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ABSTRACT

Nanomaterials are materials engineered at the nanoscale, where they exhibit unique physical and chemical properties such as high surface area, enhanced
reactivity, and improved thermal stability. These characteristics make them highly effective in improving industrial fire control systems and safety measures.
One of the most important applications of nanomaterials in fire control is in the development of advanced fire-resistant coatings. Nanoparticles such as silica,
alumina, and clay are incorporated into paints and coatings to enhance their fire-retardant properties. These coatings form a protective barrier when exposed
to high temperatures, slowing down heat transfer and preventing the spread of fire. This is particularly useful in industries such as petrochemical plants,
power stations, and textile manufacturing. Nanomaterials also play a key role in improving fire extinguishing agents. Traditional extinguishing materials
like foam, dry chemicals, and water can be enhanced by adding nanoparticles. For example, nano-sized metal oxides and carbon-based nanomaterials
increase the efficiency of fire suppression by improving heat absorption and interrupting the chemical reactions of combustion. Nano-enhanced fire
extinguishers require less material and act more quickly compared to conventional ones. Carbon nanotubes and metal oxide nanoparticles are widely
used in these sensors due to their excellent electrical and thermal properties. Early detection helps in preventing large-scale industrial fires and reduces
damage to life and property. Despite their advantages, the use of nanomaterials also raises concerns regarding cost, environmental impact, and health
risks due to nanoparticle exposure. Proper handling, regulation, and further research are necessary to ensure safe and sustainable use.

*Corresponding author

Rabindranath Jana, Associate Professor, Dept of Chemical Engineering, Haldia Institute of Technology, ICARE Complex, Haldia - 721657, Purba

Medinipur, West Bengal, India.

Received: April 09, 2026; Accepted: April 13, 2026; Published: May 06, 2026

Introduction

Fire is a rapid oxidation process that releases heat, light, and toxic
gases [1]. Industrial environments such as petrochemical plants,
textile mills, power stations, and warehouses are particularly
vulnerable due to the presence of flammable materials and high-
energy systems [2].

The Traditional Fire Control Methods Include
(1) Fire extinguishers (water, foam, dry powder),
(i1) Flame-retardant chemicals, and

(ii1) Passive fire-resistant materials [3].

However, these Methods have Limitations

(i) Environmental hazards (e.g., halogenated compounds),

(1) Limited efficiency under extreme conditions, and

(iii) Poor durability and high maintenance. Nanotechnology offers
a new paradigm in fire protection [4]. Nanomaterials provide
enhanced fire resistance, improved suppression efficiency, and
intelligent fire detection systems. Their nanoscale size enables
them to interact at the molecular level with combustion processes.
Recent research shows that nanomaterials significantly improve
flame retardancy by forming thermal barriers, promoting char
formation, and reducing toxic emissions [5-8].

Types of Nanomaterials used in Fire Control
The different types of Nanomaterials used in Fire control are
shown in Figure 1.

Carbon-Based Nanomaterials

Carbon Nanotubes (CNTs)

Due to their high thermal resistance, CNTs can withstand extreme
temperatures, making them suitable for fire-resistant coatings and
protective materials used in high-risk industrial environments such
as chemical plants, oil refineries, and manufacturing units. CNTs
enhance the performance of fire-retardant composites by increasing
their heat dissipation capacity and reducing flammability. When
incorporated into polymers, they form a protective char layer
during combustion, which acts as a barrier to heat, oxygen, and
the release of flammable gases. This significantly slows down
the spread of fire. Additionally, CNT-based sensors can detect
temperature changes, smoke, or toxic gases at an early stage,
enabling faster fire detection and response [9].

Types of Nanomaterials used in Fire Control
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Figure 1: Types of Nanomaterials used in Fire Control
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Graphene and Graphene Oxide

These properties make it a promising nanomaterial for industrial fire
control applications. Graphene-based coatings can act as effective
thermal barriers, slow heat transfer and protecting underlying
materials from rapid temperature rise during fire incidents [10].
Graphene oxide (GO), an oxidized form of graphene, contains
oxygen functional groups that enhance its dispersibility in water
and polymers. This makes GO highly suitable for fire-retardant
coatings, foams, and composite materials. When exposed to high
temperatures, GO forms a protective char layer that limits oxygen
supply and reduces flammability. It also releases non-toxic gases
that help dilute combustible vapors. In industrial environments
such as chemical plants, refineries, and manufacturing units,
graphene and GO-based nanocomposites can be incorporated
into fire-resistant paints, insulation materials, and protective
fabrics. These materials improve flame resistance, reduce smoke
generation, and enhance structural integrity under fire conditions.

Carbon Nanofibers (CNFs)

When incorporated into industrial materials, CNFs improve
thermal conductivity, allowing heat to dissipate more efficiently
and reducing the likelihood of localized overheating and ignition.
Additionally, they form a protective char layer when exposed to
fire, which acts as a barrier to oxygen and heat transfer, thereby
slowing down combustion. CNFs are also used in fire-resistant
coatings and insulation materials. Their nanoscale structure enables
them to fill micro-voids and cracks, enhancing the integrity and
fire resistance of surfaces. Furthermore, due to their electrical
conductivity, carbon nanofibers can be integrated into smart fire
detection systems that monitor temperature changes and provide
early warnings.

Metal Oxide Nanoparticles

Aluminum Oxide (Al.Os)

In industrial applications, Al-Os nanomaterials are commonly
incorporated into fire-resistant coatings, insulating layers, and
composite materials. These nanoparticles act as thermal barriers,
slowing heat transfer and preventing the rapid spread of fire. When
exposed to high temperatures, they form a protective ceramic
layer that shields underlying materials from oxidation and thermal
degradation. Al:Os nanomaterials enhance the effectiveness of fire
retardants by improving their dispersion and adhesion properties
[11]. This ensures uniform coverage on surfaces, increasing
resistance to ignition. In extinguishing systems, they can also be
used in dry chemical powders to suppress flames by interrupting
combustion reactions.

Titanium Dioxide (TiO:)

One key advantage of TiO- nanoparticles is their ability to act as
flame retardants. When incorporated into coatings, polymers, or
textiles, they improve resistance to ignition and slow down flame
propagation by forming a protective barrier. This barrier reduces
heat transfer and limits the release of combustible gases. TiO:
can enhance char formation, which further insulates underlying
materials during a fire. An important property is its photocatalytic
activity. Under UV light, TiO: can break down hazardous organic
compounds and smoke particles, helping to reduce toxic emissions
during industrial fires. This contributes to safer evacuation and
minimizes environmental pollution.

Magnesium Oxide (MgO)

Magnesium oxide (MgO) in nanomaterial form has emerged as a
highly effective agent for industrial fire control due to its excellent
thermal stability, non-combustibility, and high melting point

(around 2800°C). In industrial applications, nano-MgO is often
incorporated into fire-resistant coatings, insulation materials, and
flame-retardant composites. When exposed to high temperatures,
it absorbs heat and helps in dissipating thermal energy, effectively
slowing down fire spread. Additionally, MgO nanoparticles can
neutralize acidic gases produced during combustion, reducing
toxic emissions and improving safety conditions for workers.
One more advantage of MgO nanomaterials is their chemical
stability and environmental friendliness, making them suitable for
sustainable fire protection systems. They do not release harmful
by-products and maintain performance under extreme conditions.
Due to these properties, MgO nanomaterials are increasingly being
utilized in sectors such as petrochemical industries, electrical
installations, and high-risk manufacturing units to enhance fire
prevention and control strategies [12].

Nanoclays and Layered Materials

Montmorillonite

Montmorillonite is a naturally occurring clay mineral belonging to
the smectite group, widely used as a nanomaterial for improving
fire resistance in industrial applications [13]. Due to its layered
nanostructure and high surface area, montmorillonite can be
dispersed into polymers to form nanocomposites with enhanced
thermal stability and flame-retardant properties. When exposed to
heat, montmorillonite layers create a protective barrier that slows
down heat transfer, reduces the release of flammable gases, and
delays ignition. This makes it highly effective in controlling fire
hazards in industries such as textiles, plastics, and construction.
The material also promotes char formation, which acts as an
insulating layer and prevents further combustion. In industrial fire
control systems, montmorillonite-based coatings and additives
are used to enhance the fire resistance of materials like cables,
panels, and structural components. Compared to conventional
flame retardants, it is environmentally friendly, non-toxic, and
cost-effective.

Layered Double Hydroxides (LDH)

Structurally, LDHs consist of positively charged metal hydroxide
layers (commonly magnesium—aluminum or zinc—aluminum)
separated by interlayer anions and water molecules. This unique
layered structure enables LDHs to exhibit excellent thermal
stability, flame retardancy, and smoke suppression properties
[14]. In fire control applications, LDHs act primarily through
endothermic decomposition. When exposed to high temperatures,
they absorb heat and release water vapor and carbon dioxide,
which dilute flammable gases and reduce oxygen concentration
around the fire. This process slows down combustion and helps
in preventing fire spread. Additionally, LDHs form a protective
char layer on material surfaces, acting as a physical barrier that
limits heat transfer and volatile release. LDHs are widely used
as flame-retardant additives in polymers, coatings, textiles, and
construction materials. Compared to traditional halogen-based
fire retardants, LDHs are environmentally friendly, non-toxic, and
produce less harmful smoke. Their tunable composition allows
customization for specific industrial needs.

Polymer Nanocomposites

Polymer Matrices Reinforced with Nanofillers like

Boron Nitride

Boron nitride, particularly in its hexagonal form (h-BN), possesses
exceptional thermal stability, high thermal conductivity, electrical
insulation, and oxidation resistance [15]. When incorporated
into polymer matrices such as epoxy, polyethylene, or phenolic
resins, BN nanoparticles significantly enhance the fire-resistant
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properties of the composite. These nanocomposites act as thermal
barriers by efficiently dissipating heat and reducing localized
temperature buildup, thereby delaying ignition. BN also promotes
the formation of a protective char layer during combustion, which
limits the release of flammable gases and slows down flame spread.
Additionally, its non-toxic and chemically inert nature makes it
suitable for use in environments where safety and environmental
concerns are critical. In industrial settings, BN-reinforced polymers
are used in coatings, cables, insulation materials, and structural
components exposed to high temperatures or fire hazards. Their
ability to maintain mechanical integrity under extreme conditions
improves overall system reliability and safety. Thus, polymer
matrices reinforced with boron nitride nanomaterials represent
a promising solution for advanced fire protection, combining
durability, efficiency, and environmental compatibility in modern
industrial applications.

Phosphorus Compounds

These materials combine conventional polymers with nanoscale
phosphorus additives, such as ammonium polyphosphate, red
phosphorus, or organophosphorus compounds, to enhance flame
retardancy. The phosphorus compounds act primarily in the
condensed phase by promoting char formation when exposed
to heat [16]. This char layer acts as a thermal barrier, reducing
heat transfer, oxygen diffusion, and the release of flammable
gases. At the nanoscale, the dispersion of phosphorus particles
within the polymer matrix improves surface area interaction,
leading to more efficient flame-retardant performance even at
lower additive concentrations. This results in lighter materials
with improved mechanical properties compared to traditional
fire-retardant systems. Additionally, these nanocomposites can
exhibit synergistic effects when combined with other nanofillers
like clay or graphene, further enhancing thermal stability and fire
resistance. In industrial applications, such materials are widely
used in coatings, insulation systems, electrical components,
and structural panels, where fire safety is critical. They help in
delaying ignition, reducing flame spread, and minimizing smoke
and toxic gas emission. Thus, phosphorus-reinforced polymer
nanomaterials play a vital role in improving fire safety standards
while maintaining material performance and sustainability.

Silica-Based Nanomaterials

Nano-Silica Particles

It has an ability to form a protective barrier when exposed to
high temperatures. This barrier reduces heat transfer, slows
down combustion, and prevents the spread of flames [17]. In
industrial settings such as petrochemical plants, textile units,
and manufacturing facilities, nano-silica can be incorporated
into fire-resistant coatings, paints, and insulation materials to
enhance fire safety. Additionally, nano-silica particles improve
the performance of fire extinguishing agents by increasing
their dispersion and adhesion to burning surfaces. They also
contribute to smoke suppression by trapping particulate matter
and reducing toxic emissions during combustion. Their non-toxic
and environmentally friendly nature further makes them suitable
for modern safety applications.

Aerogels

Aerogels are advanced nanomaterials known for their extremely
low density, high porosity, and excellent thermal insulation
properties, making them highly effective in industrial fire control
[18]. Often referred to as “frozen smoke,” aerogels are composed
of a three-dimensional nanostructure in which up to 99% of
the material is air. This unique structure significantly reduces
heat transfer through conduction, convection, and radiation. In

industrial settings, aerogels are used as fire-resistant insulation
materials in pipelines, storage tanks, and high-temperature
equipment. Their low thermal conductivity helps to delay heat
propagation, thereby preventing the rapid spread of fire. Silica-
based aerogels, in particular, can withstand very high temperatures
without degradation, enhancing safety in hazardous environments
such as petrochemical plants and refineries. Additionally, acrogels
are lightweight and flexible, allowing easy installation in complex
industrial systems. They also produce minimal toxic smoke when
exposed to fire, which is crucial for worker safety and emergency
response. Due to their hydrophobic nature, acrogels resist moisture,
maintaining their insulating performance over time.

Mechanisms of Fire Retardancy
Nanomaterials enhance fire resistance through several mechanisms
(Figure 2):

Mechanisms of

Suppression Fire Retardancy

Charring

Figure 2: Mechanisms of Fire Retardancy

(i) Physical Barrier Effect: Nanomaterials form a protective
layer that blocks heat transfer, prevents oxygen diffusion, and
reduces flame spread.

(i) Catalytic Charring: Promotes formation of carbonaceous
char, which acts as an insulating layer, reduces release of
flammable gases.

(iii) Heat Absorption: Metal oxides absorb heat, delay ignition
temperature, and reduce thermal degradation

(iv) Endothermic Decomposition: Releases water vapor, dilutes
combustible gases, and cools the system.

(v) Smoke Suppression: Nanomaterials reduce toxic gas
emission, improve visibility during fire incidents.

(vi) Chemical Interference: Interrupt combustion chain reactions,
and reduce flame intensity.

Applications of Nanomaterials in Industrial Fire Control
The applications of Nanomaterials in Industrial Fire Control are
shown in Figure 3.

(i) Fire-Resistant Coatings: Nanocoatings provide thin, durable
protection, maintain structural integrity, improve corrosion
resistance. Nanocomposite coatings enhance flame retardancy
and mechanical durability.

Fire Extinguishing Systems: Nano-enhanced extinguishing
agents improve heat absorption, increase cooling efficiency,
enhance surface wetting. The Nanoparticles added to foam
and water improve fire suppression performance.

(i)
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(iii) Fire Detection Sensors: Nanotechnology enables Ultra-
sensitive gas sensors, carly smoke detection, real-time
monitoring systems

(iv) Fire-Resistant Textiles: They are used in Firefighter suits,
and industrial protective clothing.

(v) Structural Materials: Nanomaterials are used in Buildings,
Aircraft, Automobiles. They enhance fire resistance and
mechanical strength.

(vi) Polyurethane Foams: Nanomaterials reduce flammability
in foams widely used in industries.

Applications of Nanomaterials in
Industrial Fire Control

(i) Fire-Resistant Coatings (iv) Fire-Resistant Textiles

(ii) Fire Extinguishing Systems (v) Structural Materials

(vi) Polyurethane Foams

(iii) Fire Detection Sensors

Figure 3: Applications of Nanomaterials in Industrial Fire Control

Advantages of Nanomaterials in Fire Control

Nanoparticles can penetrate deeper into burning materials, cutting
off oxygen supply more effectively than conventional agents
[19]. This leads to faster fire suppression and reduced chances of
re-ignition. Additionally, nanomaterials can be incorporated into
lightweight and compact extinguishing systems, making them
easier to handle and deploy in emergencies. Nanotechnology
also improves the thermal stability and durability of fire-resistant
materials, such as coatings, textiles, and construction components.
These materials can withstand higher temperatures and provide
longer protection during fire incidents. Furthermore, some
nanomaterials are environmentally friendly and produce less toxic
residue compared to traditional fire suppressants. They have high
efficiency at low concentrations, lightweight and durable, reduced
environmental impact, multifunctionality (fire resistance + strength
+ corrosion resistance) and improved safety and reliability.

Challenges and Limitations

(1) Cost: High production cost, limited industrial scalability

(ii)) Health and Environmental Risks: Nanoparticle have
toxicity, airborne exposure risks

(iii) Dispersion Issues: Form agglomeration, and have reduced
effectiveness

(iv) Regulatory Challenges: Lack of standardized safety
guidelines

(v) Manufacturing Constraints: Complex synthesis processes

Future Trends and Research Directions

Future trends and research directions of nanomaterials for
effective industrial fire control are rapidly evolving, driven by
the need for safer, smarter, and more sustainable fire protection
systems. One major trend is the development of multifunctional
nanocomposites. These advanced materials combine different
nanomaterials such as graphene, metal oxides, and nano-clays
to provide not only fire resistance but also improved mechanical
strength and environmental durability. Another important direction
is the integration of nanomaterials with smart sensing technologies.
Researchers are working on nano-enabled fire detection systems
that can provide early warnings by sensing temperature changes,
smoke, or gas emissions [20]. For example, two-dimensional
nanomaterials like graphene and MXenes are being explored for
real-time fire monitoring and alarm systems. Sustainability is also
a key focus area. Future research emphasizes the development of

eco-friendly, non-toxic, and halogen-free nanomaterials to replace
conventional fire retardants that may harm the environment. Green
synthesis techniques and biodegradable nanomaterials are gaining
importance in industrial applications.

(i) Smart Fire Protection Systems: Integration with [oT, Real-
time monitoring

(i1) Self-Healing Materials: Automatic repair after fire damage

(ii1) Green Nanotechnology: Sustainable production methods

(iv) Hybrid Nanomaterials: Combining multiple nanostructures

(v) Al-Based Fire Detection: Intelligent fire prediction systems

Conclusion

The nanomaterials represent a transformative advancement in
the field of industrial fire control, offering superior performance
compared to conventional fire protection methods. Their unique
properties, such as high surface area, enhanced reactivity, and
tunable chemical composition, enable them to address fire hazards
more efficiently and effectively. By improving fire retardancy,
enhancing extinguishing mechanisms, and increasing the thermal
stability of materials, nanotechnology provides a multi-layered
approach to fire safety. One of the most significant contributions of
nanomaterials is their ability to act through multiple mechanisms
simultaneously, including barrier formation, heat insulation, radical
suppression, and char promotion. This integrated action not only
delays ignition but also reduces flame spread and minimizes the
intensity of fires. As a result, industries can benefit from reduced
damage to equipment, improved safety for workers, and lower
economic losses. Furthermore, nanomaterials contribute to the
development of lightweight, durable, and environmentally friendly
fire protection systems. Advanced nano-coatings, fire-resistant
textiles, and efficient extinguishing agents are increasingly being
used in high-risk industries such as petrochemicals, manufacturing,
and energy sectors. These innovations support compliance with
modern safety standards while also addressing environmental
concerns associated with traditional fire suppressants.
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