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it helps develop innovative cleaning
methods and improves the detection and
sensing of pollutants.
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Introduction

Although defining nanotechnology purely by a specific size range, often cited around 100
nanometers, is unduly simplistic. Size alone does not distinguish nanostructures from large
proteins, chemical compounds, or polymers of similar dimensions. Instead, nanostructures exhibit
fundamentally different types of behavior and properties, often governed by quantum mechanical
effects that emerge at the nanoscale. For example, quantum dots, tiny nanocrystals display
extraordinary fluorescence properties and photostability, phenomena that cannot be explained
solely by their elemental composition . Before delving deeper, it is important to clarify some key
terminology:

1. Nanotechnology refers to the design and manipulation of structures at the nanoscale (1-100
nm).

2. Nanoscience the study of atomic, molecular, and macromolecular phenomena and material
manipulation.

3. Nanoscale simply describes dimensions typically between 1 and 100 nanometers.

Such precise nomenclature removes ambiguity and fosters clear communication among
researchers and industry experts 2.

The term "nanotechnology™ was initially used in a 1974 paper by Norio Taniguchi titled "On the
Basic Concept of "Nano-Technology", However, its philosophical foundation predates this. In his
1959 lecture, Richard Feynman articulated the possibility of manipulating matter at the atomic
level without violating any known laws of physics. He imagined constructing machines with
quarter-scale hands that could build even smaller tools, iteratively shrinking operations until
reaching the nanoscale.Although today's nanotechnology did not evolve exactly along the lines
Feynman envisioned, his visionary ideas laid the groundwork for what has become a revolutionary
field 3. Human manufacturing focused on breaking down larger objects into smaller pieces. In
contrast, nanotechnology often uses a "bottom-up" approach: assembling structures atom by atom.
Although true nanomanufacturing faces technical and speed limitations, nature has demonstrated
its feasibility through self-assembling biological structures governed by the laws of
thermodynamics.

The idea of building at the atomic level was first introduced by Richard Feynman in his
groundbrea, king 1959 lecture, "Plenty of Room at the Bottom." Feynman envisioned a future
where materials could be manipulated atom by atom. Later, futurist Eric Drexler expanded on
these ideas in his 1991 PhD thesis, proposing "molecular manufacturing”, a system of creating
products through atom-by-atom assembly, as opposed to traditional bulk chemical synthesis.
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However, Drexler's concept of molecular manufacturing, often regarded as science fiction, was
explicitly excluded from the National Nanotechnology Initiative (enacted in 2001), due to its
controversial nature®,

Regardless of futuristic visions, nanomanufacturing has been a reality in the biological world for
millions (or billions) of years. Organisms naturally form complex nanostructures through
thermodynamic self-assembly.

Today, scientists replicate these methods in laboratories to create a wide variety of synthetic
nanoparticles.Viruses are an excellent example of nature’s nanoparticle engineers -self-assembling
nanomachines that efficiently produce subcomponents using the machinery of host cells. Inspired
by this, researchers are now exploring biomimicry to design therapeutic nanoparticles aimed at
treating various diseases °.

Like any new frontier, nanotechnology is surrounded by both overblown excitement and
unfounded fears. Early phases of any technology are characterized by a knowledge gap, which is
often filled by speculation and hype. Nanotechnology is no exception.The hypothetical
possibilities of nanotechnology are vast:

1. Solving global food and energy crises

2. Building a space elevator

3. Transforming humans into cybernetic organisms
4

Alternatively, it could cause catastrophic consequences if misused, such as environmental
disasters.

While some visions remain speculative, nanotechnology is already making tangible impacts.
Innovations like "smart dust” and invisibility cloaks are emerging, alongside concerns about health
and environmental risks. Despite current products being relatively modest improvements over
traditional technologies, the future potential of nanotechnology is enormous.

Nanotechnology represents the next generation of industrial development, profoundly reshaping
global markets, advancing research laboratories, and influencing everyday life. A clear
understanding of what nanotechnology is and why it matters is essential for charting a well
defined path toward its future applications and implications .

1.1 Properties of the nanoparticles

The characteristics of nanomaterials differ greatly from those of ordinary materials due to two
main factors: quantum effects and higher relative surface area. Surface area/roughness
hydrophobicity, morphology-aspect ratio/size, contaminations or adsorption of surface species
during synthesis or history, solubility-release of dangerous chemicals, the characteristics of
nanoparticles encompass their capacity to generate reactive oxygen species (ROS), their
interactions with O: /H.O systems, their distinct structural and compositional features, their
potential for competitive binding to cellular receptors, and their propensity for dispersion or
aggregation®.
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Figure 1: The properties of nanoparticles®.
1.2 Physicochemical properties of NPs

Nanoparticals many physicochemical properties, including as their high surface area, mechanical
strength, optical activity, and chemical reactivity, make them unique and suitable candidates for a
range of applications.

1.2.1 Electronic and optical properties

NPs optical and electrical characteristics are more interconnected. Noble metal nanoparticles, for
example, have size-dependent optical characteristics and a prominent extinction band between UV
and visible light that is not present in the spectra of the bulk metal.

This excitation band, which is referred to as the localized surface plasma resonance (LSPR), arises
when the input photon frequency remains constant while the conduction electrons are collectively
excited. Local electromagnetic fields near NPs surfaces are enhanced and wavelength selection
absorption with a resonant Ray light scattering effectiveness comparable to ten fluorophores are
the effects of LSPR excitation, which also improves spectroscopies.

The size, shape, and interparticle spacing of the NPs, as well as their own dielectric characteristics
and those of their local environment, which includes the substrate, solvents, and adsorbates, are
known to affect the peak wavelength of the LSPR spectrum °.

1.2.2 Magnetic properties

Researchers in several fields, including biomedicine, magnetic fluids, data storage, magnetic
resonance imaging (MRI), environmental remediation (water purification), heterogeneous and
homogenous catalysis, and more, are very interested in magnetic nanoparticles.

According to the literature, NPs work best at sizes between 10 and 20 nm, or below the critical
value *°. NPs' magnetic characteristics effectively dominated at such a low scale, making them
valuable particles with a variety of applications 1114,

The unequal distribution of electrons in NPs is what gives them their magnetic characteristics.
Furthermore, these features rely on the synthetic process as well as additional synthetic methods
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as solvothermal '°. They can be made via coprecipitation, thermal breakdown, flame spray
synthesis, and micro-emulsion °.

1.2.3 Mechanical properties

Because of the special mechanical properties of NPs, researchers can look for novel applications
in a number of important fields, such as tribology, surface engineering, nanofabrication, and
nanomanufacturing.

To discern the mechanical character of nanoparticles (NPs), one can systematically assess
quantities like adhesive energy, kinetic friction, macrostress, macrostain, local hardness, and the
local elastic modulus. The collective response of NPs is augmented by the presence of lubricative
films, agglomerative forces, and engineered surface layers (see Scheme 1).

Unlike their micron and bulk analogs, the mechanical signatures of NPs exhibit size-dependent
phenomena, such as pronounced surface effects and diminished storage moduli. Whether an NP is
elastically indenting a rigid substrate or gliding as a bead within thin oil is governed by
competition between the NP stiffness and the elastic modulus of the mating surface, a behavior
revealed only under high-pressure conditions typical of tribological contacts.

These measurements, therefore, deliver qualitative and quantitative metrics of the NPs’ capacity to
impart controlled material or particle removal rates whilst simultaneously optimizing the planarity
and reduction of surface defects. Mastery of the NPs mechanical fingerprint, including their
stiffness scales, adhesive energies, lubricated particle transport morphology, elastic response, and
crush resistance, is essential for achieving predictive and reproducible performance in real
assembly or finishing tasks *'.
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1.2.4 Thermal properties

Solid metal nanoparticles such as copper or silver have thermal conductivities that eclipses those
of even room-temperature liquids. Take copper, for instance: its conductivity near our everyday
ambient conditions is roughly seven hundred times that of water, and approximately three
thousand times that of engine oil, numbers that confirm metals as extremely efficient thermal
channels.

The comparison is made even more striking when introducing insulating phases. For alumina, or
Al;Os3, though widely recognized for its dielectric and mechanical benefits, its thermal
measurement shows that its conductivity still surpasses that of water, affirming that insulating
metal reservoirs can still conduct heat more effectively than one of our most ubiquitous coolants.

As a result, fluids containing suspended solid particles are expected to have thermal conductivities
that are significantly higher than those of conventional heat transfer fluids.

Nanofluids are engineered by suspending nanoparticles typically in the range of a few nanometers
into carrier liquids like water, ethylene glycol, or mineral oils. This approach aims to achieve
thermal performance that surpasses that of conventional heating fluids or those merely doped with
micrometer-scale additives.

The efficiency of heat transfer occurs predominantly at the solid-liquid interface, so a smaller
particle size affords a larger specific surface area, enhancing the thermal exchange.

Moreover, the very high specific surface area characteristic of nanoparticles averaging around 80
m? per gram improves the long-term stability of the suspension through steric and Brownian
effects that limit sedimentation. Recent experimental studies confirm that nanofluids containing
copper oxide (CuO) and aluminum oxide (Al.Os) nanoparticles, when dispersed in water or
ethylene glycol, exhibit a marked increase in effective thermal conductivity compared to the base
carrier fluids alone *°.

1.3 Nanoparticle sources

During combustion processes, nanoparticles can be directly released from both fixed and mobile
sources. They can be produced in the atmosphere by radioactive decay or by vapor precursors
reacting and/or nucleating 2%,

Additionally, nanoparticles are frequently created in industrial environments. The existence and
possible emissions of manufactured nanoparticles have emerged as a concern with the recent
developments in nanotechnology.

Although they contribute significantly to the economy, combustion activities are also the source of
a large number of emissions 2.

1.3.1 Some of nanoparticle sources:

1. Stationary emissions from home combustion engines, incinerators, smelters, cooking
appliances, cigarette smokers, and gas, oil, and coal boilers.

2. Mobile emissions (metals in fuel cells and catalytic converters, cars using diesel, gasoline,
LPG, and CNG).

Conversion of the atmosphere in urban, rural, and isolated areas.

4. Workplace environments: industrial operations (high energy mechanical, bioaerosol,
combustion, and hot processes).

5. Workplace environments: creation of modified nanoparticles for cleaning, disposal, and
conditioning applications %2,
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1.4 The role of nanotechnology in environmental treatments

Nanotechnology has the potential to significantly improve the quality of the soil, water, and air in
the environment. It can improve contamination sensitivity and detection and help create new
cleanup techniques.

The dynamic processes of nanoparticle growth and generation within combustion systems should
be understood to create efficient approaches for minimizing pollutant formation at the source and
reducing their release into the environment. Environmental quality improvements through
nanotechnology exist but this advancement generates potential new environmental threats 242°,

These issues must be addressed right away because they are connected to almost all emerging
technology. The safety of nanotechnology can be guaranteed with the right focus, thorough
investigation, and early adoption of discoveries 2.

While pollen particles may cause allergies, virus nanoparticles can be used as vaccines or can play
a major role in the spread of allergies.

Nanoparticles are easily changed once released into the atmosphere, which could lead to changes
in their size and makeup from where they came from. Moreover, nucleation events in the
atmosphere also produce nanoparticles resulting from photochemical reactions %
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Figure 2. Schematic diagram illustrating nanoparticles in the environment %8,
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These nanoparticles can travel long distances through the sky and eventually expose individuals
by inhalation, despite the fact that they are crucial to cloud formation 2°.

Additionally, nanoparticles may be released into soil and water, where they may cause secondary
pollution or other environmental problems (Figure 2). also shows a number of environmental
nanotechnologies.

Nanoparticle science and technology can improve methods to reduce pollution production and
emissions. Nanostructured sorbents can be used to trap hazardous gases in an exhaust plume *°.
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Figure 3: Nanoparticle system reviewed in this paper 3.

Nanomaterials can reduce emissions from mobile sources by acting as catalysts 2.

Contaminated plumes can be cleaned by injecting nanoparticles into subterranean groundwater .
As well as can travel great distances in groundwater plumes and reach polluted areas due to their
size and specific surface characteristics **. For example, arsenic in drinking water can be
eliminated using adsorbents based on nanoparticles 33,

A summary of the nanoparticle system is shown in (Figure 3). Human activity as well as industrial
and environmental processes. Unwanted emissions of nanoparticles are produced by processes in
some systems.

In others, the procedures produce functional and helpful nanoparticles, such as those used in
nanomedicine. High-temperature operations are frequently the cause or the process.A
control/collection and measurement/characterization device is present in both situations. An
attempt is undertaken to eliminate the nanoparticles from the effluent prior to disposal if they are
undesirable byproducts.

The goal is the same whether nanoparticles are purposefully created: to efficiently gather them as
a valuable commodity. Unwanted emissions of nanoparticles can frequently be transformed into a
beneficial consequence. Other aspects of the system include possible effects on the environment or
human health after exposure, if unmeasured.

The development and advancement of environmental technology will improve environmental
quality through material replacement, enhanced sensing, emission control, and waste management,
even while it may be a new source of nanoparticles to the environment on its own.

Emissions could be decreased via energy generation made possible by nanoparticle science and
technology. However, caution should be taken regarding the many health and environmental
effects that alternative energy sources may have. As in a "life cycle analysis," a feedback loop *’.
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1.5 Remediation and waste treatment

Spills, agricultural activities, previous waste disposal methods, and leaking subterranean storage
tanks are some of the common causes of groundwater contamination.When contaminated
groundwater enters streams that supply drinking water, it endangers human health and harms
ecosystems. The industry of cleaning up polluted areas in the US alone is thought to be worth
several billions of dollars 3,

Remediation is often difficult because to inaccessibility and slow mass transfer rates from
nonaqueous phases. By directly converting contaminants through reactions on the surfaces of
nanoparticles and by artificially enhancing naturally occurring biogeochemical reduction
processes, nanoscale science and engineering may offer economical and environmentally friendly
solutions for the restoration of such contaminated sites. Nanoparticles demonstrate greater
reactivity than their bulk counterparts because their surface area per unit volume is elevated.

The reactivity at solid-liquid interfaces changes with particle size because of several factors which
include the proportion of active edge and corner sites, the occurrence of energetic surface
distortions, thermodynamic effects from interfacial free energy contributions and surface region
modifications and quantum mechanical phenomena. 3940,

Transporting nanoparticles via porous media enables effective in situ cleanup. It has been shown
that When injected beneath the surface iron nanoparticles successfully transform chlorinated
organic chemicals into non-toxic forms 443, Additionally, basic research has been done on the
deposition of nanoparticles onto surfaces and their transport in porous medial00 4+*°.

In order to clean up polluted streams of water and air, nanoparticles can also be fixed onto
substrates “°. Numerous techniques for attaching to substrates, including carbon, zeolites, silica
gel, and membranes "8, have been shown to be effective in treating polluted streams. It has also
been shown that using nanostructured film reactors for cleanup works well. Various deposition
methods have been researched in order to regulate film properties and get the best reactor
performance 452,

To adsorb species like organics and heavy metals, several nanoparticle designs with distinct
geometries have been suggested. According to reports, carbon nanotubes are superior to activated
carbon in terms of their ability to sorb different organic materials 52°3, Onyango et al.18 have
shown that arsenic can be effectively adsorbed onto zeolite active surfaces.

The problem of capturing and removing heavy metals from tainted water is difficult.For many
years, nanoparticles have been employed in the catalysis industry. Most famously, engine exhaust
is treated with precious metal nanoparticles, such as Pt, Pd, and Rh, in catalytic converters. Better
catalytic materials have been produced as a result of molecular design, improved nanoparticle
production techniques, and improved characterisation technologies. Research shows that
bimetallic nanoscale materials including iron/platinum and iron/palladium function effectively to
break down organic environmental contaminants >+°,

Conclusion

Conclusion, that the trend toward nanotechnology has increased in recent times due to the unique
properties and surface area of nanomaterials and their potential for environmental remediation.
While some visions remain merely speculative, nanotechnology is already having tangible
impacts. Innovations such as "smart dust™ and invisibility cloaks are emerging, representing the
next generation of industrial development.

Due to the unique mechanical properties of nanoparticles, researchers can explore new uses in a
variety of biological fields. These particles can be generated in the atmosphere by radioactive
decay or by the reaction or nucleation of vapor-forming materials, Stationary and mobile sources
can emit nanoparticles directly during combustion processes.
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