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1. Introduction

Nanotechnology is the technology domain that concentrates on manipulating and
controlling structures, devices, and systems at the nanoscale, including their design,
characterization, production, and application. It possesses significant commercial
viability across a wide range of businesses. The traditional techniques and the
conventional material employed by the industry require attention owing to the strict
environmental rules and constraints in energy consumption. This is primarily because
traditional procedures used in preparing various items typically do not yield lasting
effects and eventually become ineffective. In addition, applying nanoparticles to
various materials will not compromise their breathability or tactile sensation.
Nanotechnology enhances materials by providing properties such as wrinkle
resistance, hydrophobicity, UV protection, flame retardation, antibacterial and
antistatic capabilities, soil resistance, and improved dyeability.

The present and potential engineering applications outlined in Figure 1 are
derived from the hypotheses put forth in the analyzed research publications, as well as
from internet research on manufacturers who assert the utilization of nanoengineering
in their products. The internet investigation was conducted by analyzing several
existing online consumer inventories and news articles relevant to nanotechnology.
The information concerning the employed nanoparticle or nanostructure in
commercially available products is sourced from the manufacturer’s statements. The
aforementioned applications include commercial products that are intended for
industrial clients, such as textile additives or nanoengineered coating agents.
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Nevertheless, textile coating or impregnation compounds that are intended for the end
consumer are not included, as they are not classified as “textile products” [1].

The research on nanotechnology in the Web of Science is utilized to create a
comprehensive range of functional materials that can be accomplished through
nanoengineering. The text highlights the various NP and production processes that are
presently being examined. The literature delineates the mechanisms that elicit the
intended effects for each textile function, encompassing specifics regarding the
NP/nanostructure, the textile matrix, the employed production method, and the form
of the NP in the final fabric. The commercial utilization of various functional textiles
relies on the findings presented in the analyzed research articles and on online
searching for nanoengineered consumer products that are now available. The
suggested products are categorized into the following product groups: Apparel,
protective garments, interior trim and upholstery, sports and leisure, household,
cosmetics, medical equipment, building materials, industrial purposes, and
auxiliary/intermediate products for industrial operations [2]. The final product
category encompasses all items that are not directly sold to the ultimate consumer but
rather acquired by industrial customers and employed in the manufacturing process of
a nanoengineered final product. Examples of such auxiliary or intermediate items
include additives, textile composites that are further processed into garments or
furniture, as well as licenses for the use of specific production procedures or
technologies.
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Figure 1. Overview of applications of nanomaterial-based products in different
areas.

2. Nanoengineered materials for the automotive industry

Nanomaterials can be utilized in car bodies to create lightweight structures that
maintain rigidity and crash resistance, reducing material usage and fuel consumption.
This section discusses the integration of nanotechnology into the safety features and
fuel efficiency of modern vehicles. It also highlights the significance of sustainable
development in the application of these technologies and the analysis of the materials
used in their life cycle. This is done to align with societal trends and meet customer
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demands for improved comfort, safety, and ecology. The present status and potential
application of nanoparticles in automotive engineering are shown in Table 1.

Table 1. Potential application of nanoparticles automotive engineering.

Industry Nanoparticles Nanoparticle-based product/Conventional application Potential industrial application
Paints and coatings: Improve scratch resistance, UV protection, and
color stability.
Composites: Enhance strength, stiffness, and impact resistance in
polymer matrix composites. Vehicle bodies and chassis
Carbon nanotubes  Tires: Improve tread wear, traction, and fuel efficiency. Engine components (e.g.,
Nano clay Batteries: Increase energy density, power, and charging speed in pistons, cylinders)
. Silica lithium-ion batteries. Transmission and drivetrain
Automotive . : _ .
engineering AIu_mlna _ Catalygts. Improve fuel efficiency, reduce emissions, and enhance components ' '
Cerium oxide catalytic converter performance. Battery electric vehicles (BEVs)
Platinum Sensors: Enable the development of smaller, more sensitive sensors for Hybrid electric vehicles (HEVS)
Graphene temperature, pressure, and gas detection. Fuel cell electric vehicles

Fuel additives: Improve fuel efficiency, reduce emissions, and clean (FCEVs)
engine components.

Self-healing materials: To create materials that self-heal cracks and

damages.

2.1. Lightweight body construction and Catalysts

The need for novel and sophisticated materials in automotive applications arises
from vehicle safety, performance, and fuel efficiency requirements. Nanomaterials
used in automotive applications aim to reduce engine emissions, enhance driving
safety, minimize vehicle noise, and provide self-healing capabilities for vehicle bodies
and windscreens. The concept of utilizing nano-fluids to enhance the efficiency of
coolants was introduced a considerable time ago [3,4]. The suggestion resulted in a
100% improvement in liquid thermal conductivity by utilizing nanometer-scale
particles, leading to a proliferation of scientific research efforts in this field [5,6].
Nevertheless, the enhancements in the performance of coolants may catalyze driving
and inspire additional advancements in engine efficiency, as well as the reduction in
size and weight of cooling systems. Additionally, there are ongoing investigations that
specifically target the enhancement of thermal and rheological characteristics of
lubricants by the use of nanoparticles [7]. Enhancing the decrease of weight in cars is
a crucial concern for motor vehicles, as reducing weight is the primary method to
enhance fuel efficiency. The increasing global standards for fuel efficiency and
pollution in manufacturing and transportation are generating a need for affordable,
high-performing lightweight materials as substitutes for metals. A nanocomposite
refers to a solid matrix that contains nano-objects, such as a new type of polymeric
materials that have exceptional mechanical, thermal, and processing capabilities.
These materials are suited for replacing metals in several applications, including the
automobile industry [8]. The nanoparticles are highly effective, typically requiring just
0.5%-5% of their weight to be added. A nanocomposite possesses qualities that
surpass those of traditional microscale composites and may be synthesized at a low
cost utilizing a straightforward process [9]. Nanocomposites are anticipated to enhance
manufacturing speed, environmental and thermal stability, recycling, and weight
reduction in automotive parts and systems. By restricting the use of this technique to
non-essential structural components like front and rear sections, cowl vent grills,
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valve/timing covers, and truck beds, it is possible to achieve a significant weight
reduction, amounting to several billion kilograms per year [8].

Nanotechnology is currently being employed in the mass production of car
components. For instance, Audi and Daimler Chrysler utilize multi-layered
nanocoating on glass instruments to provide an anti-reflection effect. General Motors
Corp. has implemented a thermoplastic olefin (TPO) nanocomposite in an optional
step-assist feature for the Chevrolet Astro and GMC Safari minivans. Replacing
reinforced polymers in car body components is a viable strategy for reducing weight,
but it is crucial to ensure that safety, affordability, and other desired qualities are not
compromised [3]. Buses utilize sun protection glazing that has nanolayers inserted into
glass sheets to reflect infrared rays. GMC utilizes thermoplastic nanocomposites with
nanoflakes to manufacture rigid and lightweight external components, such as the step-
assist. In their study, Presting and Koning [10] predicted that a 30% enhancement in
roll resistance, air resistance, car weight, or powertrain might potentially lead to a
reduction in fossil fuel consumption by 4%, 6%, 15%, or 28%, respectively. Therefore,
carbon dioxide emissions will decrease. Nanotechnology can also play a role in
enhancing fuel injection and reforming processes, improving hydrogen storage
capabilities, optimizing cell electrodes, and enhancing the performance of proton
exchange membranes (PEM). In addition, the application of nano jets can enhance
engine combustion efficiency by reducing surface tension losses during aerosol
production. Porous nanocomposites can also be utilized as pollution filters, effectively
reducing the release of soot particles or harmful gases by mechanical means or
catalytic reactions [3,4,11].

2.2. Automotive painting

The field of automotive painting has undergone significant advancements since
its inception, transforming into a highly intricate procedure that not only boosts the
visual attractiveness of automobiles but also offers vital safeguarding against
environmental factors. The base coat clear coat paint method is a groundbreaking
approach that has proved essential to the automotive industry.

Nanotechnology has been included in vehicle paints, leading to the development
of nano-coatings. These coatings offer an extra layer of protection, providing
resistance against scratches, chemical pollutants, and UV radiation. Nano-coatings not
only increase the durability of the paint but also improve the gloss and shine on the
surface of the car [12].

3. Nanoengineered materials for the chemical industry

3.1. Nanocomposite-based coating system

A nanocomposite coating is a substance consisting of a minimum of two phases
that are incapable of mixing and are separated by a region known as the interface. The
material must possess nanoscale dimensions in at least one dimension, with the
primary component referred to as the matrix, within which fillers are scattered [13].
The categorization of nanocomposite coatings is determined by different approaches
that consider either the type of nanostructured fillers or the type of matrix in which the
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filler nanostructures are distributed. There are three primary categories of
nanocomposite coating, which are as follows [14]:

0D nanocomposite coatings consist of nanoparticles as fillers, which have
diameters in the nanoscale in all three dimensions.

1D nanocomposite coatings consist of nanotubes or whiskers as fillers, which
have dimensions on the nanoscale in two dimensions.

2D nanocomposite coatings consist of nanolayers as fillers, which have a
dimension in the nanometer scale. There are two types of matrices: Organic matrix
and inorganic matrix.

There are four primary categories of nanocomposite coating, classified based on
the combination of matrix and nanofiller:

Coatings are made of a combination of organic and inorganic materials, known
as organic/inorganic nanocomposite coatings (O/l hanocomposite coatings).

Coatings are made of a combination of organic materials, known as
organic/organic nanocomposite coatings (O/O nanocomposite coatings).

Coatings are made from a combination of inorganic and organic materials, known
as inorganic/organic nanocomposite coatings (/0 nanocomposite coatings).

Coatings are made from a combination of inorganic materials, known as
inorganic/inorganic nanocomposite coatings (I/1 nanocomposite coatings).

3.2. Exceptional characteristics of nano-coating

Thin films, nanoscale coatings, and nanostructured surfaces have extensive
applications across various industry sectors and serve as excellent illustrations of how
nanotechnology may enhance or disrupt existing technology sectors, as well as
generate new ones. Nano coatings offer notable performance benefits compared to
conventional coatings while also being more cost-effective in the medium to long run.
Nanostructured materials significantly enhance various properties, including
antimicrobial activity, product durability, thermal insulation, gloss preservation,
resistance to dirt and water, hardness, corrosion resistance, flame retardancy, stability
against ultraviolet radiation, improved energy efficiency, resistance to graffiti, self-
cleaning ability, moisture absorption, gloss preservation, and chemical and mechanical
properties.

3.3. Paper industry

The paper production business utilizes mechanical and chemical processes,
known as pulping, to transform various materials into different types of board goods
and paper [15]. Due to advancements in the paper industry, there has been an increased
focus on manufacturing high-quality paper in a cost-efficient manner [16]. The
ultimate characteristics of the paper, including its excellence, mass, sheen, evenness,
and decreased ink absorption, are significant [17—19]. By incorporating nanostructured
materials and small amounts of organic compounds into the paper formation, it is
anticipated that the qualities of the resulting paper will be improved.

Nanotechnology is employed to modify the production process in response to
shifts in resource-based and industrial knowledge, leading to corresponding
adjustments, with a significantly heightened focus on stability. The core of the work
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revolves around the utilization of nanofibers, nanofillers, nanocomposites, and
nanoscale compounds in paper applications. Scientists and researchers have been
interested in using nano-additives in the paper industry because they significantly
enhance the attributes of manufactured papers. These improvements include
mechanical strength, printability, glossiness, and gas barrier capabilities. The alleged
advantages of nano-additives are manifold, including a large surface area, strength,
low weight, high stiffness, and sustained sustainability. Nevertheless, the
implementation of nanotechnology in the paper sector has been hindered by several
obstacles, including elevated expenses, inadequate compatibility between materials,
and a gap in understanding.

The initial phase of the paper manufacturing process includes material
preparation, pulp production, pulp bleaching, paper production, and fiber recycling
[20]. The processed wood pulp, which may undergo bleaching if needed, is made as a
thin mixture with various additions, particularly fillers, to achieve the desired paper
quality.

Nanotechnology plays a crucial role in nearly all contemporary sectors, with a
focus on achieving high-quality and efficient market opportunities [21-23]. The
significant interest in the nanoscale range stems from the fact that nano additives
exhibit superior characteristics in comparison to their bulk counterparts [22].
Nanotechnology is currently at the forefront of driving global economic growth and
progress. Nano-scale techniques are widely used in various fields, offering insights
into promising advancements in materials, electronics, and systems [23,24]. Nano-
additives possessing distinctive benefits are anticipated to revolutionize the aspects of
controlled technology. In this context, nanotechnology primarily aims to exercise
control and manipulation over materials to achieve certain functionality.
Nanotechnology advancements offer gradual and progressive improvements [25] and
have recently become a valuable tool in various applications, including the pulp and
paper industry.

The distinctive benefits and characteristics of the paper can be enhanced by the
use of nano-additives. The progress in nanotechnology has led to the creation of
several nano-additives, which are the outcome of considerable research in the field of
nanotechnology. The size of nano-additives is substantial, as a result of many variables
[23-26]. The light scattering properties are influenced by nano-additives, gloss and
opacity, the calendaring process, the drying rate, and the ability of the paper to absorb
ink. The nanoparticles tend to agglomerate [27]. Obtaining bigger-diameter nano-
additives is challenging because of the limited specific surface area. For instance,
furnishings that contain nano-additives with microscopic particles have a larger
surface area that competes with the sizing agent, making them more resistant.

3.4. Switchable adhesives

Nano-based adhesive bonding incorporates the incorporation of nano-scale
particles, such as nano-fillers and nanocrystals, to enhance the strength, flexibility, and
durability of contemporary adhesives. These adhesive matrices, loaded with
nanoparticles, possess improved characteristics in comparison to traditional adhesives
[28-30].
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3.5. Nanofillers in adhesives

The adhesive matrices, which are infused with nanoparticles, exhibit enhanced
properties as compared to conventional adhesives. The use of nanofillers is an
effective method for improving the performance of these base polymers. Nanofillers
enhance the mechanical characteristics of polymeric adhesives, including their ability
to withstand cracks, resist wear, and prevent corrosion [31]. Several types of
nanofillers, such as nanoclays, carbon nanotubes, metal or metal oxide particles,
ceramic fillers, and cellulose nanomaterials (CNMs), have been studied for their
incorporation into polymeric adhesive nanocomposites. Studies have demonstrated
that CNMs are especially proficient in improving polymeric adhesive matrices.
Carbon nanomaterials (CNMs) possess the advantageous properties of reusability,
biodegradability, non-toxicity, and lower energy requirements during the
manufacturing process. An example of this is when the addition of 5 wt.% nano-silica
to an epoxy coating resulted in a 30% reduction in mass loss during abrasive tests.
Comparable enhancements were noted for acrylic adhesive composites reinforced with
CNM, specifically with a fiber loading of 10 wt.% [32].

Due to their excellent crystallinity and aspect ratios, CNCs are much sought after
as adhesive reinforcements. The use of CNCs in adhesive formulations enhances bond
strength and enhances the resistance to joint creep and stiffness. The nanocrystals’
high modulus of elasticity is crucial for improving the stiffness of the composite,
making it essential for structural applications. Nanostructured epoxy adhesives are
widely used because of their improved properties, including higher mechanical
strength, enhanced heat and chemical resistance, and reduced curing time. Nanoscale
materials enhance adhesion on uneven or rough surfaces as a result of their increased
surface area-to-volume ratio. The adhesives supplemented with nanomaterials
demonstrate a substantial enhancement in bonding strength, hardness, and durability.
Their ability to cure quickly is extremely beneficial in businesses that require fast
manufacturing procedures. In addition, the process of nano-structuring improves the
ability of these adhesives to withstand harsh chemicals and high temperatures, thereby
making them well-suited for challenging settings and maximizing their performance
for specific industrial uses.

3.6. Nano-based adhesives in aerospace

The aerospace sector actively utilizes nano-based adhesives because of their
exceptional tensile features, including fatigue resistance and improved mechanical
properties. Nonetheless, the effectiveness of their performance in aircraft and space
flight applications is heavily influenced by the specific nanoparticles or fillers utilized,
their dimensionality, and the fabrication procedures applied. Carbon fibers have been
integrated into adhesive epoxy matrices to provide lightweight and specialized
structural materials that are specifically designed for modern spacecraft. These
materials have demonstrated their suitability for use in aircraft applications (Table 2).
The utilization of nanoparticles of various shapes, including planar, tubular, and
spherical, in adhesives is a novel method for improving the characteristics of adhesive
connections in contemporary airplanes [33].
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Table 2. Potential application of nanoparticles in aerospace engineering.

Industry Nanopatrticles Nanoparticle-based conventional product/Potential area of application
Composite materials: Create lightweight, high-strength composites for structural
components.

Coatings: Provide corrosion resistance, thermal protection, and reduced friction.
Carbon nanotubes . . . . .
Graphene Energy storage: Batteries and supercapacitors to improve energy density and
Aerospace Nano clay POWET.
engineering Metal nanoparticles (e.g., silver, gold) Propulsion: Fuel additives, propulsion systems, and rocket engines.

Ceramic nanoparticles (e.g., silica,

alumina)

Sensors: Detecting temperature, pressure, and chemical changes.

Self-healing materials: Create materials that can self-heal cracks and damages.
Thermal management: Improve heat transfer and thermal management in
aerospace systems.

Radiation protection: Create lightweight radiation shielding materials.

3.7. The futuristic nano-based adhesives

Due to current progress in manufacturing, adhesives are constantly enhancing,
and the integration of nanoparticles is providing important characteristics. The present
emphasis is on employing ecologically sustainable techniques to improve
contemporary adhesives. Research in the field of bio-based adhesives enhanced with
nanofillers is showing great potential. Continued advancements are anticipated in the
realm of nano-based adhesives.

3.8. Magnetic fluids

The topic of magnetic soft materials is a rapidly growing interdisciplinary
scientific discipline that has developed in the past several decades. The tasks largely
involve condensed matter physics, magnetism, magnetic hydrodynamics, inorganic
and organic chemistry, colloid chemistry, computational and computer modeling,
acoustics, engineering, and applied sciences. Magnetically soft materials include
magnetic fluids, magnetic elastomers, and magnetic gels that contain magnetic
nanoparticles. These materials can be modified by adding different types of magnetic
or non-magnetic substances.

Traditionally, magnetic fluids (MFs) were at the forefront, consisting of a
colloidal system where nanoparticles coated with magnetic material were dispersed in
a liquid medium. The magnetic fluid contains single-domain superparamagnetic
nanoparticles, which are typically approximately 10 nm in size. The early materials
mentioned here are recognized as the forerunners of intelligent nano-dispersed
materials [34,35]. These materials have been extensively studied in scientific literature
[36-38] and are used in a wide range of devices and technologies [39—42]. Magnetic
fluid possesses a distinctive blend of fluidity and the capacity to react to an external
magnetic field. As a result, it has been used in seals [40], controlled shock absorbers
[39], diverse sensors [41], and acoustic systems [42]. The significant advancements in
nanotechnology and the capacity to create materials and structures have allowed for
the development of magnetic fluids as multiphase systems. In this particular situation,
magnetic nanoparticles work as separate components with a regulated arrangement
that can experience modifications on their surface with the help of particular
surfactants. These modifications allow them to engage preferentially with specific
biological entities or organic molecules [43].
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A nano-dispersive magnetic fluid is a colloidal system consisting of magnetic
nanoparticles (MNPs) with diameters ranging from 5 to 20 nm. The MNPs are covered
with a stabilizing shell of a surfactant dispersed within a liquid carrier. Investigation
and Academic Curiosity Surrounding Nano-Disperse Magnetic Fluids Article [44]
provides a comprehensive explanation of the mechanism by which stable colloids are
created from magnetic nanoparticles, which usually have a diameter of approximately
10 nm or greater. The name “magnetic fluids” was initially used to refer to these
colloids [44], and their dynamics were referred to as ferrohydrodynamics [45].
Magnetic fluids are distinct materials that are artificially produced. Magnetostatic
bacteria can detect magnetic nanoparticles (MNPs) [46], but there are currently no
stable liquid systems that display ferromagnetic characteristics. During the early 19th
century, renowned physicists Michael Faraday and Thomas J. Seebeck conducted
research on the behavior of magnetic dust when subjected to external magnetic fields
[47]. The system under investigation was characterized by instability and exhibited
rapid settling. EImore subsequently conducted measurements of the magnetization
curves of micro-sized particles that were scattered in a carrier liquid [48]. The
synthesis of magnetic fluids, as now investigated, originated in the United States
approximately 60 years ago [34]. They were recognized as groundbreaking artificial
nano-dispersed material and became the focus of scientific investigation [35].
Magnetic fluids have been utilized in much technical equipment [35,49,50], even
before the word ‘nanotechnology’ was coined [51].

Nanotechnology has been evolving over the past 15 years, sparking renewed
interest in magnetic fluids. Researchers have started viewing magnetic fluid from a
different perspective. Currently, magnetic fluid is recognized as a multiphase system
where magnetic nanoparticles exist as distinct elements with controlled structures and
properties. Magnetic fluid and magnetic nanoparticles find numerous applications,
particularly Magnetic fluid and magnetic nanoparticles find numerous applications,
particularly in the field of biomedicine [52-54]. These particles serve as contrast
agents in magnetic resonance imaging [55,56]. Researchers are actively investigating
interactions between particles, the formation of chain aggregates and flexible clusters,
and the impact of the microstructure on the macroscopic properties of magnetic fluid
through both experimental and theoretical studies [57,58]. The development of
magneto-fluidic systems has made it possible to significantly alter viscosity under the
influence of an external magnetic field, showcasing a giant magneto-viscous effect.

Presently, the exploration of magneto-fluidic systems constitutes a
multidisciplinary field, encompassing condensed matter physics, magnetism,
hydrodynamics, inorganic and organic chemistry, colloidal chemistry, computational
and computer modeling, acoustics, engineering, and applied sciences. Positive
anisotropic MNPs are achieved through extensive efforts in refining production
methods that control the material, size, shape, structure, and modification of the MNP
surface [59-61].

4. Nanoengineered materials for the Engineering industry

Table 3 describes the potential application of nanoparticle mechanical
engineering.
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Table 3. Potential application of nanoparticles mechanical engineering.

Industry

Nanoparticles

Application

Nanoparticle-based traditional product/Potential
area of application

Mechanical
engineering

Titanium dioxide (TiO2)
Zinc oxide (ZnO)

iron oxide (Fe203)
carbon nanotubes (CNTSs)
Graphene

Silver (Ag)

Gold (Au)

Water treatment plants

Air pollution control systems
Soil remediation sites
Wastewater treatment plants
Environmental monitoring
systems

Water Treatment:

Nanoscale’s Water Treatment Systems
(Nanoscale Corporation)

Nanostellar’s Water Treatment Catalysts
(Nanostellar Inc.)

Altair’s Water Treatment Membranes (Altair
Nanotechnologies Inc.)

Auir Pollution Control:

Nanohmics’ Air Pollution Control Systems
(Nanohmics Inc.)

Nanoscale’s Air Pollution Control Catalysts
(Nanoscale Corporation)

Komatsu’s Air Pollution Control Filters
(Komatsu Ltd.)

Soil Remediation:

Nano remediation’s Soil Remediation Systems
(Nano remediation Inc.)

Nanostellar’s Soil Remediation Catalysts
(Nanostellar Inc.)

Altair’s Soil Remediation Membranes (Altair
Nanotechnologies Inc.)

Wastewater Treatment:

. Nanoscale’s Wastewater Treatment Systems
(Nanoscale Corporation)

. Nanostellar’s Wastewater Treatment Catalysts
(Nanostellar Inc.)

. Nanohmics’ Wastewater Treatment
Membranes (Nanohmics Inc.)

Environmental Monitoring:

. Nano sensor’s Environmental Monitoring
Systems (Nano sensor Inc.)

. Nanostellar’s Environmental Monitoring
Sensors (Nanostellar Inc.)

. Altair’s Environmental Monitoring
Membranes (Altair Nanotechnologies Inc.)

4.1. Wear protection for tools and machines

Nanocoating for external protection and building in addition to acting as
corrosion inhibitors for reinforced steel, nanomaterials are especially well suited to
shield the surfaces of many building materials, including glass, concrete, sand,
limestone, and marble, from environmental factors like water staining, moss, and algae
as well as soot and oil stains. Commercially available paints and surface coatings
produce a low-energy face, making a building’s surface extremely hydro and
oleophobic, extending maintenance cycles and requiring less cleaning. The most
common uses in the building and external protection sectors are photocatalytic
coatings and dirt-repellent protective paints. Building upkeep is greatly hampered by
dirt collection (buildup) on building exteriors. Typically, high-pressure water jets,
scrubbing, wiping, and detergents are used to clean these types of building surfaces.
These procedures have several drawbacks, including the need for chemical detergents,
significant energy use, and labor costs. High maintenance costs follow naturally from
this, which is why an efficient self-cleaning coating is preferred. Anti-fouling and
easily cleanable coatings are manufactured by several major international corporations,
such as Evonik Degussa, Dupont, Schott, 3M, and Corning, for a range of applications.

10



Characterization and Application of Nanomaterials 2025, 8(2), 10834.

Recently, photocatalytic self-cleaning coatings have been developed. Titanium
dioxide (TiO2) has drawn a lot of interest from the industry. TiO, has two special
qualities that it can achieve with the help of minimal UV light from a fluorescence
source or sunshine.

e  Strong oxidation power, and,

e Super hydrophilicity.

Strong oxidation power can be utilized to eliminate odors from toilet stains and
kill microorganisms that have attached themselves to the wall (commercially available
products include TiO-coated glass and tile). When a coating of this kind is put on
external surfaces, its superhydrophilic qualities facilitate the easy removal of dirt and
stains with water or sunlight. Because nanoparticle TiO, self-cleaning coatings
eliminate the need for expensive surface cleaning, they are especially beneficial for
skyscraper maintenance. By lowering the quantity of volatile organic compounds and
other hazardous chemicals that people are exposed to in hotels, restaurants,
commercial buildings, university laboratories, hospitals, and homes, photocatalyst
coatings are also used to enhance indoor air quality. Because of their non-stick
gualities, nano coatings make surfaces both inside and outside less stained and easier
to clean. Because of their anti-graffiti qualities, stains like graffiti that formerly
required thorough cleaning can be removed with a high-pressure hose.

Table 4. Potential application of nanoparticles biomedical engineering.

Nanoparticle-based traditional products/Potential area

Industry Nanoparticles Application area of application
Drug delivery systems: To release drugs in a controlled
manner, reducing side effects and improving efficacy.
Liposomes Diagnostic imaging: As contrast agents for MRI, CT, and
Polymeric nanoparticles Cancer diagnosis and treatment PET scans, improving image resolution and accuracy.
(e.g., PLGA, PEG) Neurological disorders (e.g., Biosensors: To detect biomarkers for diseases, such as
Metallic nanoparticles Alzheimer’s, Parkinson’s) cancer, diabetes, and infectious diseases.
Biomedical (e.g., gold, silver, iron Cardic_Jvascu_Iar disease Tissue en_gineering: T_o create scaffolds for tissue
engineering oxide) Infectious diseases (e.g., HIV, regeneration and repair.
Ceramic nanoparticles tuberculosis) Wound healing: To create dressings that promote wound
(e.g., silica, alumina) Ophthalmic applications (e.g., healing and tissue repair.
Quantum dots glaucoma, age-related macular Implantable devices: To improve the biocompatibility and
Carbon nanotubes degeneration) functionality of implantable devices, such as pacemakers
Graphene oxide and prosthetics.

Cancer treatment: To deliver chemotherapy directly to
cancer cells, reducing side effects and improving efficacy.

Commercially available are water-based, volatile organic compound (VOC)-free,
transparent impregnating nanoparticle wood coatings with nanoscale UV absorbers.
They offer enhanced water repellence, lower efflorescence, and noticeably better
abrasion resistance. They are intended for use on masonry and concrete surfaces. New
and creative coating applications are mostly driven by nanotechnology, and
nanocoatings have seen significant growth in the last several years. High transparency,
novel features, and high-quality performance are becoming more and more crucial
needs in the coatings industry. However, protection from ice, pollutants, UV light, fire,
heat, bacteria, marine life, touch, and corrosion is the main benefit that nanostructured
coatings offer. These elements can be extremely dangerous to the public’s health and
cost the worldwide industry billions of dollars in lost production, maintenance, and

11
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downtime annually. For instance, worldwide, direct corrosion expenses represent 3%-—

4% of a nation’s GDP. Extraordinary attributes Nanostructured surfaces, thin films,

and nanoscale coatings are extensively used in several industry domains and serve as

excellent illustrations of how nanotechnology may advance, upend, or even create new

technology sectors. In the medium to long term, nano-coating is more cost-effective

than standard coatings and exhibits notable performance advantages. Some

applications of nanoparticles Biomedical engineering is mentioned in Table 4.
Nanostructured materials significantly improve a variety of properties, including

antimicrobial, product longevity, heat insulation, gloss retention, dirt and water

repellency, hardness, corrosion resistance, flame retardancy, stability against

ultraviolet radiation, improved energy efficiency, anti-graffiti, self-cleaning, moisture

absorbing, gloss retention, and chemical and mechanical properties. Primary markets

for coatings with nanostructures are:

e  Medical supplies (both long-term and short-term reusables).

e  Producing food, leather and textiles.

e  Coatings for Marine Use.

e  Treatment of water.

e  Taking care of the home.

e  Building.

e  Transport/Automobile.

e  Engineering & Tools.

e  Energy.

4.2. Lubricant-free bearings

Nanoparticles can be particularly useful as lubricating additives in lowering
friction and preventing wear. The tribological characteristics of TiO, nanoparticles are
good [62-67]. To comprehensively investigate the impact of particle size and shape
on friction qualities, Hwang and Kalyani dispersed different carbon-based particles in
mineral oil [68,69]. Numerous organic substances, including oxygen, nitrogen, sulfur,
halogens, phosphorus, and sulfur, have been employed as anti-wear additives. Under
lubricating circumstances, additives containing active elements are adsorbed on the
metal’s contact surface and form a tribochemical film. By lowering wear and friction,
Kalyani, Zhou, and Tomala increased machine efficiency [70—72]. To reduce wear and
friction under boundary lubrication conditions, Rabaso and Rapoport incorporated
inorganic fullerene (IF) nanoparticles into their lubricants [73,74]. Pena-paras
investigated the impact of AlOs and CuO nanoparticles on the load capacity and
tribological characteristics of the GL4 and PAO 8 oils, respectively [75]. According
to Liu’s investigation of the mending properties of copper nanoparticles on contact
surfaces, these particles indeed exhibit a very good mending effect [76].

Lee discovered that the lubrication enhancement of nano-oil was greatly
enhanced by nanoparticles distributed in the mineral oil; the friction coefficient of the
disc specimen submerged in the nano-oil was significantly lower than that of the disc
specimen submerged in the mineral oil [77]. Hu produced the nanoparticles and carried
out the experiment; the outcomes demonstrated that the addition of nanoparticles
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Table 5.

enhanced the 500 SN base oil’s wear resistance and load-carrying capability while
lowering its coefficient of friction [78].

Researchers have found SiO; to be a valuable common nanoparticle due to its
superior controllability, dispersion, and confined distribution range. The tribological
characteristics and anti-wear mechanism of water-based lubricants containing SiO;
nanoparticles were studied by Wang and Zhu [79,80]. However, the relationship
between surface roughness and nanoparticles has not been thoroughly examined.
Peng’s objective was to investigate the tribological characteristics of liquid paraffin,
including SiO, nanoparticles as additives. The findings suggest that liquid paraffin
containing appropriate quantities of SiO, nanoparticles exhibits superior tribological
qualities in comparison to pure paraffin oil [81].

5. Nanoengineered materials for electronic industry

Electronic paper, Field Emission Displays (FEDs), Organic LEDs (OLEDs), and
electronic devices are the three main types of display technologies, which are the
visual devices used to display digital information, images, and videos (Table 5).

Potential application of nanoparticle electronics engineering.

Industry

Nanopatrticles

Application area Nanoparticle-based traditional product/Potential area of application

Electronics engineering

Silver

Gold

Copper
Carbon nanotu
Graphene

Cadmium selenide

Zinc oxide
Titanium dioxi

Conductive Inks:

. DuPont’s Silver Nanoparticle Ink (DuPont)

. Cabot’s Silver Nanoparticle Ink (Cabot Corporation)

. Nanograde’s Copper Nanoparticle Ink (Nanograde Ltd.)
Displays:

. Samsung’s Quantum Dot Technology (Samsung Electronics)
. LG’s Nano Cell Technology (LG Electronics)

. Nanosys’ Quantum Dot Technology (Nanosys Inc.)

Solar Cells:

. Nanosolar’s Solar Cells (Nanosolar Inc.)

. Solarmer’s Solar Cells (Solarmer Energy Inc.)

. Nanoco’s Quantum Dot Solar Cells (Nanoco Group plc)
Memory Devices:

. Micron’s Phase Change Memory (Micron Technology Inc.)

Smartphones . Samsung’s Phase Change Memory (Samsung Electronics)
Laptops . Intel’s Phase Change Memory (Intel Corporation)
bes Tablets Sensors: N B
Smartwatches . Sensirion’s Gas Sensors (Sensirion AG)
Televisions . ABB’s Temperature Sensors (ABB Ltd.)
Solar panels . Nanosensor’s Biosensors (Nanosensor Inc.)

de Energy storage systems Energy Storage:
. Tesla’s Battery Electrodes (Tesla Inc.)
. LG Chem’s Battery Electrodes (LG Chem Ltd.)
. Nanotech’s Battery Electrodes (Nanotech Industries Inc.)
Thermal Management:
. Nanocool’s Thermal Interface Materials (Nanocool Inc.)
. Indium’s Thermal Interface Materials (Indium Corporation)
. Nanotherm’s Thermal Interface Materials (Nanotherm Ltd.)
Printed Circuit Boards:
. Dupont’s Conductive Inks for PCBs (DuPont)
. Fujikura’s Conductive Inks for PCBs (Fujikura Ltd.)
. Nanograde’s Conductive Inks for PCBs (Nanograde Ltd.)
Semiconductors:
. Intel’s Transistors
. IBM’s Transistors
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More sophisticated, superior, and energy-efficient displays are made possible by
the research and manufacturing of display technologies, which heavily rely on
nanotechnology. Through careful engineering of materials at the nanoscale, scientists
and engineers can attain enhanced performance and novel capabilities that are
unattainable with traditional materials and production techniques. One kind of display
technology that produces light using organic materials is called an organic LED.
OLED:s are perfect for televisions, mobile devices, and other applications because they
are thin, flexible, and have great contrast, quick response times, and wide viewing
angles. Nanotechnology is employed to develop the organic materials in OLED
displays that make images and emit light. Organic materials at the nanoscale are
carefully designed to release light when an electric current is applied.

E-paper, or electronic paper, is a term for a kind of display technology that
simulates the look of regular ink on paper. Because they are high contrast, low power
consumption, and reflective, e-paper displays are perfect for wearable technology,
digital signage, and e-readers, among other applications. To create electronic inks for
e-paper displays, nanotechnology is employed. These inks can show text and images
because they contain nanoparticles that, when exposed to an electric field, can change
color. A sort of display technology called Field Emission Displays (FEDs) employs
electron emitters to produce images on a screen. FEDs are the perfect choice for
applications like projectors and large screen displays since they are light, thin, and
have high brightness, quick reaction times, and wide viewing angles. Nanotechnology
is utilized in Field Emission Displays to construct the electron emitters that generate
images.

All things considered, display technologies have advanced significantly in recent
years and are still developing, giving consumers a wider variety of choices for visual
display.

5.1. Advanced OLETs and OLEDs

Organic light-emitting diodes, or OLEDs, hold great potential for a variety of
useful uses. OLED technology is already utilized in small electronic device displays
found in digital cameras, MP3 players, mobile phones, and some TV screens. It is
based on the phenomenon that some organic materials generate light when fed by an
electric current. Large-scale organic solar cells, windows that might be utilized as
nighttime light sources, and ultra-flat, extremely bright, and power-saving OLED
televisions are all achievable with more affordable and efficient OLED technology.

An OLED’s emissive electroluminescent layer is made up of a thin layer of
organic chemicals, as opposed to ordinary LEDs. OLEDs are very appealing since
they don’t need a backlight, which means they use less electricity to run. Moreover,
because they’re thinner than similar LEDs, they can be printed on nearly any surface.
Nanomaterials and nanofabrication techniques are applied in the production of OLEDs
in two areas: Transparent electrodes (where thin-film carbon nanotubes are becoming
more and more popular) and coatings based on nanoparticles that are used to pack
OLEDs to protect them from environmental damages (such water). Techniques for
depositing materials based on nanoparticles may also be able to tackle unresolved
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problems with OLED manufacture, such as material damage, yield, and thickness
uniformity.

Furthermore, a completely new design for OLEDs with a transparent conductor
made of a few manometers of graphene has just been devised by researchers. This
made it possible to produce OLEDs in big quantities at minimal cost on flexible plastic
substrates that could be virtually put anywhere and rolled up like wallpaper. However,
photon loss and exciton quenching still restrict the brightness and efficiency of
OLEDs. Organic light-emitting transistors (OLETS) are substitute planar light sources
that integrate an electroluminescent device’s and a thin-film transistor’s switching
mechanism into a single architecture. OLETS therefore have the potential to usher in
a new age in organic optoelectronics and act as experimental platforms for addressing
broader basic optoelectronic and photonic problems.

5.2. Quantum dot LEDs, or QLEDs

One of the most promising optoelectronic materials, quantum dots (QDs), will be
at the heart of next-generation displays due to their unique physical features and ability
to be both photoactive (photoluminescent) and electroactive (electroluminescent).
QD-based materials have cheaper manufacturing costs, longer lifetimes, purer hues,
and lower power consumption than organic luminescent materials used in organic
light-emitting diodes (OLEDs). Because QDs can be deposited on almost any substrate,
you may expect printable, flexible, and even rollable displays of all sizes. This is
another important benefit of quantum dot displays. An example of a passive matrix
guantum dot light-emitting diode (QLED) display that is fully integrated with flexible
electronics has been demonstrated by researchers.

5.3. Digital paper

Electronic paper reflects light like regular paper and can keep text and images
endlessly without draining electricity, unlike standard flat panel displays that utilize a
power-hungry backlight to illuminate their pixels. It also allows for image
modification afterward. Electrophoretic displays are regarded as leading instances of
the electronic paper category because of their ability to be manufactured on thin,
flexible substrates and because of the way they resemble paper. There are currently
commercially available electrophoretic displays, such as those found in the Sony
Reader and Kindle; however, they are primarily black and white at this time. Color
displays continue to have problems with quality and pricing. Researchers studying
nanotechnology have demonstrated that organic ink nanoparticles may be able to
improve the process of making electronic ink, leading to the production of e-paper
with better brightness, a better contrast ratio, and a more affordable manufacturing
cost.

5.4. Field-based emission displays

To develop a new type of vast area, high-resolution, low-cost flat panel displays,
researchers have resorted to carbon nanotubes. Some predict that the largest challenge
to LCD’s hegemony in the panel display market will come from field emission display
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(FED) technology, which uses carbon nanotubes (CNT) as an electron emitter. FED is
also the preferred technology for ultra-high-resolution, wide-screen televisions.

FEDs can be thought of as a cross between liquid crystal displays (LCD) and
cathode ray tube (CRT) televisions. By combining the dot matrix cellular structure of
LCDs with the proven cathode-anode-phosphor technology found in full-sized CRTSs,
they profit from this technology. To produce colored light, the grid-mounted electron
emitters are individually controlled by “cold” cathodes (in contrast to regular CRTSs,
which boil off electrons by heating the cathode). The narrow panel of today’s LCD is
made feasible by field emission display technology, which also gives a broader field
of view, great image quality comparable to that of CRT displays, and lower power
consumption.

5.5. Optical switch

The development of an ultra-fast and ultra-small optical switch could hasten the
day when photons take the place of electrons in consumer goods like cell phones and
cars. Trillions of times every second, the new optical technology may be turned on and
off. It is made up of discrete switches with diameters of just 200 nanometers, or one-
fifth the width of a human hair. This size is significantly smaller than the optical
switches of the current generation, and it readily overcomes one of the main
technological obstacles to the widespread use of light-detecting and light-controlling
electrical devices: The shrinking of ultrafast optical switch sizes.

A manmade substance with features not seen in nature is used to make the
ultrafast switch. In this instance, the “metamaterial” is made up of nanoscale vanadium
dioxide (VOy) particles, which are coated with a “nanomesh” of minute gold
nanoparticles and deposited on a glass substrate. VO, is a crystalline solid that can
rapidly transition between an opaque, metallic phase and a transparent,
semiconducting phase. The vanadium dioxide undergoes a phase change in a few
trillionths of a second when hot electrons from an ultrafast laser are briefly exposed to
the gold nanomesh. This process is attributed to the scientists.

5.6. Filters (IR-blocking)

Preventing infrared radiation from affecting a detector’s performance is crucial.
Metal-mesh infrared-blocking filters have been developed as a highly efficient
solution to overcome this problem for superconducting tunnel junction particle
detectors. One of the better structures in this type is formed by freestanding Cr/Cu
films that are 590 nm thick, a tiny membrane, and a sequence of circular holes that
have a diameter of roughly 2 pm. A transmission of 300 K radiation is just 1%,
according to the data transmission efficiency. From an alternative perspective, the ion
transmission efficiency is close to 20%, which is consistent with values that are
predicted geometrically. Because they can simultaneously analyze and elucidate ion
charge states and mass values through kinetic energy measurement, superconducting
particle detectors are thought to be extremely advantageous for mass spectrometry
applications. This is not possible with traditional ion detectors like ion multipliers or
microchannel plates. The quality of shielding radiation is essentially the main
technology in mass spectroscopy using a cryogenic particle detector. In particular,
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until atoms or molecules may be received on the detector, there must be an open
chamber for a flight path. As a result, when operating in a linear mode, the detector
under cryogenic circumstances is exposed to 300,000 blackbody radiation throughout
the flight. As a result, in the absence of radiation protection measures, the performance
of cryogenic detectors based on superconducting materials is significantly impacted
[82].

5.7. Antistatic and conductive coatings

Using advances in plastic anti-static coatings, OCSiAl created a concentrated
graphene nanotube that offers thermoplastics-specific conductivity for electrostatic
painting, allowing automakers to reduce costs by streamlining the painting procedure.
The powder coatings created by Erie Powder Coatings in Canada utilizing TUBALL
graphene nanotubes from OCSIAl are an additional illustration of an efficient anti-
static coating for plastic materials. These coatings exhibit high resistance,
conductivity, and static dissipative qualities, which eventually improve aesthetic
performance.

Taking a closer look at anti-static coatings and additives for resins, anti-static
resin flooring commonly seen in workplaces and factories, serves as an example. To
prevent ESD, an anti-static resin coating is added to the flooring, which either inhibits
or redirects electrical charges or produces no electrical charge at all. This eventually
saves lives and is crucial in industry, especially in settings where volatile materials are
used. Rubber anti-static matting and sheeting used in the electronics sector and the
flooring business are two examples of industrial anti-static agents. Because graphene
nanotubes may function at low working dosages while maintaining or enhancing the
characteristics of rubber, they hold considerable promise as anti-static agents. The use
of single-walled carbon nanotubes in static control flooring has several advantages,
including increased quality and cost-effectiveness. Moreover, because they occupy
less space in the coating, more materials with even more desirable qualities can be
applied.

6. Nanoengineered materials for the construction industry

The construction sector is attracted to the remarkable features and characteristics
of these materials. Although they are modest in size, they are well recognized and
esteemed for their extremely commendable qualities in practically every domain
nowadays. Nanomaterials are being extensively utilized in the construction industry,
alongside other fields. They not only assist in the construction operations but also
serve as a means of eliminating the spread of toxicity that occurs thereafter. Nanografi
enhances the characteristics of construction materials by using nanotechnology, hence
advancing the creation of cutting-edge materials.

The features of nanomaterials are exceptionally distinctive, encompassing both
their physical and chemical characteristics. The materials at large and tiny scales
exhibit significant differences due to the challenges faced by particles of such sizes in
identifying their physical and chemical properties. The key factors include the obvious
features such as the shape, size, surface qualities, and inner structure. They can also
be referred to as aerosols, which encompass both solids and liquids suspended in the
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air. Additionally, they can be described as suspensions, indicating the presence of
particles in liquids, and emulsions, which are mixtures of liquids. By introducing other
substances, the characteristics of these materials can be modified and potentially
impeded by certain deviations.

Creating a single nanoparticle requires a high level of intricacy, making the
process of assembling one quite challenging. The interaction or combination of
chemicals or particles is determined by their specific properties. The chemical
processes they are involved in are mostly unknown due to their complexity and the
need for meticulous attention and keen observations. Nanomaterials exhibit a wide
range of distinct modes of interaction, both among themselves and with other
substances. The decision to live freely or in groups lies entirely with them, contingent
upon the nature of the forces acting upon them, which can be either enticing or
repellent. Characterizing them is challenging due to their intricate relationships and
the presence of dynamic factors. An inherent characteristic of hanomaterials is their
ability to maintain a stacked arrangement when suspended in a gas, as opposed to when
they are in a liquid form.

6.1. Applications of nanomaterials in the construction sector

Nanomaterials have made significant inroads into the construction industry,
resulting in a profound transformation of products, services, and sectors, including
construction. Recording the effects or impacts that they have on the environment and
humans is of utmost importance.

The potential application of nanoparticles in civil engineering is shown in Table

Table 6. Potential application of nanoparticles civil engineering.

Industry

Nanoparticles

s Nanoparticle-based traditional product/Potential area of
Application area

application
Nanocrete: A concrete additive that improves strength and
durability.
Nano-sealants: Sealants that use nanoparticles to provide improved
water resistance and durability.
DuraBuild: A coating that protects concrete from corrosion and
degradation.
Nano-silica Buildings and bridges NanoGuard: Treatment that improves the durability of asphalt
Nano-alumina Highways and pavements pavements. . . . .
o Nano-titania Water treatment plants SmartCoat: Coating that provides self-healing properties for
p
Civil Nano-iron oxide Dams and canals concrete structures.
engineering NanoCem: A cement additive that improves strength and

Carbon nanotubes
Graphene oxide
Nano-clay

Environmental remediation
Geotechnical engineering
Structural health monitoring

sustainability.

AquaShield: A water treatment system that removes contaminants
and improves water quality.

NanoSensors: Sensors that monitor structural health and detect
environmental changes.

EcoPave: An asphalt additive that improves durability and reduces
environmental impact.

NanoCon: A concrete additive that improves strength and reduces
shrinkage.

Nanomaterials offer numerous advantages to the construction industry, and their
remarkable ability to safeguard the ecosystem is remarkable. Nanomaterials possess a
very small size, which enhances their performance in various areas such as catalysis,
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conductivity, magnetism, mechanical strength, and optical sensitivity. These
properties contribute to a diverse variety of applications and are highly suitable for use
in the construction sector and its associated operations. Hardened mixture of cement,
sand, and water used in construction.

Concrete is one of the many applications of nanomaterials in the realm of
building. Concrete exhibits the largest annual production among all other materials,
mostly due to the incorporation of carbon nanotubes (CNTs) and nanosized SiOa.
These additives significantly improve the concrete mixture, including both the binding
phase and the aggregates. Concrete contains a significant quantity of nanoparticles,
which enhances its suitability for use in the building industry. Although their
weightage is rather little, the collective impact of all the nanomaterials significantly
influences the overall criterion and the scenario itself [83,84].

Steel is a versatile material that is commonly utilized in the construction industry
for building structures and bridges. These encounter hurdles in terms of strength,
resistance, and formability. This is attributed to their incorporation into the realm of
metal nanoparticles (NPS). In addition, copper particles are utilized to reduce surface
roughness, hence enhancing anti-corrosion properties.

Transparent material is used to cover openings in buildings, allowing light to
enter while keeping out the elements. Window glass, like concrete and steel, can serve
several purposes when TiO. and SiO. nanoparticles are added. By applying a
photochemical method, TiO, nanoparticles can be coated onto windows. This coating
enables the nanoparticles to effectively react with sunshine and indoor light, resulting
in the elimination of dirt and bacterial films, if present. The silica layers or sheets, in
the form of nanoparticles, are utilized to make windows fireproof and are quite
reliable. The extensive promotion of nanoparticles is attributed to their properties and
many factors [85].

Reducing the impact on the environment: While there are certainly advantages,
it is important to acknowledge that there are also potential negative consequences
associated with the products and materials employed in this particular industry.
Nevertheless, nanoparticles exist in the form of nano-electromechanical and micro-
electromechanical systems (NEMS and MEMS). These sensors are composed of either
nano- or micro-sized materials, which have recently received significant interest.
Nanomaterials are extensively employed to safeguard both the environment and
humans from potential harm resulting from excessive use. It is worth noting that
nanomaterials themselves serve as a protective measure to mitigate adverse
environmental effects.

6.2. Nanomaterial-enriched concrete

Common nanomaterials used in concrete to improve density, strength, and
ultimately fire resistance include silica, titanium dioxide, iron oxide, and carbon
nanotubes [86-88]. Concrete is made denser and less porous by adding silica particles
to fill the spaces between the cement grains. Increased mechanical strength is the
outcome of this [88]. Silica fume and nano-silica, sometimes referred to as “fumed
silica”, are the two forms of nanoparticles used in concrete [89]. Concrete that is self-
cleaning and toxin-free can benefit from the use of nanosized titanium dioxide [87].
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Abrasion resistance and compressive strength can be increased by using iron oxide
nanoparticles [88]. It has been determined that the presence of carbon nanotubes
(CNTSs) in concrete can result in robust, electrically conductive, and self-healing
concrete [87]. The use of nanomaterials to help with post-fire curing of concrete that
improves the capability to recover strength post-fire event [90,91] is a novel and
promising development in nanotechnology in concrete. Using carbon nanotubes or
carbon black nanoparticles, these nanoparticles can impart self-sensing properties that
have implications for better assessing a building’s structural safety during or after a
fire [92-94].

6.3. Advanced glass and windows

Glass can have its insulating, self-cleaning, and fire-resistant qualities enhanced
by a nanomaterial layer [86,87]. Another kind of nanomodified material is fire safety
glass, which forms an intumescent layer between two glass plates and can offer high
levels of fire protection by utilizing either nano-silica or silica fume [86,87]. The
intumescent layer offers a high degree of integrity and insulation during a fire by
expanding and becoming opaque. For more than 30 years, this kind of glass has been
available, although mostly for applications requiring a high degree of thermal
insulation, including escape routes [86].

6.4. Nanomaterials for insulation

Aerogels based on silica are excellent thermal insulators that can be utilized in
vacuum-insulated panels, translucent windows, and insulation blankets [89]. These
materials are not commonly utilized and are expensive to produce [86,87]. One more
thing preventing them from being widely used is their low mechanical strength [95].
However, as demand for energy-efficient building materials rises, costs may be
lowered with better production techniques and scale. Although the application of
nanotechnology as an insulator depends on its capacity to lower the thermal
conductivity of the building material, some applications of nanomaterials in
construction may raise thermal conductivity, which could be dangerous in the event
of fire protection unless the material composite additionally possesses fire-retardant
gualities.

6.5. Advanced steel

Steel can have nanomaterials integrated into its construction or applied as a nano-
coating. The use of coatings and hanocomposite polymers on steel structures can lower
the warmth and enhance fire resistance [96]. Through the process of refining materials
to the nanoscale and eliminating impurities such as carbides, steel is enhanced in
strength, corrosion resistance, and tensile strength, which can reach 100 times that of
regular steel [96]. According to manufacturers, employing nanomaterial in steel is
more cost-effective and equally effective than using stainless steel. More efficient than
more conventional techniques for shielding steel against corrosion, like coated with
epoxy [86]. Steel constructions lose some of their strength and stiffness when exposed
to high temperatures. Structural steelwork typically needs fire-resistant materials, such
as cement-based sprays, boards, batt materials, and intumescent coatings, to protect
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occupants and minimize loss; however, steel coatings often lose their endurance [97].
Nanomaterials with Good fire resistance can be achieved with structural steel [97,98].
When a structure reaches a critical temperature in a fire, it may collapse. Better steel
integrity can guarantee the integrity of the structure both during and after a fire,
making it safer for rescue personnel. This would offer inhabitants more time to leave
during a fire and cause less harm to property.

6.6. Nano-coated wood

In North America, wood is the most often used building material for residential
construction and one of the most extensively used building materials overall. As a
building material, timber has excellent mechanical qualities, and if forest resources are
maintained well, they can be an endless renewable supply with the capacity to store
atmospheric carbon for lengthy times if the lifespan of timber goods is prolonged [99].
Nevertheless, wood is a little more durable and fireproof than non-renewable building
materials like steel and concrete. Untreated wood burns quite easily. Building
standards restrict the use of wood in residential buildings because, unless it is coated
with fire-resistant materials, it has a low fire resistance. Conventional chemical fire
retardants can be used to increase fire resistance. Still, conventional fire-resistant
coatings can release harmful gas [100]. The substances are connected with dangers to
the environment and human health, and they are less effective than nanomaterials
found in wood composites or nanocoatings consisting of SiO, and TiO, oxides and
nanoclay [101]. Better technologies are required because most fire-retardant coatings
are not very resistant to weathering and environmental influences [102]. The
APP/PER/MA intumescent method for wood discovered is the most dependable and
financially feasible, and evidence suggests it could be improved with the production
of nano clay, nanostructured carbon [100], or amorphous silicon dioxide. Researchers
have developed nano-coatings that can offer fire-resistant qualities without
endangering human health, and they are working on nanotechnology wood coatings
that have bestowed on wood fire-resistant qualities [103-107]. One intriguing
breakthrough in a wood structure fire safety measure is the hydrothermal synthesis of
MnFe,0, onto the wooden surface, producing an electromagnetic wave-absorbing and
fire-resistant layer covering [108]. From a safety standpoint, this could be a good
alternative because manganese ferrite is already used in medications based on
nanoparticles and is soluble, meaning it won’t stay in the respiratory system if ingested,
and there’s proof that the body can get rid of it without harming any organs [109]. The
application of an environmentally friendly polyelectrolyte complex that gives wood
self-extinguishing and fire resistance when coated is another intriguing, advanced
behavior, a longer igniting period, and a lower peak heat release rate [110]. This layer
enhanced the wood’s strength as well. These prospective innovations in building
materials could have a significant positive impact on society by making wood more
fire-resistant, which can save financial loss and avoid injuries and fatalities. In all
things considered, using nanoparticles in wood construction can make fire-resistant
building materials better and more sustainable, but further study is required to fully
comprehend their lifetime and toxicological consequences.
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6.7. Nanocomposites and nanocoating in architectural materials

A variety of architectural materials can be coated with nano-coatings. They create
an intumescent coating on drywall and paint. The intumescent layer charges when it
comes into contact with heat. Because char is a poor conductor, it provides better fire
protection for the substance behind it, acting as a fire retardant. It was discovered that
adding nano- and micron-sized boron nitride (BN) as fillers to fire-resistant coatings
improved the coatings’ thermal stability, particularly at high temperatures [111].
Wang et al. [98] compared the expanding and char structure of organic and inorganic
intumescent coatings and discovered that while organic intumescent coatings produce
smoke and solvent-toxic gas during a fire, they also have a good expanding effect.
Inorganic intumescent coatings, like salt silicate coatings, have low levels of smoke
and harmful gas emissions during application. They also don’t produce organic
solvents when heated.

Nevertheless, only at low temperatures do inorganic intumescent coatings
provide fire protection and are susceptible to moisture [95]. Further investigation is
required to comprehend the life cycle of the product and the toxicological
consequences of nanocoating [112]. The use of nano-coating materials has far-
reaching consequences. The usage of nanocomposites, like nanoclay, can strengthen
construction materials and help in resistance against fire. Nanoclays have use in
coatings and as construction material composites. The advantages of construction
materials’ strength and density have risen thanks to nanoclays [113]. Although there
are currently no goods available for use in building, nanoclays can be synthetic or
naturally occurring, created with layers of silicate-based materials, and employed in
polymers to improve functioning in various ways [89]. If nano clay brick is put into
the construction material market, it could have a significant positive impact on fire
safety [87].

7. Nanoengineered materials for textile/non-woven industry

Nanotechnology possesses significant commercial possibilities for the textile
sector. This is mostly due to the fact that traditional techniques employed to bestow
various features on fabrics sometimes fail to provide lasting results and tend to lose
their functionality after laundering or use [114]. Nanotechnology enhances fabric
durability due to nanoparticles’ substantial surface area-to-volume ratio and elevated
surface energy, resulting in improved affinity for fabrics and increased functional
longevity. Furthermore, the use of a nanoparticle coating on textiles will not
compromise their breathability or tactile quality. Consequently, the interest in
employing nanotechnologies within the textile business is on the rise. Coating is a
prevalent method employed to deposit nanoparticles onto fabrics. Various techniques
can be employed to impart coatings onto fabrics, including spraying, transfer printing,
washing, rinsing, and padding. Among these strategies, padding is the most frequently
employed.

Nanotechnology bestows textiles with attributes such as water repellence, soil
resistance, wrinkle resistance, antibacterial qualities, anti-static characteristics, UV
protection, flame retardancy, and enhanced dyeability, among others. This paper
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emphasizes some notable qualities conferred by nano-treatment in the textile sector,
amidst the diverse prospective uses of nanotechnology.
e  Water repellence.

e  Thermal protective finish.

e  UV-protection.

e  Easy care finish.

e  Anti-bacteria.

e  Flameproof and retardant finish.

e  Anti-static.

e Wrinkle resistance.

e  Self-cleaning textiles.

e Odor control finish.

e  Hydrophilic nano finishes.

e  Lotus effect.

Nanoparticles possess a high surface area-to-volume ratio, facilitating their
adhesion to fibers or fabrics and enhancing the longevity of the capabilities conferred
by the particles. The nanoparticle coating does not compromise the breathability or
tactile quality of the material. The most prevalent functions include wrinkle resistance,
stain and soil repellency, water repellency, as well as anti-static, anti-bacterial, and
anti-ultraviolet protection.

7.1. Nano-enhanced wrinkle resistance textiles

Wrinkling transpires when the fiber is significantly wrinkled. When fiber or
fabric is flexed, hydrogen bonds among the molecular chains in the amorphous regions
fracture, permitting the chains to slide past one another. The linkages are reformed in
new locations, and fiber or fabric maintains increased configurations. The drawbacks
of traditional resin applications encompass a reduction in fiber strength, abrasion
resistance, water absorbency, dyeability, and breathability.

7.2. Nano-enhanced stain resistance textiles

Fabric staining results from the re-deposition of soil during laundering or dry
cleaning, the accumulation of airborne dry soil, or contact with extraneous substances.
Silicon compounds and fluorochemical coatings can verify resistance against soil,
water, and oily stains. The stain-resistant textiles from Nano-Tex consist of billions of
minuscule fibers, each about nanometers (0.0000004 inches) in length, integrated
within conventional cotton or linen. The waterproof fibers, referred to as
“nanowhiskers” by Nano-Tex, enhance the fabric’s density, elevating surface tension
to prevent liquid absorption—similar to raindrops on a newly waxed automobile. The
firm asserts that this Nano-Care treatment will endure 50 home launderings before its
efficacy diminishes. The most advanced application of nanotechnology in textiles is
presently focused on stain, oil, and water repellency, stain release, and wrinkle
resistance. Nanotechnology can be utilized to apply stain resistance, stain repellent,
and dual-action repel-and-release coatings.

Repellent treatments reduce the crucial surface tension of the fabric, preventing
it from attracting stains or dirt. Oil and water bead up and roll off the fabric. When a
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repellent finish is applied to textiles, the imperceptible treatment offers enhanced
water and oil resistance, as well as protection against spills and stains.

Stain-release materials permit stains and spills to penetrate the fabric; oil and
water may bead slightly, and when stains are introduced, the fabric exhibits minor
oil/water repellency. However, the imperceptible stain-release finish facilitates the
effortless removal of embedded stains during laundering. This concludes with the
incorporation of a hydrophilic component that facilitates the removal of absorbed
stains by conventional laundering. The Dual Action Repel and Release is the latest
stain release finish in the industry. The finish amalgamates the benefits of both stain
release and repellent finishes into a singular formulation. This dual protection provides
a distinctive equilibrium of repellency that operates in conjunction with an improved
stain release, effectively eliminating the most stubborn stains, including entrenched
ones. Featuring dual-action repel and release finishes, this fabric provides consumers
with double the stain prevention in a single, easy-to-maintain material.

7.3. Nano-enhanced water repellent textiles

Water-repellent coatings alter the fiber’s surface without obstructing the
interstices. Consequently, the fabric allows the passage of air and water vapor. Initial
water-repellent coatings were readily detachable for dry cleaning or laundry.
Currently, wax emulsions, pyridinium compounds, N-methylal compounds, silicones,
and fluorochemicals are employed to enhance water repellency in both natural and
synthetic fibers. Recently, various products have been produced to enhance wrinkle
resistance, stain resistance, and water repellency. The nano whisker introduced by
Nanotex is among the most superior alternatives. They are permanently affixed to the
cloth, in contrast to the conventional topical coatings or cumbersome laminated fabrics
formerly employed for this purpose. The whiskers are hydrocarbons incorporated into
the fibers within an aqueous solution. The modifications to the fibers do not impact
the inherent tactile quality and breathability of the fabric. The fabric has excellent
wrinkle resistance, the processing is imperceptible, and a “peach fuzz” look has been
noted. The finish can be applied to textiles by a nanoscale emulsification technique
that is more complete, uniform, and precise than conventional approaches. Woven
cotton fabric rolls from textile mills are submerged in liquids containing trillions of
nanowhiskers. They possess waterproof properties and enhance the fabric’s density.
The treated cotton is subsequently dried in ovens, adhering the minute fibers to the
significantly larger cotton strands. This enhances the surface tension of the fabric’s
outer layer, preventing liquid absorption. Although the end product appears unaltered,
it offers an almost impermeable barrier against liquids and wrinkles, for example.
Nanowhiskers ensure uniform application without altering surface qualities, in
contrast to conventional finishes. Nanoparticles are minuscule, rendering their
incorporation into fabric imperceptible to tactile examination [115].

Nanoparticles incorporated into textile materials are imperceptible to the naked
eye, therefore preserving the original color of the products. Nanoparticles create a
protective coating on the surface of textile materials without altering their chemical
properties; hence, they do not release harmful compounds and exhibit no adverse
consequences. Textile items treated with nanoparticles exhibit greater durability
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compared to conventional finishes after multiple washes. Nano-finishes can enhance
fabrics by providing both wrinkle and stain repellency in a single treatment. Nano-
tech clothes may exhibit suboptimal performance if not adequately maintained.
Appropriate maintenance for these outfits entails utilizing gentle machine washes and
drip drying, refraining from dry cleaning, and eschewing chlorine bleach and wringing
of the fabric.

7.4. Nano-enhanced anti-static textiles

Static commonly builds up in synthetic fibers such as nylon and polyester because
they absorb little water. Traditionally, surfactants are employed to distribute a minimal
quantity of moisture over the fiber’s surface to facilitate charge dissipation. Silver is
among the most effective electrically conductive nanoparticles. Silver nanoparticles
easily remove static charge [116,117].

7.5. Nano-enhanced anti-bacterial textiles

Quaternary ammonium compounds are frequently utilized as antibacterial agents.
Numerous chlorinated organic chemicals and organometallic compounds, including
copper, silver, iron, manganese, or zinc, enhance the antibacterial resistance of fabrics.
The use of nanosilver particles provides a long-lasting antibacterial treatment for
textiles [118-120].

7.6. Nano-enhanced ultraviolet protective textiles

Various nanocompounds or nanoparticles can be utilized to provide UV
protection to textile materials. The most prevalent nanocompounds utilized are
titanium dioxide and zinc oxide in nanoscale dimensions. They offer a protective
advantage by reflecting, scattering, or absorbing detrimental UV radiation [121].

At present several research organizations and industries are offering
nanotechnology and its application techniques for textiles. Some of them are as
follows:

) NanoTex, LLC, Greenshoro, N.C., USA.

Texcote Technology (International) Ltd, Sweden.

Schoeller Textiles AG, Switzerland.

Beijing Zhong-shong Century Nanotechnology Co. Ltd, Beijing, China.

8. Environmental aspects and health safety

The anticipated widespread application of nanotechnologies in the textile
industry, along with other sectors utilizing nanotechnology, is raising environmental
and health safety concerns. Nanoparticles have a large surface area relative to their
volume, which makes them more adsorbent to other materials and increases the
duration of their effects. In this regard, it consumes less material compared to the bulk
or conventional material required for the same industrial application. The distinctive
characteristics of nanomaterials have captivated not only scientists and researchers but
also enterprises, due to their significant economic potential. The National Science
Foundation indicates that nano-related products and services will expand to a market
value of 1 trillion dollars by 2015. This sum exceeds the total of the
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telecommunications and information technology sectors. It is projected that
nanotechnology will generate several hundred billion euros during the next decade.
The nanomaterials market may reach 4 billion dollars by 2007. It was anticipated that
2 million new job opportunities would be generated to satisfy the global annual
production need of 1 trillion dollars within 10 to 15 years [122].

Due to the less surface-active energy, the bulk materials utilized in traditional
procedures reduce performance, lead to increased material consumption, and
eventually contribute to increased energy consumption and environmental
degradation. On the other hand, nanotechnology may positively influence the
environment as well. Nanotechnology has the potential to conserve raw materials and
enhance the quality of life by utilizing fewer resources without compromising
performance. Table 7 illustrates the prospective utilization of nanoparticle
environmental engineering.

Table 7. Potential application of nanoparticles environmental engineering.

Industry

Nanoparticles

Nanoparticle-based traditional

Application area product/Potential area of application

Environmental
engineering

Water Treatment:

. Nanoscale’s Water Treatment Systems
(Nanoscale Corporation)

. Nanostellar’s Water Treatment Catalysts
(Nanostellar Inc.)

. Altair’s Water Treatment Membranes (Altair
Nanotechnologies Inc.)

Air Pollution Control:

. Nanohmics’ Air Pollution Control Systems
(Nanohmics Inc.)

. Nanoscale’s Air Pollution Control Catalysts
(Nanoscale Corporation)

. Komatsu’s Air Pollution Control Filters
(Komatsu Ltd.)

Titanium dioxide (TiO2) Soil Remediation:

Zinc oxide (ZnO), iron oxide
(Fe203) and carbon nanotubes

(CNTs)
Graphene
Silver (Ag)
Gold (Au)

Water treatment plants

Air pollution control systems
Soil remediation sites
Wastewater treatment plants
Environmental monitoring
systems

. Nanoremediation’s Soil Remediation
Systems (Nanoremediation Inc.)
Nanostellar’s
Soil Remediation Catalysts (Nanostellar Inc.)
Altair’s Soil Remediation Membranes (Altair
Nanotechnologies Inc.)

Wastewater Treatment:

. Nanoscale’s Wastewater Treatment Systems
(Nanoscale Corporation)

. Nanostellar’s Wastewater Treatment
Catalysts (Nanostellar Inc.)

. Nanohmics’ Wastewater Treatment
Membranes (Nanohmics Inc.)

Environmental Monitoring:

. Nanosensor’s Environmental Monitoring
Systems (Nanosensor Inc.)

. Nanostellar’s Environmental Monitoring
Sensors (Nanostellar Inc.)

. Altair’s Environmental Monitoring
Membranes (Altair Nanotechnologies Inc.)

8.1. Potential impact of nanomaterial on environment

The extensive application of nanoparticles inevitably results in heightened
emissions into the environment via air, groundwater, and soil. The unique
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characteristics of nanoparticles may lead to adverse environmental impacts if released
into the ecosystem. Furthermore, in addition to possessing inherent hazardous effects,
nanomaterials, owing to their unique morphology, surface characteristics, or charge,
may interact with molecules in an undesirable manner or sequester nutrients.

Nanomaterials may infiltrate the environment throughout their lifespan. The
duration of their survival and the manner in which they persist remain subjects of
inquiry, with estimated ambient nanoparticle concentrations anticipated to be in the
mg/L range in air, soil, and water. Compared to existing toxicity data for lethal and
sublethal effects, these doses were markedly lower than those expected to induce
biological consequences, suggesting a minimal risk threshold. It is essential to
acknowledge that as novel particles and applications are created, and as additional
information on their fate, behavior, uptake pathways, and atmospheric entry emerges,
these predictions may evolve. Furthermore, once nanomaterials infiltrate the
environment, they possess the capacity to accumulate inside environmental organisms.
The exposure pathways arising from production, processing, and utilization
necessitate the monitoring of the initial products of nanoscale compounds and their
transformation products (life-cycle studies, exposure scenarios) within the designated
compartments. It is essential to adhere to several steps: First, identify the nanoparticles
that persist and accumulate in the environment using appropriate measurement
methods for detection in water, soil, and sediment; next, analyze the behavior of the
nanomaterials post-use, during disposal, landfilling, incineration, or reutilization;
finally, conduct ecotoxicity testing throughout the entire lifecycle.

The stability of nanoparticles is a critical aspect in assessing the danger of
exposure to nanomaterials; specifically, it is essential to evaluate their stability and
longevity, as well as the conditions in which they may undergo alterations upon
entering the environment. Knowledge regarding the potential fate scenarios of
nanoparticles in the environment is progressively emerging. Recent studies have
emphasized that the behavior of nanoparticles in the environment is influenced not
only by the physical and chemical properties of the nanomaterial and their
concentration but also by the characteristics of the receiving environment. Due to their
small size, nanoparticles can be extensively dispersed through the air, allowing for the
partial application of research findings regarding the behavior and effects of natural
ultrafine dust or ultrafine dust generated during incineration. Groundwater is at risk
from nanoparticles in soil because of their broad, active surfaces, which can bind and
mobilize contaminants like organic materials or heavy metals. If nanomaterials are not
broken down or dissolved, they will eventually tend to collect and settle onto the
substrate, depending on the receiving environment. Typically, industrial products and
waste are disposed of in waterways that eventually flow into the ocean. Upon the
discharge of water, dispersed nanoparticles are anticipated to exhibit behaviors
consistent with the principles outlined in colloid science. The assessment of
concentrations, surface characteristics of nanomaterials, and the physicochemical
features of the aqueous phase are critical elements in ascertaining the interactions of
these nanoparticles with organic matter and their potential for adsorption.

There is less published research on the absorption or interaction of nanoparticles
with plants; however, it details the creation of cadmium nanocrystals on
phytoplankton. A nearly linear correlation was observed between toxicity and the
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release of silver ions from the particles, which accumulated in the phytoplankton. It
has been proposed that plant tissues could serve as a scaffold for the in situ aggregation
of metallic nanoparticles and that lipophilic nanoparticles, such as carbon nanotubes,
may be absorbed by microbial communities and root systems, leading to their
accumulation in plant tissues. In conclusion, understanding the behavior and impacts
of nanoparticles in the environment and living creatures is rapidly expanding due to
significant interest from the scientific community and greater financing. Nevertheless,
the field is far from being mature. Current forecasts indicate that environmental
concentrations are expected to be substantially lower than those that induce biological
effects in laboratory settings, and the probability of considerable ecotoxicological
harm is minimal. The impact of nanoparticles utilized in food packaging on the overall
ambient concentration appears to be insignificant. Furthermore, the presence of
nanoparticles in the environment may also be advantageous. Numerous studies are
emerging about the application of nanotechnology for the remediation and
detoxification of environmental toxins. The in situ method known as nanoremediation
involves the utilization of reactive nanomaterials to facilitate chemical reduction and
catalysis for the remediation of targeted pollutants, without the extraction of
groundwater for surface treatment or the relocation of soil for treatment and disposal.

Nanoremediation is purported to have the capacity to lower the overall expenses
associated with the remediation of extensive contaminated sites, decrease cleanup
duration, obviate the necessity for the treatment and disposal of contaminated dredged
soil, and diminish certain contaminant concentrations to nearly zero, all achievable in
situ. To mitigate any detrimental environmental repercussions, a comprehensive
review, including extensive ecosystem-wide studies of these nanoparticles, must be
conducted prior to the widespread application of this technology. Using nanoparticles
as ‘nano-additives’ for two opposing purposes—the breakdown and stabilization of
polymers under different environmental circumstances and durability under varied
environmental conditions—is another intriguing aspect of nanoparticles’ impact on
the environment. A new study summarizes the current state of research on this novel
use of nanoparticles, which has the potential to be extensively used in the near future.

8.2. Possible impact of nanomaterial on human health

Three distinct methods of nanoparticle entry into the organism are possible:
Inhalation, dermal penetration, and ingestion. Increasing scientific data indicates that
unbound nanoparticles can traverse biological barriers, and exposure to some
nanoparticles may result in oxidative damage and inflammatory responses. Concerns
with nanomaterials in food packaging primarily revolve around the possibility of
indirect exposure stemming from the potential migration of nanoparticles from the
packaging. The inhalation and dermal penetration of nanoparticles in food packaging
predominantly concern workers in factories that produce these substances. It is
advisable for these personnel to utilize personal protective equipment, including
gloves, goggles, and masks equipped with high-efficiency particulate filters.

There is less knowledge regarding the consequences of nanomaterials entering
the human body. The risk evaluation of nanomaterials upon consumption has been
examined for only a limited number of nanoparticles utilized in food packaging.
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Research indicates that TiO,, Ag nanoparticles, and carbon nanoparticles/nanotubes
can penetrate the circulatory system from the gastrointestinal tract. The processes are
likely contingent upon the physicochemical parameters of the nanoparticles, including
size, and the physiological condition of the entrance organs [123]. The translocation
fractions appear to be quite low; yet, this is the focus of ongoing rigorous investigation.
Upon entering the bloodstream, the liver and spleen serve as the primary organs for
nanoparticle distribution. The circulation time significantly rises when nanoparticles
are hydrophilic and possess a positive surface charge. Certain nanoparticles pose a risk
to all organs, as the chemical makeup of the nanoparticles or the nanoparticles
themselves have been discovered in every organ examined, showing their diffusion to
these organs. The organs encompass the brain and testis, as well as the reproductive
system. Fetal distribution in pregnancy has also been documented. Given the poor
understanding of the long-term behavior of nanoparticles, a cautious estimate must
posit that insoluble nanoparticles could collect in secondary target organs over
prolonged exposure, with ramifications that remain unexamined. There is a particular
concern over the potential migration of nanoparticles into the brain and the developing
fetus. Investigations in both domains must be undertaken to either validate or refute
the idea regarding the relationship of nanoparticles with various neurological
disorders. The impact of various particles utilized in food packaging on health is now
being examined, including ZnO nanoparticles and fullerenes [124].

9. Summary

The advancement in the utilization of nanoparticles, nanocomposites, and
nanospheres has accelerated significantly in recent years, especially within the domain
of textile finishing. Nanoscale materials can improve the physical attributes of
traditional textiles, including antimicrobial efficacy, water repellency, soil resistance,
antistatic characteristics, infrared resistance, flame retardancy, dyeability, and tensile
strength. In the future, the utilization of these remarkable nanoparticles may be
expanded to create textiles with healthcare and wound-healing capabilities, as well as
self-cleaning and self-repairing properties.

Future developments of nanotechnologies in smart materials will have a
twofold focus:

1) Upgrading existing functions and performances of materials.
2) Developing smart and intelligent engineering materials with unprecedented
functions.

The latter is more urgent from the standpoint of homeland security and the
advancement of technology. The new functions with nano-enriched material to be
developed include:

a) Wearable solar cell and energy storage,

b) Sensors and information acquisition and transfer,

c) Multiple and sophisticated protection and detection,
d) Healthcare and wound healing functions, and,

e) Self-cleaning and repairing functions.
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Undoubtedly, nanotechnology holds an enormously promising future for smart
engineering materials. It is estimated that nanotechnology will bring hundreds of
billions of dollars of market impact on new materials within a decade.

Institutional review board statement: Not applicable.
Informed consent statement: Not applicable.

Conflict of interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Shah MA, Pirzada BM, Price G, et al. Applications of nanotechnology in smart textile industry: A critical review. Journal of
Advanced Research. 2022; 38: 55-75. doi: 10.1016/j.jare.2022.01.008

Patel BH, Channiwala MZ. Metal Nanoparticles: Biosynthesis and Functional Application to Textiles. In: Bairagi S, Ahmed
S, Ali SW (editors). Nanotechnology in Textile Finishing. Springer; 2024. pp. 49-77.

Presting H, K&nig U. Future nanotechnology developments for automotive applications. Materials Science and Engineering:
C. 2003; 23(6-8): 737—741. doi: 10.1016/j.msec.2003.09.120

Younes H, Mao M, Sohel Murshed SM, et al. Nanofluids: Key parameters to enhance thermal conductivity and its
applications. Applied Thermal Engineering. 2022; 207: 118202. doi: 10.1016/j.applthermaleng.2022.118202

Okonkwo EC, Wole-Osho I, Almanassra IW, et al. An updated review of nanofluids in various heat transfer devices. Journal
of Thermal Analysis and Calorimetry. 2021; 145: 2817-2872.

Ali N, Bahman AM, Aljuwayhel NF, et al. Carbon-Based Nanofluids and Their Advances towards Heat Transfer
Applications—A Review. Nanomaterials. 2021; 11(6): 1628. doi: 10.3390/nan011061628

de Souza Neto FN, Ferreira GR, Sequinel T, et al. Polymeric nanocomposites for automotive application. In: Ali N, Bilal M,
Khan A, et al. (editors). Smart Polymer Nanocomposites. Elsevier; 2023. pp. 473-506.

Okamoto M. Polymer Nanocomposites. Eng. 2023; 4(1): 457-479. doi: 10.3390/eng4010028

Carroccio SC, Scarfato P, Bruno E, et al. Impact of nanoparticles on the environmental sustainability of polymer
nanocomposites based on bioplastics or recycled plastics—A review of life-cycle assessment studies. Journal of Cleaner
Production. 2022; 335: 130322. doi: 10.1016/j.jclepro.2021.130322

Gowrishankar S, Krishnasamy A. Emulsification—A promising approach to improve performance and reduce exhaust
emissions of a biodiesel fuelled light-duty diesel engine. Energy. 2023; 263. doi: 10.1016/j.energy.2022.125782

Gupta RM, Mohite A, Patel B. Potential application of graphene-based nanofluid for improving heat transfer characteristics:
a review. Journal of the Brazilian Society of Mechanical Sciences and Engineering. 2024; 46(8): 1-21. doi: 10.1007/s40430-
024-05036-0

Chavan SS, Dubal SV. Nanotechnology Applications In Automobiles: Comprehensive Review Of Existing Data.
International Journal of Modern Trends in Engineering and Science. 2020; 7(2): 18-22.

Emmanuel OA, Fayomi OSI, Agboola O, et al. Short review on nanocomposite coating advances in the industry. IOP
Conference Series: Materials Science and Engineering. 2021; 1107(1): 012069. doi: 10.1088/1757-899x/1107/1/012069
Aktas OC, Puchert K, Vurucu EE, et al. A review on nanocompaosite coatings in dentistry. Journal of Materials Science.
2024; 59(38): 17991-18008. doi: 10.1007/s10853-024-09915-8

Shaikh 1. Environmental, social, and governance (ESG) practice and firm performance: An international evidence. Journal of
Business Economics and Management. 2022; 23(1): 218-237. doi: 10.3846/jbem.2022.16202

Alsayegh MF, Abdul Rahman R, Homayoun S. Corporate Economic, Environmental, and Social Sustainability Performance
Transformation through ESG Disclosure. Sustainability. 2020; 12(9): 3910. doi: 10.3390/su12093910

Kumar V, Verma P, de Freitas FA, et al. A critical review on biofuels generation from pulp-paper mill sludge with emphasis
on pretreatment methods: Renewable energy for environmental sustainability. BMC Environmental Science. 2025; 2(1): 2.
doi: 10.1186/s44329-024-00016-0

Sadaf S, Kouzehkanan SMT, Oh TS, et al. Sustainable electrocoagulation for lignin valorization: Green synthesis of
magnetic mesoporous activated carbon from pulp and paper industry black liquor and its application as an adsorbent for
methylene blue. Journal of Water Process Engineering. 2024; 68: 106392. doi: 10.1016/j.jwpe.2024.106392

30



Characterization and Application of Nanomaterials 2025, 8(2), 10834.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Galdames A, Ruiz-Rubio L, Orueta M, et al. Zero-Valent Iron Nanoparticles for Soil and Groundwater Remediation.
International Journal of Environmental Research and Public Health. 2020; 17(16): 5817. doi: 10.3390/ijerph17165817

Li J, Zeng J, Ye Z, et al. Are Clean Technologies More Effective Than End-of-Pipe Technologies? Evidence from Chinese
Manufacturing. International Journal of Environmental Research and Public Health. 2021; 18(8): 4012. doi:
10.3390/ijerph18084012

Yam K, Guo N, Jiang Z, et al. Graphene-Based Heterogeneous Catalysis: Role of Graphene. Catalysts. 2020; 10(1): 53. doi:
10.3390/catal10010053

Kang Y, Ren X, Li Y, et al. Ni-Coated Diamond-like Carbon-Modified TiO, Nanotube Composite Electrode for
Electrocatalytic Glucose Oxidation. Molecules. 2022; 27(18): 5815. doi: 10.3390/molecules27185815

Silva MNT, Rocha RG, Richter EM, et al. Nickel Oxy-Hydroxy/Multi-Wall Carbon Nanotubes Film Coupled with a 3D-
Printed Device as a Nonenzymatic Glucose Sensor. Biosensors. 2023; 13(6): 646. doi: 10.3390/bios13060646

Sun Y, Ahmadi Y, Kim KH. Facile synthesis of activated carbon/titanium dioxide composite and its application for
adsorptive/photocatalytic removal of gaseous toluene. Chemosphere. 2024; 367: 143638. doi:
10.1016/j.chemosphere.2024.143638

Dey S, Mehta NS. Synthesis and applications of titanium oxide catalysts for lower temperature CO oxidation. Current
Research in Green and Sustainable Chemistry. 2020; 3: 100022. doi: 10.1016/j.crgsc.2020.100022

Ansari A, Siddiqui VU, Rehman WU, et al. Green Synthesis of TiO2 Nanoparticles Using Acorus calamus Leaf Extract and
Evaluating Its Photocatalytic and In Vitro Antimicrobial Activity. Catalysts. 2022; 12(2): 181. doi: 10.3390/catal12020181
Rozans SJ, Moghaddam AS, Wu Y, et al. Quantifying and Controlling the Proteolytic Degradation of Cell Adhesion
Peptides. ACS Biomaterials Science & Engineering. 2024; 10(8): 4916-4926. doi: 10.1021/acsbiomaterials.4c00736
Nanografi. Nanostructured Epoxy Adhesives. Available online: https://nanografi.com/blog/nanostructured-epoxy-
adhesives/#:~:text=Improved%20Bonding%20
Strength%3A%200ne%200f,leading%20to%20stronger%20adhesive%20bonds (accessed on 4 June 2024).

Baik JS, Kim SA, Jung DW, et al. Colloidal supraballs of mesoporous silica nanoparticles as bioresorbable adhesives for
hydrogels. Chemistry of Materials. 2022; 34(2): 584-593. doi: 10.1021/acs.chemmater.1c03072

Kausar A. High performance epoxy/polyester-based nanocomposite coatings for multipurpose applications: A review.
Journal of Plastic Film & Sheeting. 2020; 36(4): 391-408. doi: 10.1177/8756087920910481

Kenig S, Dodiuk H, Otorgust G, et al. Nanocomposite polymer adhesives: A critical review. Reviews of Adhesion and
Adhesives. 2019; 7(2): 93-168. doi: 10.7569/raa.2019.097306

Wang L, Kelly PV, Ozveren N, et al. Multifunctional polymer composite coatings and adhesives by incorporating cellulose
nanomaterials. Matter. 2023.

Kausar A, Ahmad I. Leading-Edge Polymer/Carbonaceous Nano-Reinforcement Nanocomposites—Opportunities for Space
Sector. Advances in Materials Science. 2023; 23(4): 99-122. doi: 10.2478/adms-2023-0025

Encyclopedia. Magnetic Fluids. Available online: https://encyclopedia.pub/entry/54325 (accessed on 4 June 2024).

Abbas K, Wang X, Rasool G, et al. Recent developments in the application of ferrofluids with an emphasis on thermal
performance and energy harvesting. Journal of Magnetism and Magnetic Materials. 2023; 587: 171311. doi:
10.1016/j.jmmm.2023.171311

Tchaikovskaya ON, Bocharnikova EN, Lysak IA, et al. Functional Materials Based on Nanoparticle Modified Polypropylene
Fibers. Micro and Nanosystems. 2021; 13(4): 393-404. doi: 10.2174/1876402912999201211194147

Karki D, Khanikar T, Mullurkara SV, et al. AC Magnetometry Using Nano-ferrofluid Cladded Multimode Interferometric
Fiber Optic Sensors for Power Grid Monitoring Applications. ACS Applied Nano Materials. 2024; 7(23): 26894-26906. doi:
10.1021/acsanm.4c04912

Lin FC, van de Wouw HL, Campds O, et al. Synthesis of Fluorous Ferrofluids and Effects of the Nanoparticle Coatings on
Field- and Temperature-Dependent Magnetizations. Chemistry of Materials. 2023; 35(19): 7957-7966. doi:
10.1021/acs.chemmater.3c01172

Alexaner IB, Alexander AB, Vasilii GG, et al. Requirements to magnetic fluids applied in means of technological
equipment, Materials Today: Proceedings, Volume 19, Part 5, 2019, Pages 2555-2558,
https://doi.org/10.1016/j.matpr.2019.08.209.

Li D, LiY, Li Z, et al. Theory analyses and applications of magnetic fluids in sealing. Friction. 2023; 11(10): 1771-1793.
doi: 10.1007/s40544-022-0676-8

31



Characterization and Application of Nanomaterials 2025, 8(2), 10834.

41.

42,

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Li X, Yu Q, Zhou X, et al. Magnetic sensing technology of fiber optic interferometer based on magnetic fluid: A review.
Measurement. 2023; 216: 112929. doi: 10.1016/j.measurement.2023.112929

Nagornyi AV, Socoliuc V, Petrenko VI, et al. Structural characterization of concentrated aqueous ferrofluids. Journal of
Magnetism and Magnetic Materials. 2020; 501: 166445. doi: 10.1016/j.jmmm.2020.166445

Socoliuc V, Avdeev MV, Kuncser V, et al. Ferrofluids and bio-ferrofluids: Looking back and stepping forward. Nanoscale.
2022; 14(13): 4786-4886. doi: 10.1039/d1nr05841]

Hao R, Liu H, Wang S. Preparation and Parameters Measurement of Magnetic Fluid. Journal of Physics: Conference Series.
2020; 1637(1): 012016. doi: 10.1088/1742-6596/1637/1/012016

Ryapolov P, Vasilyeva A, Kalyuzhnaya D, et al. Magnetic Fluids: The Interaction between the Microstructure, Macroscopic
Properties, and Dynamics under Different Combinations of External Influences. Nanomaterials. 2024; 14(2): 222. doi:
10.3390/nan014020222

Camp PJ. Dynamic magnetic properties of magnetosomes. Smart Materials and Structures. 2023; 32(9): 095030. doi:
10.1088/1361-665x/aceed8

Shendre YR, Bhakare RV, Gadhawe KS, et.al. 5 Emerging Trends in Electrical Engineering: What to Expect in the Future.
International Journal of Advanced Research in Science, Communication and Technology. 2023; 3(1): 859-862.

Dikansky Y1, Ispiryan AG, Arefyev IM, et al. Effective fields in magnetic colloids and features of their magnetization
kinetics. The European Physical Journal E. 2021; 44(1): 1 - 13. doi: 10.1140/epje/s10189-021-00015-y

Liu X, Tian Y, Jiang L. Manipulating dispersions of magnetic nanoparticles. Nano Letters. 2021; 21(7): 2699-2708. doi:
10.1021/acs.nanolett.0c04757

Vinod S, Philip J. Thermal and rheological properties of magnetic nanofluids: Recent advances and future directions.
Advances in Colloid and Interface Science. 2022; 307: 102729. doi: 10.1016/j.cis.2022.102729

Malik S, Muhammad K, Waheed Y. Nanotechnology: A Revolution in Modern Industry. Molecules. 2023; 28(2): 661. doi:
10.3390/molecules28020661

Pyanzina ES, Novak EV, Kuznetsov AA, et al. Dynamic magnetic response of multicore particles: The role of grain
magnetic anisotropy and intergrain interactions. Journal of Molecular Liquids. 2025; 421: 126842. doi:
10.1016/j.molliq.2024.126842

Petrov K, Chubarov A. Magnetite Nanoparticles for Biomedical Applications. Encyclopedia. 2022; 2(4): 1811-1828. doi:
10.3390/encyclopedia2040125

Shasha C, Krishnan KM. Nonequilibrium Dynamics of Magnetic Nanoparticles with Applications in Biomedicine. Advanced
Materials. 2020; 33(23). doi: 10.1002/adma.201904131

Oehlsen O, Cervantes-Ram Tez SlI, Cervantes-Avilé P, et al. Approaches on Ferrofluid Synthesis and Applications: Current
Status and Future Perspectives. ACS Omega. 2022; 7(4): 3134 - 3150.

Chandrasekharan P, Tay ZW, Hensley D, et al. Using magnetic particle imaging systems to localize and guide magnetic
hyperthermia treatment: Tracers, hardware, and future medical applications. Theranostics. 2020; 10(7): 2965-2981. doi:
10.7150/thno.40858

Safarik I, Pospiskova K. Magnetic Fluids in Biosciences, Biotechnology and Environmental Technology. In: Bulavin L,
Lebovka N (editors). Soft Matter Systems for Biomedical Applications. Springer Proceedings in Physics. Springer, Cham;
2022. doi: 10.1007/978-3-030-80924-9_13

Sokolsky SA, Solovyova AY, Zverev VS, et al. Analysis of the ferrofluid microstructure based on the static magnetic
measurements. Journal of Magnetism and Magnetic Materials. 2021; 537: 168169. doi: 10.1016/j.jmmm.2021.168169
Sharma S, Sharma H, Sharma R. A review on functionalization and potential application spectrum of magnetic nanoparticles
(MNPs) based systems. Chemistry of Inorganic Materials. 2024; 2: 100035. doi: 10.1016/j.cinorg.2024.100035

Materén EM, Miyazaki CM, Carr O, et al. Magnetic nanoparticles in biomedical applications: A review. Applied Surface
Science Advances. 2021; 6: 100163. doi: 10.1016/j.apsadv.2021.100163

Philip J. Magnetic nanofluids (Ferrofluids): Recent advances, applications, challenges, and future directions. Adv Colloid
Interface Sci. 2023; 311:102810. doi: 10.1016/j.cis.2022.102810

Ma L, Ma X, Xue J, et al. Study of the Tribological Properties of Nano-TiO, Additive Water-Based Lubricants in
Microrolling of Ultrathin Stainless Steel Strips. Tribology Transactions. 2023; 66(3): 466—476. doi:
10.1080/10402004.2023.2183916

32



Characterization and Application of Nanomaterials 2025, 8(2), 10834.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

Wang P, Liang H, Jiang L, et al. Effect of nanoscale surface roughness on sliding friction and wear in mixed lubrication.
Wear. 2023; 530-531: 204995. doi: 10.1016/j.wear.2023.204995

Thimons LA, Gujrati A, Sanner A, et al. Hard-material Adhesion: Which Scales of Roughness Matter? Experimental
Mechanics. 2021; 61(7): 1109-1120. doi: 10.1007/s11340-021-00733-6

Kuti R, SzabGAl, Téh AD. Experimental Investigation of Tribological Properties of Two Fully Formulated Engine Oils
with Additional Nanoscale Spherical Zirconia Particles. Lubricants. 2022; 10(10): 246. doi: 10.3390/lubricants10100246
Ranjan N, Shende RC, Kamaraj M, et al. Utilization of TiO2/gCsN4 nanoadditive to boost oxidative properties of vegetable
oil for tribological application. Friction. 2021; 9(2): 273-287. doi: 10.1007/s40544-019-0336-9

Fahad MR, Abdulmajeed BA. Surface Madification of TiO2-Al,03; Nanoparticles for the Enhancement of the Rheological
Properties of Base Lubricating Oil. Journal of Applied Research and Technology. 2022; 20(1): 37-47. doi:
10.22201/icat.24486736e.2022.20.1.1556

Tang X, Li J. Tribological Characteristics of Nano-Lubricated High-Speed Rolling Bearings Considering Interaction
between Nanoparticles and Rough Surface. Lubricants. 2022; 10(6): 117. doi: 10.3390/lubricants10060117

Marlinda AR, Thien GSH, Shahid M, et al. Graphene as a Lubricant Additive for Reducing Friction and Wear in Its Liquid-
Based Form. Lubricants. 2023; 11(1): 29. doi: 10.3390/lubricants11010029

Zhao X, Zhang Y. Tribological and dynamic performance analysis of rolling bearings with varied surface textures operating
under lubricant contamination. Wear. 2023; 532-533: 205109. doi: 10.1016/j.wear.2023.205109

Xu X, Jiao S, Liu Z, et al. Synergistic lubrication of a porous MoS2-POSS nanohybrid. RSC Advances. 2020; 10(35):
20579-20587. doi: 10.1039/d0ra02014a

Zhong C, Hu K, Xu Y, et al. Lubrication antagonism mechanism of nano-MoS; and soot particles in ester base oil. Friction.
2024; 12(12): 2692-2706. doi: 10.1007/s40544-024-0904-5

Lu Z, Lin Q, Cao Z, et al. MoS; Nanomaterials as Lubricant Additives: A Review. Lubricants. 2023; 11(12): 527. doi:
10.3390/lubricants11120527

Liu Z, Wang Y, Glatzel T, et al. Low Friction at the Nanoscale of Hydrogenated Fullerene-Like Carbon Films. Coatings.
2020; 10(7): 643. doi: 10.3390/coatings10070643

Li T, Chen X, Wang J, et al. Research progress of nano lubricating additives. IOP Conference Series: Earth and
Environmental Science. 2021; 680(1): 012084. doi: 10.1088/1755-1315/680/1/012084

Hao L, Wang Z, Zhang G, et al. Tribological evaluation and lubrication mechanisms of nanoparticles enhanced lubricants in
cold rolling. Mechanics & Industry. 2020; 21(1): 108. doi: 10.1051/meca/2019085

Garcia Tobar M, Contreras Urgiles RW, Jimenez Cordero B, et al. Nanotechnology in Lubricants: A Systematic Review of
the Use of Nanoparticles to Reduce the Friction Coefficient. Lubricants. 2024; 12(5): 166. doi: 10.3390/lubricants12050166
Wang B, Zhong Z, Qiu H, et al. Nano Serpentine Powders as Lubricant Additive: Tribological Behaviors and Self-Repairing
Performance on Worn Surface. Nanomaterials. 2020; 10(5): 922. doi: 10.3390/nan010050922

Dhanasekar K, Krishnan AM, Kaliyaperumal G, et al. Influences of Nanosilica Particles on Density, Mechanical, and
Tribological Properties of Sisal/Hemp Hybrid Nanocomposite. Advances in Polymer Technology. 2023; 2023: 1-7. doi:
10.1155/2023/3684253

Zhu Y, Chen L, Zhang C, et al. Preparation of hydrophobic antireflective SiO, coating with deposition of PDMS from water-
based SiO2-PEG sol. Applied Surface Science. 2018; 457: 522-528. doi: 10.1016/j.apsusc.2018.06.177

Rastogi PM, Kumar R, Kumar N. Effect of SiO, nanoparticles on the tribological characteristics of jatropha oil. Materials
Today: Proceedings. 2021; 46: 10109-10112. doi: 10.1016/j.matpr.2020.09.377

Pretzl K. Cryogenic Detectors. In: Fabjan C, Schopper H (editors). Particle Physics Reference Library. Springer; 2020.
Ferreira MT, Soldado E, Borsoi G, et al. Nanomaterials Applied in the Construction Sector: Environmental, Human Health,
and Economic Indicators. Applied Sciences. 2023; 13(23): 12896. doi: 10.3390/app132312896

Frith JT, Lacey MJ, Ulissi U. A non-academic perspective on the future of lithium-based batteries. Nature Communications.
2023; 14(1). doi: 10.1038/s41467-023-35933-2

Mohajerani A, Burnett L, Smith JV, et al. Nanoparticles in Construction Materials and Other Applications, and Implications
of Nanoparticle Use. Materials. 2019; 12(19): 3052. doi: 10.3390/ma12193052

Jones W, Gibb A, Goodier C, et al. Nanomaterials in construction—what is being used, and where? Proceedings of the
Institution of Civil Engineers—Construction Materials. 2019; 172(2): 49-62. doi: 10.1680/jcoma.16.00011

33



Characterization and Application of Nanomaterials 2025, 8(2), 10834.

87. Gibb A, Jones W, Goodier C, et al. Nanotechnology in Construction And Demolition: What We Know, What We Don’t.
Construction Research and Innovation. 2018; 9(2): 55-58. doi: 10.1080/20450249.2018.1470405

88. Papadaki D, Kiriakidis G, Tsoutsos T. Applications of nanotechnology in construction industry. Fundamentals of
Nanoparticles. 2018: 343-370. doi: 10.1016/b978-0-323-51255-8.00011-2

89. Mac &s-Silva MA, Cedefb-Mufpz JS, Morales-Paredes CA, et al. Nanomaterials in construction industry: An overview of
their properties and contributions in building house. Case Studies in Chemical and Environmental Engineering. 2024; 10:
100863. doi: 10.1016/j.cscee.2024.100863

90. Ming X, Cao M, Lv X, et al. Effects of high temperature and post-fire-curing on compressive strength and microstructure of
calcium carbonate whisker-fly ash-cement system. Construction and Building Materials. 2020; 244: 118333. doi:
10.1016/j.conbuildmat.2020.118333

91. Nalon GH, Ribeiro JCL, de Aragjo END, et al. Effects of post-fire curing on the mechanical properties of cement composites
containing carbon black nanoparticles and multi-walled carbon nanotubes. Construction and Building Materials. 2021; 310:
125118. doi: 10.1016/j.conbuildmat.2021.125118

92. Dong W, Li W, Wang K, et al. Investigation on physicochemical and piezoresistive properties of smart
MWCNT/cementitious composite exposed to elevated temperatures. Cement and Concrete Composites. 2020; 112: 103675.
doi: 10.1016/j.cemconcomp.2020.103675

93. Nalon GH, Lopes Ribeiro JC, Pedroti LG, et al. Residual piezoresistive properties of mortars containing carbon
nanomaterials exposed to high temperatures. Cement and Concrete Composites. 2021; 121: 104104. doi:
10.1016/j.cemconcomp.2021.104104

94. Jang D, Yoon HN, Seo J, et al. Effects of exposure temperature on the piezoresistive sensing performances of MWCNT -
embedded cementitious sensor. Journal of Building Engineering. 2022; 47: 103816. doi: 10.1016/j.jobe.2021.103816

95. Lamy-Mendes A, Pontinha ADR, Alves P, et al. Progress in silica aerogel-containing materials for buildings’ thermal
insulation. Construction and Building Materials. 2021; 286: 122815. doi: 10.1016/j.conbuildmat.2021.122815

96. Datta SD, Tayeh BA, Hakeem 1Y, et al. Benefits and Barriers of Implementing Building Information Modeling Techniques
for Sustainable Practices in the Construction Industry—A Comprehensive Review. Sustainability. 2023; 15(16): 12466. doi:
10.3390/su151612466

97. Kacikova D, Kubovsky I, EStokova A, et al. The Influence of Nanoparticles on Fire Retardancy of Pedunculate Oak Wood.
Nanomaterials. 2021; 11(12): 3405. doi: 10.3390/han011123405

98. Mullins-Jaime C, Smith TD. Nanotechnology in Residential Building Materials for Better Fire Protection and Life Safety
Outcomes. Fire. 2022; 5(6): 174. doi: 10.3390/fire5060174

99. Hill C, Altgen M, Rautkari L. Thermal modification of wood—a review: Chemical changes and hygroscopicity. Journal of
Materials Science. 2021; 56(11): 6581-6614. doi: 10.1007/s10853-020-05722-z

100. Vakhitova LN. Fire retardant nanocoating for wood protection. In: Nanotechnology in Eco-efficient Construction: Materials,
Processes and Applications, 2nd ed. Woodhead Publishing; 2019. pp. 361-391.

101. Jasmani L, Rusli R, Khadiran T, et al. Application of Nanotechnology in Wood-Based Products Industry: A Review.
Nanoscale Research Letters. 2020; 15(1): 207. doi: 10.1186/s11671-020-03438-2

102. Troitzsch JH. Fire performance durability of flame retardants in polymers and coatings. Advanced Industrial and Engineering
Polymer Research. 2024; 7(3): 263-272. doi: 10.1016/j.aiepr.2023.05.002

103. Turku I, Rohumaa A, Tirri T, et al. Progress in Achieving Fire-Retarding Cellulose-Derived Nano/Micromaterial-Based Thin
Films/Coatings and Aerogels: A Review. Fire. 2024; 7(1): 31. doi: 10.3390/fire7010031

104. Zhou X, Fu Q, Zhang Z, et al. Efficient flame-retardant hybrid coatings on wood plastic composites by layer-by-layer
assembly. Journal of Cleaner Production. 2021; 321: 128949. doi: 10.1016/j.jclepro.2021.128949

105. Fang Y, Xue A, Wang F, et al. The influence of zinc compounds on thermal stability and flame retardancy of wood flour
polyvinyl chloride composites. Construction and Building Materials. 2022; 320: 126203. doi:
10.1016/j.conbuildmat.2021.126203

106. Lee SH, Lee SG, Lee JS, et al. Understanding the Flame Retardant Mechanism of Intumescent Flame Retardant on
Improving the Fire Safety of Rigid Polyurethane Foam. Polymers. 2022; 14(22): 4904. doi: 10.3390/polym14224904

107. Guo B, Liu Y, Zhang Q, et al. Efficient Flame-Retardant and Smoke-Suppression Properties of Mg-Al-Layered Double-
Hydroxide Nanostructures on Wood Substrate. ACS Applied Materials & Interfaces. 2017; 9(27): 23039-23047. doi:
10.1021/acsami.7b06803

34



Characterization and Application of Nanomaterials 2025, 8(2), 10834.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Wang H, Yao Q, Wang C, et al. Hydrothermal Synthesis of nanooctahedra MnFe,O4 onto the wood surface with soft
magnetism, fire resistance and electromagnetic wave absorption. Nanomaterials. 2017; 7(6): 118. doi: 10.3390/nan07060118
Akhtar K, Javed Y, Muhammad F, et al. Biotransformation and toxicity evaluation of functionalized manganese doped iron
oxide nanoparticles. Journal of Biomedical Materials Research Part B: Applied Biomaterials. 2021; 109(10): 1563-1577.
doi: 10.1002/jbm.h.34815

Kolibaba TJ, Grunlan JC. Environmentally benign polyelectrolyte complex that renders wood flame retardant and
mechanically strengthened. Macromolecular Materials and Engineering. 2019; 304(8). doi: 10.1002/mame.201900179
Ahmad F, Zulkurnain ESB, Ullah S, et al. Improved fire resistance of boron nitride/epoxy intumescent coating upon minor
addition of nano-alumina. Materials Chemistry and Physics. 2020; 256: 123634. doi: 10.1016/j.matchemphys.2020.123634
Stoycheva S, Zabeo A, Pizzol L, et al. Socio-Economic Life Cycle-Based Framework for Safe and Sustainable Design of
Engineered Nanomaterials and Nano-Enabled Products. Sustainability. 2022; 14(9): 5734. doi: 10.3390/su14095734
Thammadi SPD, Pisini SK. Nanotechnology and building construction: Towards effective stakeholder engagement. 10P
Conference Series: Earth and Environmental Science. 2022; 1084(1): 012074. doi: 10.1088/1755-1315/1084/1/012074
Burlec AF, Corciova A, Boev M, et al. Current Overview of Metal Nanoparticles’ Synthesis, Characterization, and
Biomedical Applications, with a Focus on Silver and Gold Nanoparticles. Pharmaceuticals. 2023; 16(10): 1410. doi:
10.3390/ph16101410

Sreeraj PR, Mishra SK, Singh PK. Characteristic features and functions of nanocellulose for its feasible application in textile
industry. In: Oraon R, Rawtani D, Singh P (editors). Nanocellulose Materials: Fabrication and Industrial Applications (Micro
and Nano Technologies). Elsevier; 2022. pp. 105-122.

Shai SJ, boukhriss A, EI Bouchti M, et al. Electrical Conductivity of Cotton Fabrics Treated by Silica-Based lonic Liquids.
Silicon. 2022; 14(18): 12815-12822. doi: 10.1007/s12633-022-01964-5

Crisan MC, Teodora M, Lucian M. Copper Nanoparticles: Synthesis and Characterization, Physiology, Toxicity and
Antimicrobial Applications. Applied Sciences. 2021; 12(1): 141. doi: 10.3390/app12010141

Channiwala MZ, Gandhi P, Patel B. Synergizing Elegance and Innovation: Biosynthesis of Copper Nano Particles via
Nucleation Technique for Enhanced Applications on Silk Fabric. In: Proceedings of the International conference on Global
Scenario and Sustainable Solutions in Silk Industry; 28 February 2024; New Delhi, India.

Patel BH. Nanotechnology and Textile. In: Textiles & 21st Century. ABS Books; 2023. pp. 53-69.

Shaikh TN, Patel BH. Evolution Shift in Silver Nanoparticles Synthesis Techniques and Their Application Provinces. In:
Applications of Silver Nanoparticles. Nova Science Publishers; 2023. pp. 101-127.

Shaikh TN, Patel BH. Nanotechnology in Hospital Clothing and Odor Control of Medical Textiles. In: Sharma P, Singh D,
Pant S, Dave V (editors). Nanotechnology Based Advanced Medical Textiles and Biotextiles for Healthcare. CRC Press;
2024. pp. 177 - 194.

Rambaran T, Schirhagl R. Nanotechnology from lab to industry—a look at current trends. Nanoscale Advances. 2022; 4(18):
3664-3675. doi: 10.1039/d2na00439a

Kim J, Kang SH, Choi Y, et al. Antibacterial and biofilm-inhibiting cotton fabrics decorated with copper nanoparticles
grown on graphene nanosheets. Scientific Reports. 2023; 13(1): 11947. doi: 10.1038/s41598-023-38723-4

Asmat-Campos D, Delf n-Narciso D, Ju&aez-Cortijo L. Textiles Functionalized with ZnO Nanoparticles Obtained by
Chemical and Green Synthesis Protocols: Evaluation of the Type of Textile and Resistance to UV Radiation. Fibers. 2021;
9(2): 10. doi: 10.3390/fib9020010

35



