passivation,
Handling  and
Safety

Real-World Applications of Nanoparticles in Wastewater
Treatment

Nanoparticles have emerged as a versatile and effective
solution for various wastewater treatment applications. Their
unique properties, such as high surface area, reactivity, and
tunable functionalities, enable the removal of a wide range of
contaminants, including heavy metals, organic pollutants, and
pathogens. Below are some real-world applications of
nanoparticles in wastewater treatment, highlighting their
utility in different scenarios.

Industrial Effluent Treatment

Application: Industrial effluents from sectors such as textile,
chemical, and metal plating are often laden with heavy metals
and organic contaminants. The use of nanoparticles in treating
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these effluents before their release into water bodies can
significantly reduce environmental pollution (Haris et al.,
2021).

Example: Nano zero-valent iron (nZVI) is particularly
effective in treating groundwater contaminated with
hexavalent chromium (Cr(V1)) from electroplating industries.
nZVI reduces Cr(VI) to the less toxic trivalent chromium
(Cr(111)), thereby mitigating the environmental and health
risks associated with chromium contamination.

Municipal Wastewater Treatment Plants

Application: Municipal wastewater typically contains a
complex mixture of organic pollutants, heavy metals, and
pathogens. Integrating nanoparticles into conventional
treatment processes can enhance the overall efficiency of
wastewater treatment plants (Khan et al., 2021).

Example: Titanium dioxide (TiO2) nanoparticles can be used
in photocatalytic reactors to degrade organic contaminants,
reduce odor, and disinfect water. The photocatalytic activity
of TiO2 under UV light helps in breaking down complex
organic molecules into simpler, less harmful compounds.

Drinking Water Purification

Application: In regions with high levels of naturally
occurring contaminants like arsenic and  mercury,
nanoparticles can be employed to purify drinking water,
ensuring its safety for consumption (Joseph et al., 2023).

Example: Gold nanoparticles (Au NPs) are utilized in sensors
for detecting low concentrations of mercury in drinking water.
These sensors enable real-time monitoring of water quality,
ensuring that mercury levels remain within safe limits and
providing an early warning system for potential
contamination.

Groundwater Remediation

Application: Groundwater contamination near industrial sites
can pose significant environmental and health risks.
Nanoparticles offer an effective in-situ treatment option for
such contaminated sites (Yuan et al., 2024).

Example: nZVI particles can be injected into contaminated
groundwater plumes to immobilize heavy metals like lead
(Pb) and cadmium (Cd). The high reactivity of nzVI
facilitates the reduction and adsorption of these metals,
preventing their spread and aiding in the cleanup process.

Agricultural Runoff Treatment

Application: Agricultural runoff often carries pesticides,
fertilizers, and other chemicals that can contaminate nearby
water bodies. Nanoparticles can be employed to treat this
runoff before it enters the ecosystem, reducing its
environmental impact (Bhavya et al., 2021).

Example: TiO2 nanoparticles can be used to photo-
catalytically degrade organic pesticides present in agricultural
runoff. This process not only reduces the toxicity of the runoff
but also minimizes the potential harm to aquatic life in
receiving water bodies.

Desalination and Water Reuse

Application: In desalination and water reuse systems,
nanoparticles can be used to remove trace contaminants that
conventional methods might miss, thereby improving water
quality (Manikandan et al., 2022).

Example: Au NPs can be incorporated into advanced
filtration systems to efficiently remove heavy metals from
desalinated water. This ensures that the treated water is safe
for consumption and reduces the risk of contamination in
water reuse applications.

Emergency Response for Contamination Events
Application: In the event of accidental spills or discharges,
nanoparticles can be rapidly deployed to mitigate the
environmental impact and prevent further contamination
(Gana et al., 2024).

Example: nZVI can be quickly applied to treat accidental
releases of industrial effluents containing toxic metals. Its
high reactivity allows for the rapid reduction of metal
concentrations, thereby preventing significant environmental
damage.

Portable Water Treatment Systems

Application: Portable water treatment systems equipped with
nanoparticles offer a practical solution for providing clean
drinking water in remote areas, disaster-stricken regions, or
military operations (Menin, 2024).

Example: Portable systems with TiO2-coated filters can offer
photocatalytic disinfection and the removal of organic
pollutants. These systems are lightweight and efficient,
making them ideal for field use where access to clean water is
limited.

In conclusion, the diverse applications of nanoparticles in
wastewater treatment demonstrate their versatility and
effectiveness in addressing various environmental challenges.
Their ability to target specific contaminants, combined with
their adaptability to different treatment scenarios, makes them
a valuable tool in modern environmental management
strategies.

Environmental Risks Associated with Nanoparticles in
Wastewater Treatment

The use of nanoparticles in wastewater treatment presents
several environmental risks, despite their promising
advantages in contaminant removal. These risks are primarily
due to the unique properties of nanoparticles, such as their
small size, high reactivity, and potential for bioaccumulation.
Understanding these risks is crucial for ensuring the safe and
sustainable application of nanotechnology in environmental
remediation.

1. Toxicity to Aquatic Life
One of the most significant concerns associated with
nanoparticles is their toxicity to aquatic organisms. Due to
their small size and high surface area, nanoparticles can easily
interact  with  biological ~membranes, leading to
bioaccumulation in aquatic organisms. For instance, metallic
nanoparticles like silver and gold have been shown to be toxic
to fish, invertebrates, and other aquatic life, even at low
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concentrations (Dube & Okuthe, 2023; Yamini et al., 2023).
Additionally, certain nanoparticles, such as nano zero-valent
iron (nZVI1), can generate reactive oxygen species (ROS),
causing oxidative stress and cellular damage in aquatic
organisms. This oxidative stress can disrupt biological
processes and lead to toxicity.

2. Persistence in the Environment

Nanoparticles like titanium dioxide (TiO2) are known for
their long-term stability, which can be both an advantage and
a disadvantage. While stability ensures durability, it also
means that these particles can persist in the environment for
extended periods, leading to potential long-term exposure
risks for wildlife and humans. Furthermore, nanoparticles can
undergo chemical transformations in the environment,
potentially forming new, more toxic compounds. For
example, the oxidation of nZVI can produce iron oxides,
which may have different environmental impacts and pose
additional risks (Le et al., 2023; Younis et al., 2023).

3. Potential for Unintended Release

During the application and disposal of nanoparticles, there is a
risk of their unintentional release into natural water bodies.
This can occur through improper disposal practices, surface
runoff, or leaching from treated sites. Additionally,
nanoparticles can become airborne, posing inhalation risks to
humans and animals (Portugal et al., 2024). For example,
inhalation of nanoparticles like TiO2 can cause respiratory
issues if large quantities are inhaled. This potential for
unintended release necessitates strict control measures to
prevent environmental contamination.

4. Bioavailability and Mobility
The small size and colloidal stability of nanoparticles enhance
their bioavailability and mobility in water systems. This
increased mobility means that nanoparticles, along with any
adsorbed contaminants, can travel long distances from their
source, potentially spreading pollution across a wider area

(Mishra & Sundaram, 2023; Yamini et al., 2023). The
enhanced bioavailability also means that nanoparticles can be
more readily absorbed by organisms, leading to potential toxic
effects and accumulation in the food chain.

4. Impact on Soil and Sediments

Nanoparticles can interact with soil microorganisms,
potentially disrupting microbial communities and affecting
soil health and fertility. This alteration can impact nutrient
cycling and other ecological functions in soil environments.
Additionally, nanoparticles that settle in sediments can pose
risks to benthic organisms, potentially affecting the overall
health of aquatic ecosystems (Ahmed et al., 2023). The
accumulation of nanoparticles in sediments can also lead to
long-term contamination issues.

6. Human Health Risks

Human health risks associated with nanoparticles primarily
concern occupational exposure. Workers involved in the
production, handling, and application of nanoparticles may be
exposed through inhalation, dermal contact, or ingestion
(Isibor et al., 2024). While many nanoparticles are generally
considered safe, the long-term health effects of chronic
exposure remain unclear. There is concern that nanoparticles
could penetrate biological membranes and interact with
cellular components, leading to unforeseen health issues.

While nanoparticles offer innovative solutions for wastewater
treatment and other environmental remediation applications,
their potential environmental and health risks cannot be
overlooked. Proper handling, containment, and disposal
measures are essential to minimize these risks (Organization,
2024; Umar et al., 2022). Furthermore, ongoing research is
needed to better understand the behavior, fate, and impacts of
nanoparticles in the environment. Developing safer and more
sustainable nanomaterials will be crucial in mitigating the
potential negative effects of nanotechnology and ensuring its
safe application in environmental management.

Table 5: Real-World Applications and Environmental Risks of Nanoparticles

Application Nanoparticles Key Benefits Environmental Risks | Mitigation

Used Strategies
Industrial Effluent | nZVI, TiO2, Au | Effective heavy metal | Potential toxicity to | Proper disposal and
Treatment NPs removal aquatic life recovery
Municipal Wastewater | TiO2, nZVI Enhanced treatment | Bioaccumulation and | Monitoring and
Treatment efficiency persistence regulation
Drinking Water | Au NPs, TiO2 Safe drinking water Risk of nanoparticle | Advanced filtration
Purification release methods
Groundwater Remediation | nzZVI, TiO2 In-situ treatment Long-term stability | Containment and

issues monitoring
Agricultural Runoff | TiO2, Au NPs Reduction of | Impact on soil health Controlled
Treatment pesticide application
contamination

Desalination and Water | Au NPs, TiO2 Removal of trace | Contaminant spread via | Comprehensive risk
Reuse contaminants mobility assessments
Emergency Response for | nZVI, TiO2 Rapid response and | Unintended release and | Emergency protocols
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Contamination Events mitigation exposure
Portable Water Treatment | TiO2, Au NPs On-the-go clean | Potential inhalation | Safe design and
Systems water risks usage
Heavy Metal Recovery Au NPs, nZVI Recovery of valuable | Secondary pollution Closed-loop systems
metals
Bioremediation TiO2, nZVI Improved microbial | Alteration of microbial | Safe application
Enhancement activity communities protocols
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