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ABSTRACT

Nanotechnology is one of the most innovative approaches to addressing some of the most
significant environmental problems of the present day. This article discusses recent
advancements in nanotechnology for pollution control, water purification, and renewable
energy production. Innovative nanomaterials offer significant improvements over
traditional methods for identifying and removing contaminants from the air and soil. In
areas with limited resources, access to clean water has improved due to the remarkable
effectiveness of nano-adsorbents and nanofiltration systems in removing pollutants,
diseases, and heavy metals from water. In addition, the importance of nanotechnology in
renewable energy generation is discussed, with a focus on how it impacts the efficiency of
fuel cells, batteries, and solar cells. While these advancements show the potential for
significant environmental benefits, they also address concerns about scalability, cost-
effectiveness, and potential environmental risks associated with the use of nanomaterials.
To fully realize the potential of nanotechnology for long-term environmental solutions, this
analysis emphasizes the need for continuous research and development that regulates
innovation, safety, and conservation of the environment.

Keywords: Nanotechnology, water purification, sustainability of the environment,
pollution control, sustainability of the environment.

INTRODUCTION
Nanotechnology is one of the most

promising key enabling technologies of the 21st
century. It is a continuously expanding area of
research, contributing to almost every field of
science sciences and engineering, materials
science, medicine, agriculture,

information/communications technologies this list
continues to grow [1]. To improve driving safety
and environmental impact, many nanodevices and
advanced materials are or can be used. Sensors and
radars, real-time processors with Al chips, and
intervehicle and road-to-vehicle communication
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will help realize autonomous or intelligent driving
with high safety. High-power semiconductor
devices with wide band gap materials; high-
performance motors with rare earth magnets, next-
generation lithium (Li)-ion batteries, and fuel cells
with green hydrogen; and high-strength and
lightweight materials such as carbon-fiber-
reinforced polymers (CFRP) will help decrease the
environmental impact of driving. Nanotechnology
enables remote health and medical care for people
living in rural regions. The shortage of medical
doctors is becoming a serious problem due to an
aging society, such as in Japan. During the current
pandemic, such remote care has become both more
common and more accepted. Health and medical
data for patients living in rural regions are taken in
person by doctors and/or by wearable biosensors.
In some cases, data are sent to a data center
automatically and analyzed with high-performance
computers. Thus, health and medical diagnoses are
becoming possible with the help of Al without
needing to travel to a city or town with a large
hospital. Due to the increasing use of surgical
robotics; various sensors, including touch sensors,
high-resolution image sensors, and monitors; and
5G/post-5G  communication, remote medical
treatment and surgery are expected to be possible.
Such models can be easily integrated to urban
societies and across different jurisdictions with an
effort to democratize healthcare access and
affordability. Reduction of CO, emissions, stable
energy supplies, and energy cost reductions are
critical societal needs for energy and the
environment. Many nanodevices and advanced
technologies play key roles in energy savings,
generation, transport, and storage including
renewable energy generation by solar cells, wind
turbines, and fuel cells with green hydrogen. The
development of technologies to generate hydrogen
by solar energy and utilize it as an energy carrier
and battery technology development in energy

transport and storage are important goals, and they
depend on nanotechnology [2].

The goal of this analysis is to examine
recent advancements in nanotechnology for
environmental applications, with a focus on its
application in water purification, pollution
avoidance, and the production of renewable
energy. It aims to highlight the benefits and
challenges of various technologies, including their
environmental impact, scalability, and
effectiveness. The evaluation seeks to guide further
research and encourage the development of secure
and long-lasting Nano technological solutions for
environmental issues. There are lots of methods
that are used to eliminate the pollution from the
water, to clean the environment, and for energy
production but the main gap is that we use the eco-
friendly way to protect our environment make this
review special.

Applications of the nanotechnology in
sustainability of the environment:

Air pollution: Air contaminants have constantly
been paid exceptional attention due to the fact that
these contaminants are harmful and cause higher
risk to life [3].The deprived air quality has an
adversarial effect on the natural system (e.g., living
organisms and vegetation) as well as on the health
of humans by feasibly leading to different types of
diseases that could be fatal, like cardiovascular
diseases, respiratory diseases, and cancer [4]. As
per the World Health Organization (WHO), air
contamination Kills about seven million people
around the world every year. The WHO data
indicates that almost nine out of ten people breathe
air consisting of increased levels of contaminants.
Therefore, it is essential to attain adequate
information on the air contaminant sources and
establish  innovative technologies for the
remediation of air [5].Air contamination indicates
the changes in the natural atmospheric composition
resulting from the addition of biological, physical,
or chemical substances that are released from
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biogenic, geogenic, or anthropogenic sources.
Exterior as well as interior air contaminants might
be present in the particulate or gaseous form
[6].The particulate form includes small-sized
masses of complex chemical constituents having
sizes ranging from nanometers to micrometers
inclusive of aerosols of biological origin like fungi,
bacteria, as well as viruses, whereas the gaseous
form refers to different chemical molecules like
ozone (O3), sulfur dioxide (SO2), and carbon
monoxide (CO) [7]. The application of commonly
studied popular nanoparticles is examined, and
additionally, various factors affecting the
efficiency of the nanomaterials are analyzed. The
application of nanosensors is analyzed concerning
its efficiency for the detection of toxic gases such
as nitrogen dioxide (NO2), sulphur dioxide (SO2),
and hydrogen sulfide (H2S). In the end, the
possible negative impacts of the atmospheric
nanomaterials (metal-based nanomaterials, and

dedicated to further advancements in the
application of nanomaterials in  numerous
environmental remediation applications.

Recent advances in the utilization of
nanomaterials in the air environment:

Nanoadsorbents: Nanotechnology considers that
the majority of the current issues inclusive of poor
air quality could be significantly resolved using
nanoscale adsorbents, called nanoadsorbents. The
nanoparticles have the capability to adsorb several
contaminants existing in the air. Several
nanoadsorbents have been developed as well as
categorized in order to detect and adsorb
contaminants such as microbes, volatile organic
compounds (VOCs), and metal oxides. Table 1
presents the different treatment techniques as well
as treatment conditions utilized by various
scientists for eliminating and monitoring the
discharge of toxic gases and air contaminants by
various nanoadsorbent materials. The commonly

carbon-based nanomaterials) are also discussed.
research activities have been

Clearly,

huge

used nano adsorbents are discussed
following sections:

in the

Table 1: Different treatment techniques/conditions for eliminating and monitoring the discharge of toxic gases
and air contaminants by various nanoadsorbent materials.

Target Nanomaterial | Techniques/Conditions/Modifications | Adsorption Results | References
contaminant | used
Cco2 Carbon MWCNT  functionalized with  3- | Adsorption [8]
nanotubes aminopropyltriethoxysilane (APTS) capacities preserved
through 100
adsorptiondesorption
cycles
Carbon SWCNTs Si-doped SWCNT Adsorption of | [9]
dioxide and Carbon dioxide and
CH30H gas CH30H on pure, Si-
molecules doped and B-doped
single-walled carbon
nanotubes are
chemisorption or
physisorption
Cco2 MWCNTSs 3-aminopropyl-triethoxysilane (APTS)- | Modified CNT | [10]
modified CNTs adsorption 96.3 mg/g
H2S Zn0O Single-step method utilizing ultrasonic- | The test  results | [11]
Nanoparticles | assisted precipitation demonstrated  that
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UZnO showed an
increased hydrogen
sulphide adsorption
ability of 29.50 mg
g— 1 whereas the
adsorption ability of
the material
synthesized with no
ultrasonic treatment
has been just 3.60 mg

g—1

Carbon nanotubes: CNTSs are used for controlling
the discharge of CO2 and methane from the
industrial chimney exhausts as well as vehicle
exhausts. These materials also have the ability to
trapping green house gases from coal mines and
power generation. CNTs can be used as a
nanoadsorbents for the separation of several
pollutants present in the air because of their
enhanced properties such as its affinity for the
selective contaminant adsorption. Also, these
materials have features such as high surface area,
increased pore diameter, and pore volume. The
aforestated surface features increase the reactive
sites that could bound with particular contaminants
existing in the air [12]. Moreover, the adsorptive
ability of these nanomaterials also could be
modified by the addition of functional groups to the
nanoadsorbents for increasing the active sites
[13].In a study performed by [14],the MWCNTSs
have been modified using (3-
aminopropyDtriethoxysilane (APTES) solution.
The CO2 chemisorption happened through the
development of carbamate from the reaction
between the CO2 molecules and the secondary
amine groups present in the APTES, and the CO2
adsorption mechanism is demonstrated in Figure 1.
The thermogravimetric analysis confirmed an
increment in the loading of APTES with rising
reflux duration, providing 13.75 wt% maximum
loading. The test results demonstrated that as the
reflux duration enhanced, the increased number of
amino groups have been covalently attached on the

surface of MWCNT, developing efficient
mechanism sites for the adsorption of CO2. The
maximal adsorption of CO2 (754 mg CO2
adsorbed/g adsorbent) was accomplished by the
amine-functionalized CNTs, demonstrating its
supreme performance relative to typically utilized
adsorbents like SBA-15. Commercially available
MWCNTs were functionalized by [8],using an
increasing mass load of 3-
aminopropyltriethoxysilane (APTS) for studying
their performance in the cyclic adsorption of CO2
and the related thermodynamic properties. The test
results suggested that adsorption procedure with
solid 3-aminopropyltriethoxysilane functionalized
multiwalled CNT (APTS) is conceivably a
favorable CO2 capture technology. In a study
performed by [10],the pristine as well as APTS-
modified CNTs were used as adsorbents for
studying the CO2 adsorption properties from air
streams. It was found that the CNT
physicochemical properties enhanced subsequent
to modification and the adsorption efficiency of
modified carbon nanotubes diminished with an
enhancement in temperature however, enhanced
with an increment in relative humidity. Figure 2
presents the adsorption isotherms of CO2 with
pristine and APTS-modified CNTs. The modified
carbon nanotubes demonstrated increased CO2
adsorption ability relative to several other APTS-
modified silica-based adsorbents stated in the
literature, proposing that these 3-
aminopropyltriethoxysilane-modified carbon
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nanotubes are favorable adsorbents for the CO2
capture from air streams.

CONH — CHzCH2CHz — 5i — (OCH2CHa)a

+ C0:

CONH — CH2CHzCHz — 51 — (OCHzCHa)a

CONHz+ — CHzCH2CHz — Si — (OCH2CHa)s
CONCOO- — CHzCH:CHz — Si — (OCHzCHa)s

Figure 1: Carbon dioxide adsorption mechanism. Reproduced from Ref [15].

Nanotechnology for sensors and detectors of
pollution: It has long been understood that long-
term exposure to particulate matter and heavy
metal pollution is a significant leading factor in
causing health problems in the form of heart
conditions, lung cancer and other problems. In
urban areas, particulate sizes are typically in the
range of 100-300 nm in diameter [16]. while
heavy metals could be found in various ranges of
concentration. In addition, heavy metals cannot be
broken down by microorganisms (i.e. they are not
biodegradable). A high degree of difficulty in the
recovery of heavy-metal-contaminated land raises
pressure in developing onsite sensors that can

detect heavy metal ions before their concentration
reaches dangerous levels [17]. Rapid and precise
sensors able to detect pollutants at the molecular
level may enhance the human ability to protect the
sustainability of human health and the
environment. Large increases in process control,
ecosystem monitoring and environmental-based
decision-making can occur if the available
contaminant detection technology is more sensitive
and less expensive. One of the desired technologies
is a continuous monitoring tool that is able to
provide information, especially information of
pollutants in very short analysis time [18].
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Figure 2. The self-cleaning mechanism of glass Pilkington ActivTM (Picture courtesy of

www.conservatoryland.com) [19].

Water Purification: Giving people easy access to
inexpensive, clean water that meets their
expanding demand is a major global challenge. The
most significant issues that make it harder for the
water supply system to function are population
expansion, global climate change, and water
pollution [20]. Approximately 70% of industrial
effluent is disposed of in developing nations
without being thoroughly destroyed, according to a
2016 report by the United Nations. Among the

substances introduced to water that cannot be
naturally decomposed are pathogens, organic
pollutants, heavy metals, industrial discharge,
various anions, etc. These substances frequently
alter the characteristics of the water body. To
upgrade outdated infrastructure and provide high-
performance, low-cost treatment options that rely
on massive infrastructures, nanotechnology
enables  highly  efficient,  versatile, and
multipurpose that offers a potential route [21]. For
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water and wastewater purification, numerous
nanomaterials have been formed, including
polymer nanomaterials, carbon nanotubes, (nano)
zeolites, carbon, graphene, metallic NPs, graphene
guantum dots, and GO [22]. Effluent, surface
water, groundwater, and other natural materials can
be cleaned of pathogens, metal oxides, toxic metal
ions, and inorganic and organic solutes with the
help of novel nanoparticles made possible by
nanotechnology. These methods include nanofiber

Carbon nanotubes

:’-“:‘"."'V' W, Vi, Vo
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|
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Metal-Oxide nanoparticles

filters, nanofiltration, reverse osmosis, carbon
nanotubes, and ultrafiltration membranes [23].
Four kinds of nanoscale materials considered
functional materials for water filtration are shown
in Figure 3: Zeolites, metal-containing
nanoparticles, dendrimers, and carbonaceous
nanomaterials are the four categories. Due to their
diverse physiochemical properties, these are
attractive as separation and reactive materials for
water filtration [24].

Dendrimers

Figure 3: Shows some of the nanoparticles presently being considered for use in materials that purify water

[25].

Nanotechnology is an innovative field that
can solve problems associated with the present
water treatment issue [26]. By enabling the best
possible use of unconventional water resources, it
can add new aspects to current water treatment
procedures.  Three  important  uses  of
nanotechnology in water treatment are remediation
(by completely or partially removing pollutants)
and purification, pollution monitoring (by using

nanosensors and detectors tailored to particular
contaminants), and  pollution  prevention.
Significant progress has been achieved in using
nanoparticles for water filtration by detecting and
comprehending the molecular structure of
pollutants. Nanochemistry-based technologies are
far more effective and affordable than conventional
purification techniques. These include creating
membranes and using mixed oxides, zeolites,
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bimetallic nanoparticles, and carbon compounds as
nanocatalysts to break down harmful substances in
water. Additionally, nano-zero valent metals and
highly ~ paramagnetically-charged magnetic
nanoparticles have been used as nano sorbent to
clean water. This study will concentrate on current
advancements in the field of water treatment using
nanotechnology, with an emphasis on different
nanomaterials [27].

Water purification using 2D graphene:

One of the critical nanomaterials for water
filtration is 2D graphene, including pure graphene,
GO, and reduced GO [28]. These nanoparticles are
prominent for being excellent adsorbents,
antifouling agents, and photocatalytic materials.
Comparing graphene membranes to standard
polyamide membranes, the Ilatter feature
atomically thin membranes that offer better
filtering [29].There has been a lot of interest in

Dendrimers

Core-shell Tecto (dendrimers)

desalination utilizing graphene nanoparticles
[30].As a result of their exceptional capacity to
absorb sodium cations, 2D graphene nanomaterials
are highly successful at removing salts from water.
Nitrogen and hydrogen can be added to these
materials to enable the selective transit of either
cations or anions. Several microorganisms have
been claimed to be resistant to the antimicrobial
effects of graphene and graphene oxide, including
E. coli, S. aureus,S. mutans, a bacteria that causes
dental caries ,Pseudomonas aeruginosa [31]. Some
investigations even recorded in-vivo evidence of
these  nanoparticles' antibacterial  activity.
Graphene is also known to display antibacterial
properties through the exact mechanisms
mentioned above, such as physical injury to cells,
oxidative stress, and cell membrane instability. In
contrast, others contend that there is some
disagreement over graphene's antibacterial
properties [32].

Hyperbranched polymers
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Figure 4: Metal ion recovery from aqueous solutions using improved dendrimer filtration [33].
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Table 2. Nanotechnology for Clean Water: Status of Implementation.

technology material problem organization status
umbrella/ref addressed
adsorption/[34] FeOOH arsenic IIT Madras commercial
adsorption/[35] nanoalumina submicron and Argonide commercial
fibers colloidal particles,
bacteria, viruses,
dissolved salts,
endotoxin,
pharmaceuticals
FO and RO/[36] Aquaporin water micropollutants, Agquaporin pilot
channels xenobiotics,
organics
sorption/[37] nanocellulose metal ions UPM-Kymmene commercial
Oy

Renewable Energy Production

Renewable energy can be defined as one
type of energy sources which can be provide light,
electricity and heat without polluting the
environment. Energy generation from fossil fuels
has been identified as the main reason of
environmental pollution. The obvious advantage of
renewable energy is that no fuel is required, which
eliminates the emission of carbon dioxide. The
current global energy problem can be returned to
insufficient fossil fuel supplies and excessive gas
emissions resulting from increasing fossil fuel
consumption.
Also, there are many benefits which can be
observed from the design of nanotechnology based
products for renewable energy which are [38].
(1) An increased efficiency of lighting and

heating.

(2) Increased electrical storage capacity
(3) A decrease in pollution from the energy use.

(4) Nanotechnology generated $2.5 trillion in

2015.

Furthermore, nanotechnology can be used to
improve renewable energy sources; for example
wind energy efficiency can be improved by using
light, more strength nano-materials for rotor
blades. In biomass energy using nano-based
precision farming to optimize crop used to produce
biofuels. Nano-coatings can be used to prevent the
corrosion in tidal energy equipments, while
nanocomposites are utilized to make drilling
machines in geothermal energy more fatigue-
resistance.

Nanotechnology applications in renewable
energies
Solar energy:

Solar energy is one of best sources of
renewable energy. It can be used efficiently in
various practical applications like solar power
plants, solar cell, seawater desalination, solar
collectors etc. etc. In fact, sunlight falling on Earth
offers a solution, since the hourly solar flux
incident on Earth’s surface is greater than the
annual human consumption of energy in a year
[39]. That is why the sun is so appearing as an
ultimate energy source on the earth. The quantity
of solar energy received by earth is a function of
the season, with the highest quantity of incoming
solar energy received during the summer months
[23]. The big challenge in using these devices is
that the clear weakness in the absorption properties
of the conventional fluids which leads to reduce
the efficiency of these devices. Nowadays, this
problem can be solved easily and affectively by
using the concept of nanotechnology. The
increased surface area to volume ratio of
nanoparticles should enhance solar energy
collection and efficiency by exposing more
conducting surfaces to the sunlight. Another area
that nanotechnology will increase solar cell
efficiency is by using materials like lead-selenide.
These materials cause more electrons (and
therefore more electricity) to be released when hit
by a photon of light [40].Furthermore, the cost is a
major factor in the success of any solar
technology. Because, converting solar energy into
electricity occurs at a price comparable with fossil
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fuel. Semiconductor materials that exhibit a
photovoltaic (PV) effect can be used to convert
solar radiation into electricity through a
photovoltaic process. Photovoltaics are surfaces
typically consisting of a conducting oxide layer
and a catalytic platinum layer that directly convert
sunlight to an electrical energy. A device which
converts photons from the solar light into
electricity using electrons is called photovoltaic
solar cell. Solar energy is a very environment
friendly. For example, if a distributed solar grid
meets 1% of the world's electricity demands,
approximately 40 million tons of carbon dioxide
emissions can be saved per year [40].
Solar energy for electricity production:
photovoltaic technology

Even if solar energy is free and abundant,
still, photovoltaic technology represents only
around 0.04% of the fuel share of world’s total
primary energy supply [41]. Contious advances in

PV has produced that its price has fallen down to
a tenth in the last 20 years (from 2.00 $/kWh in
1980 to 0.20-0.30 $/kWh in 2003). Independent
studies suggest that the costs will continue to fall
and that it is plausible to envisage costs of around
0.06 $/kWh by 2020. PV solar cells are devices
which produce electricity from the sun radiation
by means of the photoelectric effect, i.e., the
photons from light are converted into electrical
current. Currently, PV market is based on silicon
wafer-based solar cells (thick cells of around 150—
300 nm made of crystalline silicon). This
technology, classified as the first-generation of
photovoltaic cells, accounts for more than 86% of
the global solar cell market. The secondgeneration
of photovoltaic materials is based on the
introduction of thin film layers (1-2 nm) of
semiconductor materials. More specifically, they
use thin epitaxial deposits of semiconductors on
lattice-matched wafers (see Figure 5).

E Serrano et al / Renewable and Sustainable Energy Reviews 13 (2009) 2373-2384

Anreflectiva  Metal top elecirede

Silicon-based solar cell

Conventional solar cells

Quantum-based solar cell

Nanostructured solar cells

Dye-sensitized solar cell

Figure 5: Evolution of photovoltaic technology: from conventional (silicon-based solar cells) to

nanostructured solar cells (quantum-based and dye-sensitized solar cells). Adapted from Refs. [42].
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These cells comprise around 90% of the market space but only a small segment of the global PV
market. Unfortunately, although a lower manufacturing cost is achieved, it also involves low conversion
efficiencies. The inclusion of nanoscale components in PV cells is a way to reduce some limitations. First, the
ability to control the energy bandgap provides flexibility and inter-changeability. Second, nanostructured
materials enhance the effective optical path and significantly decrease the probability of charge recombination.
Fig. 4 shows the evolution of PV technology. The use of nanocrystal quantum dots [43],which are
nanoparticles usually made of direct bandgap semiconductors, lead to thin film solar cells based on a silicon
or conductive transparent oxide (CTO), like indium-tin-oxide (ITO), substrate with a coating of nanocrystals.
Quantum dots are efficient light emitters because they emit multiple electrons per solar photon, with different
absorption and emission spectra depending on the particle size, thus notably raising the theoretical efficiency
limit by adapting to the incoming light spectrum. Arthur J. Nozik reported in 1982 that ‘‘a single-threshold
quantum-using device in which the excited carriers thermally equilibrate among themselves, but not with the
environment, converts solar energy with an efficiency approaching that of an infinite-threshold device’’ [44]
Quantum well devices such as quantum dots, and quantum wires, as well as devices incorporating carbon
nanotubes, are being studied for space applications with a potential efficiency up to 45%. Nowadays,
conventional solar cells are mostly built on silicon. Because the cost of silicon keeps growing, this technology
will not be the one to bring down the cost of solar generated electricity below 1 $/(kWh). In contrast, as an
example of their attractive future as more efficient solar cells, analogous nanocrystalline quantum dots have
close to 40% efficiency.

Aqueous

. Solar
Electrolyte » Light
Pt-loaded _L—* ¥
d_J Doped Ti02 with
Carbon »>—1 Visible-Light
Responses

Substrate /

(metallic 5i,  Poly-Si Thin Film
carbon, etc.)

Figure 6: Schema of solar water splitting system a composite polycrystalline-Si/doped TiO2
semiconductor thin-film electrode. Adapted from Ref. [45]

Negative impact of nanotechnology: Once lead to damage to the gastrointestinal system or
nanoparticles are emitted into the compartments of skin  [46].When  nanoparticles enter cell

the environment, they can harm organisms
depending on the circumstances (Figure 4). The
absorption and distribution of nanoparticles by
living beings through the respiratory system can

membranes, they can cause damage and toxicity to
different cell compartments, depending on the type
of nanoparticle. Reactive oxygen species (ROS)
present in oxidant organelles such as mitochondria
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can further exacerbate nanoparticle reactivity.
ROS can damage the proteins, lipids, nucleic
acids, and DNA etc present in the cell ultimately
leading to cell death. Carbon nanotubes can
directly enter the body and cause toxicity, while
carbon nanoparticles, like fullerenes, can also
induce toxicity. Carbon nanotubes primarily affect
mitochondria. In amphibians, carbon nanotubes
have been shown to induce genotoxicity, resulting
in DNA damage and oxidative stress after short-
term exposure [47]. Consumer products
containing silver nanoparticles (AgNP) can pollute
aquatic environments. The dissolution of AgNP
can cause toxicity in aguatic organisms such as
fish and algae. The toxicity of AgNP is highly
dependent on particle properties, including
concentration, pH, size, and shape, which
influence the nanoparticle's reactivity. Frenk et al.
found that CuO and Fe304 nanoparticles, with
different concentrations in two different sand soils,
exhibited varying levels of toxicity, with CuO
showing more toxicity between them . Burrowing
is a crucial method for water filtration and the
stabilization of erosion effects. Nanoparticles can
affect the soil’s burrowing organisms such as
earthworms which constitute a significant portion
of soil biomass [48]. Nanoparticles have

Plants and

Air flowers

\}(

4 Nanoparticles

Water

Respiratory
system

Soil

e

significant effects on animal's lives. The impact of
NP on soil, water, and air is essential for the food
chain. Plants can absorb nanoparticles through
leaves, roots, damaged areas, flowers, and from
water sources. Xia et al. found that the impact of
TiO2 nanoparticles showed a tendency for reduced
toxicity with an increase in particle size, as Ti
nanoparticles could cause DNA damage [49]. Zinc
nanoparticles can induce cellular toxicity in plants,
leading to growth retardation, reduced
photosynthesis, and altered gene expression in all
affected plants. Higher nanoparticle
concentrations are primarily responsible for the
reduction in photosynthesis. AgNP can also inhibit
plant growth. The properties of nanoparticles
change depending on the nature of the metal they
contain.  Nanoparticles can disrupt various
biological structures, including the kidney, heart,
liver, amino acids, and fatty acids. As nanoparticle
production increases, emissions into the
environment also increase. A lack of trained
engineers and workers can have an adverse impact
on the environment. During the life cycle,
emissions of nanoparticles occur when conducting
batches or experiments and when decomposing
nanoparticles [50].

Figure 7: Effects of nanoparticle contamination encompasses all major components of the environment [51].

To assess the safety of complex multi-component
and multi-functional nanomaterials, scientists will

need to develop validated models capable of
predicting the release, transport, transformation,
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accumulation, and uptake of engineered
nanomaterials in the environment. These models
should relate physical and chemical characteristics
of nanomaterials to their behaviour, allow an
integrated approach to predict potential impact of
engineered nanomaterials and nanoproducts, and
estimate impacts within susceptible populations.

Developing structure-activity relationships is
needed to predict biological impacts, ecological
impacts, and degradation at end-of-life. Each of
these models is necessary to design nanoparticles
that will have the desired human health and
environmental performance to complement their
physical properties[52].

NANOMATERIAL i ldentify the |
MANIPLILATIONS " hazards !
Evaluate MK transter methods, Evaluate

Temperatune controls ele -

:

Controls

What if scenarios
—_—

Consider the reactivity of the
. y precursors, possibility of
Checklist . formation of side products
SOPs and flammability of sclvents.

e Consider the Fire and explosicns may occur duei
— :

—

to involvement of fine materials

severity generated from the precursors.

l

Risk matrix/

Analysis

I

Proceed with the manipulation

Figure 8: hazard assessment and hazard analysis for nanomaterial manipulations[53]

Conclusion:

By tackling some of the most important
environmental issues of our day, nanotechnology
provides a revolutionary means of creating a more
sustainable and greener future. Nanoscale
materials can adsorb and neutralize dangerous
compounds with previously unheard-of efficiency
in pollution management, lowering emissions and
lessening the negative effects of industrial
activities on the environment. By enabling
sophisticated filtration techniques, eliminating
impurities, and even decomposing complex
pollutants that are difficult for conventional
methods to handle, nanotechnology also plays a
critical role in water purification. This has
enormous ramifications for expanding access to

clean water around the world, especially in areas
where water is scarce or contaminated.
Nanostructured materials, for example, can
enhance energy capture and storage, boosting the
capacity of solar and battery technologies to satisfy
demand worldwide. Furthering the transition to
cleaner energy systems, nanotechnology also helps
create strong, lightweight materials that can
increase the efficiency of electric cars and wind
turbines. Beyond these uses, nanotechnology has
the potential to transform environmental
management since new applications and
advantages are always being discovered through
continuing research. However, to guarantee that
these technologies are long-term safe and
sustainable, responsible innovation is crucial. The
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application of nanotechnology could lead to a
cleaner, healthier, and more resilient earth as
scientists, legislators, and business executives

work together, proving that environmental
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