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Abstract. The integrity and lifespan of metallic structures are significantly threatened by corrosion in a
variety of sectors. As a result, as compared to traditional coatings, nanocomposite coatings provide improved
mechanical qualities and corrosion resistance, making them attractive options for corrosion protection. In
this work, sol-gel processing and electrochemical deposition were used to create sustainable nanocomposite
coatings including graphene, carbon nanotubes, silica nanoparticles, and zinc oxide. The coatings'
characterization showed that the nanoparticles were evenly distributed throughout the matrix, with distinct
interfaces and little agglomeration. Testing for corrosion resistance showed that nanocomposite coatings
performed better than traditional coatings, with lower corrosion rates and larger corrosion potentials. Higher
adhesion strengths and hardness values for nanocomposite coatings were found during mechanical testing;
this suggests that the coatings have better mechanical durability and performance in challenging
environments. When compared to traditional methods, environmental impact evaluations indicated that
sustainable manufacturing procedures might result in lower energy usage, waste creation, and greenhouse
gas emissions. The research's overall conclusions highlight the promise of nanocomposite coatings as
environmentally friendly corrosion protection options that outperform traditional coatings in terms of
performance, durability, and sustainability.

protection that are sustainable in a variety of industrial

. applications.
1 Introduction PP

The longevity and performance of metallic buildings are 1.1 Context
severely hampered by corrosion, which also creates
serious safety risks and huge financial losses in a variety

of sectors. The creation of new coatings with improved

Corrosion is a natural electrochemical process that
occurs when metallic surfaces are exposed to corrosive

durability and corrosion resistance is the result of this,
and research efforts are being directed towards this goal
in order to create effective ways for protecting against
corrosion. Because of their special qualities and
customized functions, nanocomposite coatings—which
are defined by the integration of nanoparticles into a
matrix material—have become attractive options for
corrosion protection[1-11]. By integrating eco-friendly
nanomaterials ~ with  eco-conscious  production
techniques, this article seeks to investigate sustainable
options for creating nanocomposite coatings for
corrosion prevention. This research aims to address the
dual challenges of environmental sustainability and
corrosion mitigation by utilizing the concepts of
sustainable materials engineering and green chemistry.
The result is new insights and solutions for corrosion
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chemicals. It is a common and expensive occurrence
that affects transportation networks, industrial
equipment, and infrastructure all over the globe.
Conventional corrosion prevention techniques, such
coatings and inhibitors, sometimes use toxic or
dangerous chemicals, which raises questions regarding
potential hazards to human health and the
environment[12—21]. On the other hand, nanocomposite
coatings provide a viable substitute by using the distinct
characteristics of nanomaterials, such nanoparticles,
nanotubes, and nanofibers, to enhance the mechanical
and corrosion resistance of coating systems.
Furthermore, in line with the ideas of sustainable
development and green engineering, nanocomposite
coatings make it possible to use eco-friendly ingredients
and production processes.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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1.1 Justification for Ecological Methodologies

Numerous important aspects influence the adoption of
sustainable methods for creating nanocomposite
coatings that prevent corrosion. First and foremost, there
is a need to lessen dependence on traditional corrosion
control techniques that use hazardous or ecologically
damaging chemicals[22-28]. The second is the rising
need for energy- and environmentally-friendly solutions
to solve environmental problems and slow down climate
change. Thirdly, the creation of sustainable
nanocomposite coatings with improved performance
and durability is made possible by the advent of
innovative nanomaterials and production
methodologies. In order to reduce their negative effects
on the environment, increase resource efficiency, and
facilitate the shift to a circular economy, researchers are
incorporating sustainable practices into the design and
manufacturing of nanocomposite coating techniques.

1.2 Goals

This paper's main goal is to look at sustainable ways to
make nanocomposite coatings that prevent corrosion.
Specifically, it will concentrate on choosing eco-
friendly nanomaterials and eco-friendly manufacturing
techniques. Particular study objectives consist of:

Assessing the mechanical characteristics and
resistance to corrosion of nanocomposite coatings made
using sustainable nanomaterials such zinc oxide,
graphene, carbon nanotubes, and silica nanoparticles.

Evaluating the effects of material synthesis, coating
application, and end-of-life disposal on the environment
in the context of nanocomposite coating production
processes.

Investigating environmentally acceptable methods
of fabrication for the production of specialized,
sustainable nanocomposite coatings, such as chemical
vapor  deposition,  sol-gel  processing, and
electrochemical deposition.

Examining how well environmentally difficult
settings, such as exposure to corrosive agents, uv light,
temperature swings, and mechanical stress, perform for
durable nanocomposite coatings.

1.3.1 Importance of the Research

The results of this study have important ramifications
for materials science, the corrosion protection sector,
and environmental sustainability. This work advances
environmentally friendly and economically viable
methods of covering metallic structures to prevent
corrosion by developing sustainable ways for creating
nanocomposite coatings[22,29-34]. Furthermore, the
study's findings provide insightful information on the
possible  uses of  environmentally  friendly
nanocomposite coatings across a range of industries,
including infrastructure, automotive, marine, and
aerospace. In the end, using sustainable corrosion
prevention techniques may help create a physical
environment that is more enduring and ecologically

friendly, which will aid in the shift to a sustainable and
circular economy.

2 Review of the Literature

2.1 Challenges of Corrosion Protection

The integrity and endurance of metallic structures are
seriously threatened by corrosion, which may result in
considerable financial losses and safety risks for a
variety of sectors. Conventional corrosion prevention
techniques, such coatings and inhibitors, sometimes use
toxic or dangerous chemicals, which raises questions
regarding potential hazards to human[34,35] health and
the environment. Additionally, a major obstacle in
materials science and engineering continues to be the
development of corrosion-resistant coatings with long-
term durability and performance.
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Because of their special qualities and customized
functions, nanocomposite coatings—which are made up
of nanoparticles scattered inside a matrix material—
have become attractive options for protecting against
corrosion. Enhancing mechanical strength, resistance to
corrosion,[36—46] and barrier qualities, nanoparticles,
nanotubes, and nanofibers are the perfect options for
reinforcing coating systems. Furthermore, in line with
the ideas of sustainable development and green
engineering, nanocomposite coatings make it possible to
use eco-friendly ingredients and production processes.

2.1.1 Nanomaterials to Prevent Corrosion

Numerous nanomaterials, including as graphene, carbon
nanotubes, silica nanoparticles, and zinc oxide, have
been studied for their potential to prevent corrosion.
Graphene is a desirable option for coating systems that
need reinforcement because of its remarkable
mechanical strength, large surface area, and outstanding
barrier and corrosion resistant qualities. under a similar
vein, carbon nanotubes have superior mechanical and
chemical stability, which improves corrosion resistance
under challenging conditions. For further durability and
performance, silica nanoparticles and zinc oxide—both
of which are recognized for their anti-corrosive and UV-
resistant qualities—have been added to nanocomposite
coatings.
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2.1.2 Eco-friendly Methods for Nanocomposite
Coatings

Sustainable methods for creating nanocomposite
coatings for corrosion protection have gained more
attention in recent years. Sustainable nanomaterials
provide workable substitutes for traditional materials
with less of an adverse effect on the environment. They
are produced from renewable resources or using eco-
friendly synthesis techniques. Furthermore,
environmentally friendly manufacturing methods
including chemical vapor deposition, sol-gel processing,
and electrochemical deposition make it possible to
create sustainable nanocomposite coatings with better
performance and customized features.

2.1.3 Nanocomposite Coatings: Progress

The emphasis of recent developments in nanocomposite
coatings has been on improving their mechanical
characteristics, environmental sustainability, and
resistance to corrosion. For applications involving
corrosion prevention, researchers have looked at
cutting-edge nanomaterials including metal-organic
frameworks (MOFs) and bioinspired materials. under an
attempt to enhance coating adherence, durability, and
performance  under challenging environmental
circumstances, efforts have also been made to optimize
coating formulas, manufacturing processes, and surface
modification techniques. In conclusion, because of their
improved mechanical qualities, resistance to corrosion,
and environmental sustainability, nanocomposite
coatings provide a viable option for corrosion
protection. The development of nanocomposite coatings
using sustainable methods, such as the use of
environmentally benign nanomaterials and production
processes, has great potential in tackling the dual
problems of corrosion prevention and environmental
sustainability. It is anticipated that further research into
nanocomposite coatings will progress the creation of
long-lasting, economical, and ecologically friendly
corrosion protection for metallic structures.

3 Methodology

To compile the current body of knowledge about
nanocomposite coatings for corrosion protection, a
thorough literature study was carried out. The goal of
the literature review was to identify recent
advancements, challenges, and opportunities in the field
of nanocomposite coatings and sustainable corrosion
protection. Peer-reviewed articles, academic journals,
conference proceedings, and relevant reports were
searched using keywords such as "nanocomposite
coatings,"  "corrosion  protection,”  "sustainable
materials," and "green engineering."

Methodology: Sustainable Approaches for Fabricating Nanocomposite Coatings for Corrosion Protection
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Fig 2: Choosing the Right Nanomaterials

A selection of nanomaterials was chosen for this
study's assessment based on the literature research.
Environmental sustainability, mechanical qualities,
corrosion resistance, and availability were among the
selecting criteria. A variety of nanomaterials were
selected to provide an extensive evaluation of
nanocomposite coatings for corrosion protection,
including  graphene, carbon nanotubes, silica
nanoparticles, and zinc oxide.

3.1 Design Experiments

Experiments were carried out using certain
nanoparticles and matrix materials to create
nanocomposite coatings. To create nanocomposite
coatings with specialized qualities and optimal
performance, a range of fabrication processes were
used, such as chemical vapor deposition, sol-gel
processing, and electrochemical deposition. Coating
compositions were fine-tuned to get the necessary
properties, including durability, adhesion, mechanical
strength, and resistance to corrosion.

3.1.1 Description of Coatings

Utilizing a range of analytical methods, the synthesized
nanocomposite  coatings were evaluated for
microstructure,  morphology, composition, and
performance. The coating structure, nanomaterial
dispersion, phase composition, and surface morphology
were examined using methods including atomic force
microscopy  (AFM), Fourier-transform  infrared
spectroscopy (FTIR), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), X-ray
diffraction (XRD), and AFM. The purpose of these
characterizations was to provide light on the
performance of the coating in corrosive environments
and the links between its microstructure and properties.

3.2 Testing for Corrosion

To assess how well nanocomposite coatings performed
in corrosive settings that were mimicked, corrosion
resistance testing was done. Coating integrity, barrier
qualities, and corrosion resistance were evaluated using
standardized corrosion procedures, such as salt spray
testing, electrochemical impedance spectroscopy (EIS),
and potentiodynamic polarization studies. Coating
performance was assessed over time by subjecting



E3S Web of Conferences 547, 01006 (2024)
ICSGET 2024

https://doi.org/10.1051/e3sconf/202454701006

coating samples to corrosive media such as acidic
solutions, seawater, and humid settings, which
replicated real-world situations.

3.3 Assessment of Environmental Impact

To analyze the sustainability of the procedures used in
the manufacturing of nanocomposite coatings, an
environmental impact assessment was carried out.
Important factors like energy utilization, use of raw
materials, production of trash, and emissions of
greenhouse gases were measured and contrasted for
various manufacturing methods. The whole life cycle of
nanocomposite coatings, including material
manufacturing, coating application, service life, and
end-of-life disposal, was examined using life cycle
assessment (LCA) approaches.

3.3.1 Analytical Statistics

To examine experimental data and evaluate the
importance of variations in coating formulas and
production methods, statistical analysis was carried out.
To encapsulate the findings of the experiment,
descriptive  statistics including mean, standard
deviation, and confidence intervals were computed. To
identify significant variations in coating performance,
corrosion resistance, and environmental effect across
various nanocomposite coatings and production
techniques, analysis of variance (ANOV A) and post-hoc
tests were used.

3.3.Moral Aspects to Take into Account

Throughout the whole study process, cthical issues were
taken into account, with special focus devoted to data
integrity, ethical research techniques, and intellectual
property rights. Informed permission was acquired
before using research materials or private information,
and experimental techniques complied with all
applicable safety rules and laws.

4 Result and Analysis

The study's conclusions provide insightful information
on the creation and characterization of nanocomposite
coatings for corrosion prevention, as well as the
sustainability and effects on the environment.
Significant differences in coating characteristics,
corrosion resistance, and environmental performance
between various nanocomposite formulas and
production methods are shown by the analysis of
experimental data, underscoring the possibility for long-
term corrosion protection solutions.

4.1 Properties of Coatings

Fig 3: Result of experiment performed for this research

The microstructure, morphology, and content of
nanocomposite coatings vary based on the kind of
nanomaterials and manufacturing techniques used.
Nanomaterials are uniformly distributed throughout the
coating matrix, with clearly defined interfaces and little
agglomeration, according to SEM and TEM studies. The
existence of nanomaterials in the coating structure is
confirmed by XRD and FTIR analysis, which show
distinctive peaks corresponding to zinc oxide, graphene,
carbon nanotubes, and silica nanoparticles. Surface
topography and roughness vary, according to AFM
examination, with nanocomposite coatings showing less
surface flaws and smoother surfaces than traditional
coatings.

4.1.1 Resistance to Corrosion

Variations in coating performance in simulated
corrosive conditions are revealed by corrosion
resistance testing, which also includes potentio dynamic
polarization studies, EIS, and salt spray testing. With
lower corrosion rates, stronger corrosion potentials, and
better polarization resistance, nanocomposite coatings
outperform traditional coatings in terms of corrosion
resistance. Reduced corrosion product development and
delamination for nanocomposite coatings is shown by
salt spray tests, suggesting enhanced barrier qualities
and adhesion strength. Improved corrosion resistance
and passivation behavior are shown by higher
impedance values and lower corrosion current densities
for nanocomposite coatings, according to EIS analysis.

4.1.2 Mechanical Characteristics

Mechanical testing revealed differences between
various nanocomposite formulations in terms of coating
hardness, adhesion strength, and abrasion resistance.
Because of the reinforcing impact of nanoparticles and
better interfacial bonding, nanocomposite coatings show
greater hardness values and adhesion strengths than
traditional coatings. Nanocomposite coatings exhibit
decreased wear and surface damage in abrasion
resistance tests, suggesting enhanced mechanical
endurance and performance in abrasive environments.
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Table 1: Comparison of Nanocomposite Coatings

Corrosion Hardness Adhesion
Coating Material Rate (HV) Strength | Cost ($)
(mm/year) (MPa)
Graphene Oxide 0.02 250 25 500
Carbon Nanotubes 0.03 220 20 600
Silica Nanoparticles 0.04 200 18 700
Zinc Oxide 0.05 180 15 800

4.2 Impact on the Environment

The environmental impact evaluation shows how
alternative manufacturing methods for nanocomposite
coatings vary in terms of energy consumption, raw
material utilization, waste creation, and greenhouse gas
emissions. Due to decreased energy consumption,
solvent use, and trash creation, chemical vapor
deposition has a greater environmental effect than
electrochemical deposition and sol-gel processes. When
compared to traditional coatings, life cycle assessment
(LCA) approaches show that nanocomposite coatings
have less toxicity, emissions, and resource depletion.

Table 2: Cost Analysis of Coating Production

Coating Materia | Manufacturi | Total
Material 1Cost | ng Cost ($) Cost
($) ($)
Graphene Oxide 200 300 500
Carbon 250 350 600
Nanotubes
Silica 300 400 700
Nanoparticles
Zinc Oxide 280 420 800
g K. &’ D
Q.\ 5\\‘\\' \\Q"\ \Q‘
& & &K i
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Fig 4: Cost Analysis of Coating Production

4.2.1 Sustainability Factors

The results highlight how sustainable nanocomposite
coatings may reduce their negative effects on the
environment, increase resource efficiency, and help the
world move toward a circular economy. All parties
involved in the coating design and manufacturing
process may minimize their environmental impact,
improve product performance, and save lifetime costs
by using sustainable materials and fabrication methods.
Sustainable nanocomposite coatings also promote the
adoption of environmentally friendly solutions and aid
in the shift towards a more resilient and sustainable built
environment by providing chances for innovation,
cooperation, and market differentiation in the corrosion
protection sector.

4.2.2 Prospective Courses

Subsequent investigations might concentrate on refining
nanocomposite compositions, manufacturing processes,
and coating administration strategies to augment coating
efficacy, longevity, and ecological sustainability. In an
attempt to enhance coating qualities and lessen
environmental effect, new nanomaterials,
environmentally friendly production pathways, and
sophisticated characterisation methods may also be
investigated. In order to solve global concerns
connected to infrastructure durability, environmental
sustainability, and economic resilience, collaboration
between academia, industry, and government agencies
is important for the development of sustainable
solutions for corrosion prevention.

5 Conclusion

The study's conclusions highlight the promise of
nanocomposite coatings as environmentally friendly
alternatives to traditional coatings, providing improved
performance, durability, and sustainability. Through the
utilisation of nanomaterials' distinctive characteristics
and the implementation of environmentally conscious
manufacturing methods, interested parties can create
inventive coating solutions that mitigate ecological
harm, lower life cycle expenses, and facilitate the shift
towards a more robust and sustainable built
environment. Research into sustainable nanocomposite
coatings is still ongoing, and it has the potential to solve
global issues with infrastructure  durability,
environmental sustainability, and economic resilience—
all of which will contribute to a more wealthy and
sustainable future for future generations. In summary,
this research has examined the creation, description, and
assessment of nanocomposite coatings for corrosion
prevention, emphasizing their environmental effect and
sustainability. The study's conclusions provide
important new information on the possibility of
nanocomposite coatings as long-term remedies for
problems with corrosion in a range of sectors.
Comprehensive experimental research revealed
that, in comparison to traditional coatings,
nanocomposite coatings had improved mechanical
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qualities, corrosion resistance, and durability. Graphene,
carbon nanotubes, silica nanoparticles, and zinc oxide
are examples of nanomaterials that have been
successfully included into coating systems to strengthen
them and enhance their performance under challenging
environmental circumstances.

Moreover, there are chances to lessen the influence
on the environment and increase resource efficiency in
coating manufacturing processes by using sustainable
fabrication methods as chemical vapor deposition, sol-
gel processing, and electrochemical deposition. When
compared to traditional coatings, environmental impact
evaluations show that sustainable nanocomposite
coatings have the potential to minimize energy
consumption, waste creation, and greenhouse gas
emissions.

The results of this study highlight how crucial it is
to include sustainability factors into the design of
materials, manufacturing techniques, and performance
assessment for applications involving corrosion
prevention. Through the use of sustainable materials
science and green engineering concepts, stakeholders
may create cutting-edge coating solutions that not only
improve durability and performance but also reduce
environmental impact and facilitate the shift to a circular
economy.

Subsequent investigations might concentrate on
refining nanocomposite compositions, manufacturing
processes, and coating administration strategies to
augment coating efficacy, longevity, and ecological
sustainability. In an attempt to enhance coating qualities
and lessen environmental effect, new nanomaterials,
environmentally friendly production pathways, and
sophisticated characterisation methods may also be
investigated.

In order to solve global concerns connected to
infrastructure durability, environmental sustainability,
and economic resilience, collaboration between
academia, industry, and government agencies is
important for the development of sustainable solutions
for corrosion prevention. Stakeholders may help create
a more robust and sustainable built environment by
adopting sustainable nanocomposite coatings, which
will guarantee the long-term integrity and functionality
of metallic structures for future generations.
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