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Purpose. This paper provides a comprehensive overview of the chemical strategies used
for fireproofing porous flammable materials. It aims to synthesize recent advances, outline key
mechanisms of action, and evaluate the environmental and health implications of different flame
retardant classes. The work addresses the urgent need for balancing fire safety with sustainabil-
ity and regulatory compliance.

Methods. A systematic review of peer-reviewed research, standards, and technical reports
from 2018 to 2024 was conducted. Data sources included scientific journals, regulatory docu-
ments, and industry guidelines. The analysis covered halogenated and halogen-free flame re-
tardants, nanostructured systems, bio-based chemicals, and hybrid approaches. Special focus
was given to studies employing advanced characterization techniques, cone calorimetry, ther-
mal analysis, and life cycle assessment.

Findings. Halogenated flame retardants remain effective but are increasingly restricted
due to toxicity and environmental persistence. Halogen-free alternatives, such as ammonium
polyphosphate, aluminum diethyl phosphinate, DOPO' derivatives, and bio-based systems,
show promising performance, especially when combined with nanomaterials or reactive chem-
istries to enhance stability. Innovative solutions, including metal-organic frameworks, graphene
derivatives, and phytic acid-based coatings, are emerging for improved efficacy and lower eco-
logical footprint. However, scalability, cost, and long-term durability remain challenges. The
porosity of materials introduces specific issues such as leaching and off-gassing, necessitating
careful selection and application methods. Regulatory frameworks like REACH? and the Stock-
holm Convention® play a decisive role in guiding safer chemical adoption.

Application field of research. Developing safer and more sustainable fire protection strat-
egies in the age of advanced materials and growing ecological awareness.

Keywords: fire retardants, porous materials, halogen-free flame retardants, nanomateri-
als, environmental safety.
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1. Introduction

Porous flammable materials play a central role in modern industrial applications due to their
unique combination of lightweight structure, insulation capabilities, and design flexibility. Found
in products ranging from furniture foams, packaging materials, and insulation boards to wearable
fabrics, natural wood, paper, and high-performance polymeric aerogels, these materials are often
selected for their functionality and efficiency. However, one of the most critical vulnerabilities of
porous materials is their susceptibility to fire. The very features that make them desirable — high
porosity, low thermal conductivity, and high surface area — also make them inherently more com-
bustible and capable of propagating flames rapidly once ignited [1].

The behavior of porous materials under fire conditions is distinct from that of dense or com-
pact materials. Their interconnected pore structures allow for the easy diffusion of air (oxygen),
volatile gases, and heat, which accelerates ignition and combustion. Once initiated, fire spreads
quickly within the porous network, releasing smoke, toxic gases, and potentially lethal heat [1].
This presents a considerable risk not only in domestic and commercial environments but also in

1'9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) is an organophosphorus compound that is used to
produce fire retardants.

2 Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) — Regulation (EC) No 1907/2006 of
the European Parliament and of the Council of 18 December 2006.

3 Stockholm Convention on Persistent Organic Pollutants is an international environmental treaty, signed on 22 May 2001
and effective from 17 May 2004, that aims to eliminate or restrict the production and use of persistent organic pollutants.
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critical sectors such as transportation, aerospace, defense, and construction. For instance, in resi-
dential buildings, upholstered furniture and insulation foams are often involved in early fire devel-
opment stages due to their porous and flammable nature. In aircraft interiors, composite foams must
meet strong fire safety regulations to prevent disaster in the event of electrical faults or engine
overheating [2].

Given these risks, substantial efforts have been invested in enhancing the fire resistance of
porous flammable materials. While physical barriers such as metal cladding or fire-resistant fabrics
can offer some protection, these methods are often limited in effectiveness, flexibility, and cost-
efficiency. In contrast, chemical fireproofing — using substances that interrupt the combustion pro-
cess through thermal, physical, or chemical means — provides a versatile and effective solution.
Chemical fire retardants can be tailored to operate through various mechanisms, such as absorbing
heat, releasing water or inert gases, promoting char formation, or interfering with flame-propagating
radicals [1]. Moreover, they can be applied through multiple techniques including impregnation,
surface coating, and chemical bonding, making them compatible with different types of porous
substrates.

The challenge, however, lies in balancing fire performance with environmental and mechan-
ical considerations. Traditional flame retardants, particularly halogenated compounds, have come
under increasing scrutiny due to their toxicity, persistence in the environment, and potential for
bioaccumulation [3; 4]. These concerns have led to regulatory restrictions and the development of
safer, halogen-free alternatives. Furthermore, many flame retardants affect the mechanical proper-
ties, processability, and durability of the materials to which they are added. For example, mineral-
based retardants require high loading levels that can compromise structural integrity, while some
reactive phosphorus-based compounds may cause discoloration or surface degradation over time [5].

As a result, the field of chemical fireproofing is evolving rapidly, with a growing focus on
multifunctional systems that not only resist combustion but also preserve or enhance the perfor-
mance of the host material. Nanotechnology and material science innovations have introduced
a new generation of flame retardants, including layered silicates, carbon-based nanostructures like
graphene, and hybrid materials such as metal-organic frameworks (MOFs) [3]. These substances
offer the potential for improved dispersion, greater efficiency at lower loadings, and added func-
tionalities such as thermal conductivity, mechanical reinforcement, and even antimicrobial proper-
ties. Biobased flame retardants derived from natural polymers, DNA, and other renewable sources
are also being explored as eco-friendly alternatives [6; 7].

This review aims to provide a comprehensive, critical analysis of chemical fireproofing
methods applicable to porous flammable materials. In the sections that follow, we delve into the
classification of fire retardants by their chemical mechanism and mode of action, examine applica-
tion techniques specific to porous structures, and discuss the latest research developments including
nanomaterial-enhanced and biobased systems. We also evaluate the environmental and regulatory
landscape shaping the adoption and development of these technologies. Our goal is to offer insights
that inform both academic research and industrial implementation, contributing to safer, more sus-
tainable fire protection strategies in the age of advanced materials and growing ecological awareness.

2. Classification of fire-retardant chemicals and mechanisms

Fire retardants can be broadly categorized based on their chemical composition and mecha-
nisms of action. Their ability to inhibit, suppress, or delay combustion varies depending on their
interactions with the thermal degradation pathways of the host material. The six major groups dis-
cussed here are mineral-based additives, organophosphorus compounds, halogenated substances, in-
tumescent systems, graphene-based nanomaterials, and MOFs [8—11].

2.1. Mineral-based endothermic additives. Mineral fillers are inorganic particulate mate-
rials added to polymers or composites to improve mechanical and thermal properties, reduce cost,
and enhance flame retardancy. They such as aluminum hydroxide and magnesium hydroxide are
among the most widely used fire retardants. Their primary function is to undergo endothermic de-
composition upon heating, releasing water vapor that dilutes combustible gases and absorbs heat
from the system [12]. The resulting residue forms a protective barrier that limits further pyroly-
sis.The flame-retardant mechanism of Mineral fillers have shown in Figure 1. The flame-retardant
mechanism of aluminum hydroxide starts decomposing around 180 °C, while magnesium hydrox-
ide functions at slightly higher temperatures (~300 °C), making each suitable for different polymer
systems. For porous foams and insulation materials, these mineral fillers are often integrated into
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the polymer matrix at high loadings (typically 40—60 % by weight), which can compromise me-
chanical properties like flexibility and tensile strength [13]. Despite this drawback, mineral-based
fire retardants are favored for their non-toxicity, low smoke emission, and environmental friendli-
ness. They are commonly used in rigid polyurethane (PU) foams, ethylene-vinyl acetate composites,
and wood-plastic composites [14].

2.2. Organophosphorus compounds. Organophosphorus flame retardants (OPFRs) are
widely used in both halogen-free and intumescent systems due to their dual action in the condensed
and gas phases, this has been demonstrated by both experimental and theoretical calculations [15].
In the condensed phase, they promote char formation by catalyzing dehydration reactions, whereas
in the gas phase, they scavenge flame-propagating radicals (e.g., OH- and H-) [1]. The flame-re-
tardant mechanism of OPFRs is presented in Figure 2a. Ammonium polyphosphate (APP), tri-
phenyl phosphate, and aluminum diethyl phosphinate (AlP1) are notable examples. APP is espe-
cially popular in intumescent coatings used for porous wooden substrates, where it supports foamed
char development under heat [3; 4]. AlPi is often used in thermoplastics and foamed polyamides
due to its thermal stability and low volatility. A significant advantage of OPFRs is their relatively
low environmental toxicity compared to halogenated systems. However, their potential for migra-
tion from porous matrices and their interaction with humidity can reduce long-term durability. En-
capsulation and grafting techniques are being explored to mitigate these issues [4].

2.3. Halogenated flame retardants (HFRs), particularly brominated and chlorinated com-
pounds, function by releasing halogen radicals during combustion. These radicals intercept the com-
bustion chain reaction by neutralizing high-energy flame radicals. The flame-retardant mechanism
of HFRs is presented in Figure 2b. Tetrabromobisphenol A and decabromodiphenyl ether have his-
torically been used in foamed insulation and upholstered furniture [3]. While HFRs are highly ef-
fective at low loadings, their environmental impact has led to widespread regulatory scrutiny. They
have been associated with endocrine disruption, persistent organic pollutants behavior, and bioac-
cumulation [16]. The European Union and U.S. Environmental Protection Agency have listed sev-
eral HFRs under restriction due to these concerns. Their use in porous materials is declining in favor
of halogen-free alternatives, but legacy applications and recycling challenges continue to pose risks.
Moreover, combustion of HFR-treated materials often leads to the formation of toxic gases like
hydrogen bromide, posing serious risks during fires [17].
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Figure 1. — The flame-retardant mechanism Figure 2. — The flame-retardant mechanism of OPFRs
of Mineral fillers (a) and HFRs (b)

2.4. Intumescent flame retardants (IFRs) form a swollen, thermally insulating char layer
when exposed to fire. Typically comprising an acid source (e.g., APP), a carbon source (e.g., pen-
taerythritol), and a blowing agent (e.g., melamine), these systems are particularly effective for po-
rous wood and cellulose-based materials [4]. The mechanism involves the acid catalyzing dehydra-
tion of the carbon source while the blowing agent generates inert gases, expanding the matrix into
a foamed char. This barrier protects the underlying material from heat and oxygen. The flame-
retardant mechanism of [FRs have shown in Figure 3. IFRs can be applied as surface coatings or
embedded within porous foams using impregnation techniques. Recent advancements have focused
on enhancing the mechanical durability and water resistance of IFR coatings through cross-linking
agents and hybrid nanofillers such as layered double hydroxides and graphene oxide [18].

2.5. Graphene-based fire retardants. Graphene and its oxidized form, graphene oxide,
offer promising fire retardant properties due to their high aspect ratio, mechanical strength, and
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ability to form dense, impermeable layers that hinder heat and gas transfer [1]. When incorporated
into porous polymeric systems via spray coating or layer-by-layer (LBL) assembly, graphene acts
as a barrier to volatile degradation products and external oxygen. It also promotes graphitization of
the char, increasing thermal stability [3]. The flame-retardant mechanism of graphene is illustrated
in Figure 4. Graphene-based systems are often used in synergy with conventional flame retardants
to lower overall loading levels. However, dispersion challenges and high production costs remain
barriers to widespread adoption. Ongoing research is exploring functionalized graphene and eco-
friendly exfoliation methods to overcome these limitations [6].

Char layer Barrier layers

—_—

Intumescent
coating
Carbonaceous char
Substrate Substrate
Figure 3. — The flame-retardant Figure 4. — The flame-retardant
mechanism of IFRs mechanism of Graphene

2.6. Metal-organic frameworks (MOFs) are crystalline hybrid materials composed of metal
ions and organic ligands that form porous networks. Their tunable structure allows for the integra-
tion of fire retardant functionality via gas-phase radical capture, catalytic charring, or synergistic
action with other retardants [2]. Recent studies
have shown that incorporating MOFs into PU
foams can reduce the peak heat release rate and
delay ignition. Zeolitic imidazolate frameworks

Smoke

(Z1Fs) and MIL-series MOFs are particularly °C
promising due to their high thermal stability and PO
ability to adsorb decomposition gases [19]. The radicals I

flame-retardant mechanism of MOFs is illustrated
in Figure 5. Challenges remain regarding the
moisture sensitivity and scale-up of MOF produc-
tion. However, their unique architecture and mul- o2¢’
tifunctional performance have positioned MOFs char layer
as a frontier in next-generation flame retardancy
for porous materials.

Figure 5. — The flame-retardant mechanism of MOFs

3. Application techniques for fire-retardant chemicals in porous materials

The performance of fire-retardant chemicals depends not only on their chemical structure
and decomposition mechanism but also on the method of application to the porous material. Appli-
cation techniques determine the depth of penetration, adhesion, long-term stability, and overall ef-
ficiency of the fire-retardant treatment. In porous flammable materials — such as foamed polymers,
wood, textiles, and composite laminates — three major strategies are commonly used: impregnation,
surface coating, and reactive incorporation. Each of these techniques presents its own set of ad-
vantages, limitations, and technological opportunities.

3.1. Impregnation methods. Impregnation involves the diffusion or forced penetration of
fire-retardant solutions into the internal pore structure of the substrate. In wood products, this
method is widely used in pressure-treatment processes, where chemicals such as borates or phos-
phate salts are driven deep into the wood under vacuum and pressure cycles [20]. This ensures long-
lasting flame retardancy even when the surface is abraded or subject to mechanical wear. The ef-
fectiveness of impregnation depends heavily on the porosity, permeability, and hygroscopic nature
of the substrate. Wood species with open grain structures, such as southern yellow pine, absorb
treatment chemicals more uniformly compared to denser hardwoods. Cellulose-rich substrates, in-
cluding paper insulation and cotton fabrics, also allow moderate penetration without significant
structural degradation.
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However, water-soluble fire retardants impregnated into porous structures often face chal-
lenges of leaching, especially in outdoor or high-humidity environments. Fire retardants based on
ammonium salts, for instance, tend to migrate over time and lose effectiveness unless they are sta-
bilized through polymeric encapsulation, sol-gel chemistry, or post-treatment curing [21]. As a re-
sult, current research is focused on hybrid impregnation systems that include both inorganic and
organic binders to improve retention. In some advanced applications, supercritical CO; has been
explored as a carrier for impregnating fire-retardant nanoparticles deep into porous foams and nat-
ural fibers. This approach offers excellent penetration while avoiding water-based swelling or dis-
tortion of the substrate. Moreover, it can be used to introduce multifunctional additives — such as
UV absorbers and antimicrobial agents — alongside fire-retardant agents.

Table 1. — Summary of impregnation-based fire retardant treatments

Material Common Depth T
type chemicals used of pencftration Advantages Limitations

Wood Ammonium phosphate, High Uniform protection, Susceptible
boric acid deep reach to leaching

Cotton fabrics Diammonium phosphate, Medium Low cost, effective Wash durability
urea mixes for textiles is low

Cellulose foams | Inorganic salts, silicates Medium to high | Preserves texture Moisture sensitivity,

migration risk
Paper insulation | Borates, organophosphates | High Lightweight, Requires lamination
low-cost fire barrier

Bio-based fibers | Modified starch + phytic Medium Sustainable, com- Durability under

acid postable testing

3.2. Surface coatings. Surface coatings offer a straightforward method to apply flame-re-
tardant chemicals directly onto porous substrates. They are especially suitable when the bulk prop-
erties of the material must remain unchanged or when high production throughput is required. Coat-
ings may be applied via spraying, dipping, roll-to-roll processing, or brushing, depending on the
scale and nature of the application [3]. The most widely used coatings are intumescent formulations
that expand under heat to form insulating carbonaceous foams. These coatings are frequently ap-
plied to building insulation boards, wooden claddings, and foam-based insulation panels. However,
the performance of such coatings is closely linked to the uniformity of coverage and thickness. Thin
or poorly adhered coatings can crack or delaminate under fire exposure, compromising protection.

Recent developments have focused on the use of nanomaterials and hybrid coatings to im-
prove fire resistance at the microscale. LBL assemblies, consisting of alternating polyelectrolyte
and nanoplatelet layers, provide an exceptionally thin yet robust flame barrier. These are particu-
larly beneficial for soft, flexible porous substrates like foams and textiles where bulk loading of
flame retardants is impractical [3]. In addition to intumescent and LBL coatings, sol-gel techniques
are also gaining attention. In these systems, a silica or alumina matrix is formed in situ to encapsu-
late the substrate in a ceramic-like layer. These coatings are advantageous for porous composite
laminates or thermoset structures requiring long-term durability and resistance to weathering.

Table 2. — Comparison of coating types for porous substrates

Coating type Mechanism Suitable substrates Fire performance Durability factors
Intumescent coatings Expand to form Wood, textiles, Very good, Susceptible
char barrier polymers depends on thickness | to weathering
LBL nanocoatings Barrier + radical Foams, aerogels, Excellent Requires precision
scavenging fabrics at nanoscale application
Sol-gel derived hybrids | Ceramic-like Thermoset Moderate to high High thermal
barrier formation composites stability
Silicone-elastomer films | Thermal shielding, | Flexible foams, Good for mechanical | UV and aging
flexibility wiring ducts stress resistance varies

A notable challenge in coating porous substrates lies in maintaining breathability and me-
chanical compliance. Overly rigid coatings may crack when the substrate is compressed or flexed.
Researchers are investigating smart coatings that respond to stimuli such as heat or humidity by
modifying their properties — such as softening to absorb impact or expanding more aggressively
under thermal flux.
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3.3. Reactive incorporation. In reactive incorporation, the flame-retardant chemical is co-
valently bonded to the polymer matrix during its synthesis. This method is highly desirable for
porous polymeric foams, epoxy composites, and thermoset materials where additive migration
would undermine long-term performance [5]. DOPO-based phosphonates and phosphinates are
among the most commonly used reactive retardants. Their introduction during ring-opening or pol-
yaddition polymerization allows them to become integral to the polymer backbone. This confers
excellent thermal and mechanical stability, reduced smoke toxicity, and minimal impact on trans-
parency or surface finish [5].

The use of reactive fire retardants is also being explored in combination with 3D printing
and additive manufacturing of porous scaffolds. By embedding flame-retardant monomers in pho-
tocurable resins, researchers have fabricated lightweight, porous lattices with built-in flame re-
sistance suitable for aerospace and biomedical applications [22-24]. Reactive systems, however,
are typically more expensive and complex to formulate. They often require rigorous control of stoi-
chiometry, pH, curing time, and catalyst presence. Additionally, once cured, these systems are dif-
ficult to recycle or reprocess, which may present a barrier in sustainability-conscious industries. In
applications such as porous ceiling tiles, thermal insulation foam panels, and automotive interiors,
hybrid strategies are emerging. These include combining reactive incorporation with outer coatings
to provide both intrinsic and surface-level flame resistance. Multi-functional additives like silicon-
phosphorus hybrids or phosphorus-nitrogen-silica networks are showing promise in this regard [23;
25]. In summary, the application technique for flame retardants in porous materials must be chosen
with careful consideration of the target performance, substrate characteristics, environmental expo-
sure, and manufacturing constraints. Table 3 below provides a consolidated summary of the tech-
niques discussed in this section.

Table 3. — Summary of application methods for fire-retardant chemicals in porous materials

Method I:jzr;}tlr’artrlﬁrrll Fire performance indicators” . fff(j:(i):rtlcy Durability | Typical use cases
Impregnation | 2-10 mm | Flammability group: G2—-G3; Medium | Moderate | Wood panels,
(medium | Ignition ability: B2; textiles, paper
to deep) | Independent combustion time: 30-60 s products
Surface 0.1-1 mm | Flammability group: G2-G3; High Variable | Foam panels,
coating (shallow) | Ignition ability: B2; fabrics, composite
Independent combustion time: 2040 s laminates
Reactive Uniform | Flammability group: G1; Low to Very PU foams, epoxy
incorporation | through Ignition ability: B1; medium | high boards, electronics
matrix Independent combustion time: < 10 s

Note. * — Fire performance indicators are aligned with classifications from Russian GOST 30244-94% GOST 30402-96
and GOST 12.1.044-896. In this context, the flammability group is referenced according to GOST 30244-94, the ignit-
ability is referenced according to GOST 30402-96, and the independent combustion time is referenced according to
GOST 12.1.044-89.

— «Flammability group» (G1-G4) ranks materials from low to high combustibility; «Ignition ability» (B1-B3)
indicates ease of ignition; «Independent combustion time» measures self-sustained burning duration after flame re-
moval.

— Values shown are typical ranges and may vary depending on substrate porosity, chemical formulation, and
curing process.

By combining and customizing these methods, modern fire-retardant systems are achieving
better integration with porous materials, higher multifunctionality, and longer service life — marking
a significant advance in the field of passive fire protection [1; 26; 27].

4. Emerging technologies in fire retardancy for porous materials

As the demand for environmentally friendly, multifunctional, and high-performance fire-
proofing solutions grows, the field of flame retardancy is shifting toward the integration of advanced
materials and new chemical architectures. Porous flammable substrates — due to their complexity
and variety — benefit significantly from innovations that extend beyond traditional additive systems.

4 GOST 30244-94. Building materials. Methods for combustibility test. — Ministry of Construction of Russia, 1996.

5 GOST 30402-96. Building materials. Ignitability test method. — Ministry of Construction of Russia, 1996.

6 GOST 12.1.044-89. Occupational safety standards system. Fire and explosion hazard of substances and materials.
Nomenclature of indices and methods of their determination. — USSR, 1991.

460 Journal of Civil Protection, Vol. 9, No. 4, 2025 https://journals.ucp.by/index.php/jcp



lNoxapobesonacHocmb u 83pbigo3aujuma. O2HecmoUlKocmb cmpoumeribHbIX Mamepuanos

This section examines some of the most promising emerging technologies, with a focus on nano-
technology, hybrid composites, biobased retardants, and intelligent flame-resistant systems. We
also present comparative data in two comprehensive tables to clarify the properties, functions, and
future potential of these innovations.

4.1. Graphene-based and 2D nanomaterial composites. Graphene and related two-dimen-
sional nanomaterials such as boron nitride, graphene oxide, montmorillonite clays and MXenes’
are at the forefront of nanotechnology-driven flame retardancy. These nanostructures possess ex-
ceptional thermal stability, high surface area, and the ability to form continuous barrier layers that
impede heat, oxygen, and volatile products during combustion [1; 13]. A representative example is
graphene oxide and its modified derivatives. When integrated into porous polymer foams, they
forms compact networks that reduce flammability and thermal conductivity while also enhancing
mechanical [28]. These materials are ideal for acrospace, automotive, and construction foams that
require both strength and fire protection [1; 29].

Table 4. — Properties of selected 2D nanomaterials for flame retardancy

Material Key properties Flame retardant role Compatibility

Graphene High surface area, Physical shield, char PU foams, epoxy
conductive, barrier-forming reinforcement

MXene Thermal conductive, Heat dissipation, syn- Thermoplastics, PU
tunable chemistry ergist

Montmorillonite clay High aspect ratio, Smoke suppression, in- | Fabrics, composites
ionic exchange capacity tumescence

Boron nitride nanosheets | Thermal insulation, Delay degradation, Electronic foams
oxidation resistance suppress heat

Incorporating 2D materials requires dispersion strategies to avoid aggregation. Surface func-
tionalization (e.g., silane or carboxylation) improves compatibility with polymer matrices. Several
recent studies show that even 1-3 wt% of functionalized graphene or MXene can dramatically re-
duce peak heat release rates and increase time to ignition [3].

4.2. MOFs and hybrid metal-organic networks. MOFs represent a class of crystalline
materials formed by coordinating metal ions with organic ligands. Their highly porous structures
and tunable chemistry make them effective for catalyzing char formation, scavenging radicals, and
enhancing thermal resistance [2]. When embedded in porous polymers such as PU, MOFs enhance
flame retardancy through multiple pathways: 1) promoting early char formation; 2) releasing inert
gases; 3) acting as sacrificial shields during decomposition [§]. Recent innovations include integrat-
ing MOFs with phosphorus or nitrogen elements to improve their compatibility and performance in
foamed matrices [30]. Table 5 illustrates that different MOFs exhibit various flame-retardant effects
in porous polymers, such as catalyzing char formation, releasing inert gases, scavenging radicals,
and delaying heat release. These MOFs demonstrate strong synergistic interactions with comple-
mentary additives like APP, graphene oxide, or phytic acid, thereby enhancing flame-retardant per-
formance across a range of substrate materials including polyurethane foams, epoxy resins, and
polyesters.

Table 5. — MOFs for flame retardancy in porous polymers

MOF type Flame retardant effect Synergistic components Target material
ZIF-8 Char catalyst, gas release APP, AlPi PU foams
MIL-101(Fe) Smoke suppression, heat delay Graphene oxide, DOPO Epoxy/PU composites
UiO-66-NH2 Radical scavenger, crosslinking | Phytic acid, nitrogen polymers Polyesters, PU coatings

Though highly effective, MOFs often face issues of moisture sensitivity and high synthesis
costs. Researchers are now working on scalable synthesis and hybridizing MOFs with biopolymers
to mitigate environmental concerns [12].

4.3. Biobased and Eco-Friendly Flame Retardants. Environmental regulations and in-
creasing awareness of chemical toxicity have accelerated the development of bio-based flame re-
tardants derived from renewable natural resources. These materials aim to replace halogenated or

7 MXenes are a class of two-dimensional inorganic compounds, that consist of atomically thin layers of transition metal
carbides, nitrides, or carbonitrides.
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petroleum-based flame retardants, which often pose environmental persistence and toxicity con-
cerns. Representative examples include phytic acid, commonly extracted from rice bran or other
plant seeds, DNA obtained from marine biomass such as fish sperm, lignin sourced from cellulosic
biomass and pulping residues, and casein, a milk-derived protein [31]. These biopolymers and bio-
molecules are intrinsically rich in phosphorus, nitrogen, and sometimes sulfur, allowing them to act
as multi-functional flame retardants [32; 33]. During combustion, they can promote char formation,
release non-flammable gases such as water vapor and ammonia, and dilute flammable volatiles,
thereby reducing heat and smoke generation [6]. Moreover, their biodegradability and low toxicity
align well with the principles of green chemistry and circular materials engineering. For porous
substrates such as cotton fabrics, wood, and bio-based polymer foams, these natural flame retardants
can be integrated through impregnation (soaking), LbL self-assembly, or covalent reactive grafting
to form protective, intumescent coatings. However, despite their environmental advantages, chal-
lenges remain in achieving long-term durability, washing resistance, and mechanical integrity, par-
ticularly under humid or high-temperature conditions. Ongoing research is therefore focused on
crosslinking strategies, hybridization with inorganic nanoparticles, and surface modification tech-
niques to enhance the stability and practical applicability of these promising green flame-retardant
systems.

4.4. Smart and stimuli-responsive flame retardants. Next-generation flame retardants are
being designed with intelligent response behaviors. These systems undergo structural or phase
changes when triggered by heat, UV light, or pH [34; 35]. One emerging class is the polymer-
particle hydrogel that expands into a porous flame-retardant dome when heated, offering temporary
but robust insulation during wildfires [20]. These systems hold promise for protecting structures in
extreme conditions — such as aerospace re-entry, battery fires, or wildland-urban interfaces. Some
experimental approaches are also exploring shape-memory intumescent coatings and phase-chang-
ing protective foams [36—38]. In summary, the landscape of flame retardants for porous materials
is rapidly advancing through nanotechnology, green chemistry, and intelligent design. Each of these
emerging systems introduces new functionalities beyond mere flame suppression, such as structural
reinforcement, environmental safety, or fire sensing.

5. Environmental and health considerations of fire retardant chemicals

The application of chemical fire retardants has indisputably contributed to fire safety across
a vast range of industrial and domestic settings. However, their deployment, especially in porous
flammable materials, raises complex environmental and health challenges that are increasingly dif-
ficult to ignore. Porous materials, by virtue of their microstructure, not only absorb flame retardants
deeply but also provide pathways for the long-term emission, degradation, and migration of these
chemicals into surrounding environments [39; 40]. This has led to growing concerns about toxicity,
persistence, bioaccumulation, and unintended human and ecological exposure.

One of the most pressing concerns in the use of fire retardants involves halogenated com-
pounds, particularly polybrominated diphenyl ethers (PBDEs) and tetrabromobisphenol A. These
compounds have been widely used for decades due to their high flame-retardant efficiency, partic-
ularly in polyurethane foams, electronics, and textiles [21; 41-43]. However, extensive toxicologi-
cal studies have linked PBDEs to a range of adverse health outcomes, including neurotoxicity, en-
docrine disruption, reproductive disorders, and developmental issues in children [13; 43]. Their
lipophilicity and environmental persistence make them prone to bioaccumulation, allowing them to
travel through the food chain and persist in human tissues over extended periods. In indoor envi-
ronments where porous materials are used — such as mattresses, upholstered furniture, and acoustic
panels — PBDEs can gradually escape as vapor or attach to airborne particles and dust, leading to
chronic low-dose exposure through inhalation or ingestion, particularly among infants and children
[18].

Compared to their halogenated counterparts, halogen-free flame retardants like AlPi, APP,
and DOPO-based derivatives offer a more favorable environmental and health profile. These com-
pounds typically break down into less toxic byproducts and are not prone to bioaccumulation. For
example, APP, widely used in intumescent coatings, decomposes into polyphosphoric acid and wa-
ter [44], forming a stable char that insulates the material beneath while avoiding the release of toxic
gases or smoke [45]. Similarly, DOPO-based reactive agents, when integrated into epoxy or poly-
ester matrices, have shown minimal migration potential due to their covalent bonding within the
polymer backbone [5; 6]. Still, the classification of halogen-free retardants as «safe» can be mis-
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leading. Several organophosphorus-based compounds exhibit aquatic toxicity at certain concentra-
tions or may form undesirable degradation products under high heat, particularly when used in open,
porous structures exposed to humidity or mechanical wear.

To support this analysis, Table 6 presents a comparative evaluation of several commonly
used flame retardants across key environmental and toxicological parameters, including human tox-
icity, environmental persistence, bioaccumulation potential, and their relative safety profiles when
applied to porous substrates.

Table 6. — Comparative environmental and health profiles of selected flame retardants

Flame retardant Classification H“?n?“ Env1r9nmenta1 Bioaccumulative Remarks
toxicity persistence

PBDEs Halogenated | High High Yes Banned in EU;
still found in old foams

Tetrabromobisphenol A | Halogenated | Moderate Medium Possible Still used in electron-
ics

APP Halogen-free | Low Low No Common in intumes-
cent systems

AlPi Halogen-free | Low Low No Used in thermoplas-

to moderate tics

DOPO derivatives Halogen-free | Low Low No Chemically bonded
to matrix

Phytic acid (biobased) | Halogen-free | Very low Biodegradable | No Sustainable alternative

The porosity of a material significantly influences the behavior of fire retardants in environ-
mental contexts. Unlike nonporous materials, porous substrates such as foams, wood composites,
nonwoven fabrics, and cellulose-based insulation have larger surface-to-volume ratios and open
channels that promote capillary movement [1; 46]. When these materials are treated with water-
soluble fire retardants like borates or phosphate salts, the chemicals are at risk of leaching due to
exposure to rain, cleaning processes, or even ambient humidity. Over time, this not only reduces
fire resistance but also facilitates the transport of chemicals into soil and water systems, potentially
contaminating local ecosystems [30]. On the other hand, more hydrophobic or encapsulated formu-
lations have been developed to mitigate such issues. For instance, microencapsulation techniques
now allow for embedding fire retardants in polymeric shells, releasing the active agents only under
elevated temperatures. This controlled-release strategy helps to minimize environmental release
during normal use and ensures functionality only in the event of fire [47; 48].

Despite these technological advances, the need for comprehensive lifecycle assessments of
fire retardant-treated porous products is greater than ever. Lifecycle assessments consider the envi-
ronmental impacts of a product from raw material extraction to disposal. For fire retardants, this
includes emissions during production, potential release during product use, end-of-life treatment
(e.g., incineration or landfilling), and recycling constraints [49]. For instance, brominated retardants
in foamed plastics create major barriers to recycling because they contaminate melt streams and can
lead to toxic byproducts during thermal processing [50; 51]. Furthermore, materials that incorporate
chemically reactive or crosslinked retardants are often non-recyclable, prompting concerns about
long-term sustainability [52].

In response to these concerns, regulatory frameworks across the globe have become increas-
ingly strict. The European Union’s REACH regulation mandates rigorous evaluation of chemical
safety, resulting in the banning or phase-out of several high-risk flame retardants such as decabro-
modiphenyl ether and hexabromocyclododecane (HBCD) [53; 54]. Meanwhile, the Stockholm
Convention — a global environmental treaty — has classified PBDEs and HBCD as persistent organic
pollutants, leading to their elimination or severe restriction in many signatory countries [55; 56]. In
the California’s TB117-2013® regulation marked a major shift by eliminating the requirement for
furniture to pass an open flame test, thereby enabling manufacturers to reduce or eliminate HFR use
without compromising fire safety [16; 17].

Alongside regulatory restrictions, green certification programs have emerged as influential
drivers for the adoption of safer fire retardant technologies. Programs such as GREENGUARD, Blue
Angel, and Cradle to Cradle Certified assess the chemical emissions of materials and their potential

8 Technical Bulletin 117-2013. Requirements, test procedure and apparatus for testing the smolder resistance of mate-
rials used in upholstered furniture. — United States, California, Department of Consumer Affairs, 2013.
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impacts on indoor air quality, resource safety, and material reuse [57-59]. Products incorporating
halogen-free or reactive flame retardants that demonstrate low emissions and safe end-of-life pro-
cessing are more likely to meet these standards, thus gaining broader market acceptance in sustain-
ability-driven industries such as green building and consumer products.

Table 7. — Summary of regulatory and certification frameworks related to flame retardants

Framework/Standard Region Focus area Impact on flame retardant use
REACH European | Chemical safety, registration | Bans many halogenated
Union flame retardants
Stockholm Convention Global Persistent organic pollutants | Restricts PBDEs, HBCD,
promotes safe alternatives
TB117-2013 California, | Flammability standard Supports halogen-free
USA compliance for furniture
GREENGUARD Global Indoor air quality Encourages low-emission
flame retardants
Cradle to Cradle Certified™ Global Product lifecycle safety Rewards safer chemistry
and recyclability
Blue Angel (Der Blaue Engel) | Germany | Eco-label for products Restricts toxic additives
in consumer goods

Table 7 demonstrates that regulatory frameworks and certification programs play a crucial
role in guiding the development and adoption of safer and more environmentally friendly flame
retardants. These frameworks not only impose regulatory pressure but also shape innovation trends
in flame-retardant materials toward safer, low-emission, and more sustainable solutions, thereby
promoting the transition toward green chemistry and a circular economy within the materials industry.

6. Conclusion

The fireproofing of porous flammable materials using chemical flame retardants is a critical
field of study that blends chemistry, materials engineering, toxicology, and environmental science.
Throughout this review, we have explored a wide range of chemical classes — from halogenated and
halogen-free systems to advanced nanostructured and bio-based flame retardants — and analyzed
their modes of action, application methods, performance profiles, and environmental implications.

In particular, halogenated flame retardants, while historically effective, are now under global
scrutiny for their toxicological effects and persistence in ecosystems. In contrast, halogen-free com-
pounds such as ammonium polyphosphate, aluminum diethyl phosphinate, and DOPO derivatives
show promise as safer alternatives, particularly when used in synergy with nanomaterials or reactive
polymers that reduce their migration and leaching. Moreover, surface treatments, impregnations,
and chemical grafting tailored to porous structures are proving essential to enhance adhesion and
long-term retention of flame retardants.

Recent innovations, including the integration of metal-organic frameworks, two-dimen-
sional materials (e.g., graphene oxide, MXenes), and phytic acid-based biopolymers, offer exciting
new directions. These systems promise not only superior flame retardancy but also lower ecological
footprints. However, their industrial scalability, long-term durability, and regulatory acceptance re-
main challenges to be addressed.

Environmental and health concerns must remain at the center of flame retardant develop-
ment. The porosity of materials amplifies issues like leaching, off-gassing, and human exposure,
particularly in indoor applications. Regulatory frameworks like REACH and the Stockholm Con-
vention, along with green certification programs, play an increasingly influential role in shaping
safer chemical use. Lifecycle assessments should be routinely applied to ensure that materials re-
main safe not only during fire incidents but throughout production, use, and disposal.

As the industry moves toward circularity and carbon neutrality, future flame retardants must
be inherently safe, high-performance, and sustainable. The path forward will depend on collabora-
tive efforts between researchers, manufacturers, and regulators to ensure that porous materials can
be effectively and responsibly protected against fire.
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YVIK 661.174

XUMHNYECKHE CTPATEI'MU OT'HE3AIIUTHBI ITIOPUCTBIX OI'HEOITACHBIX
MATEPHUAJIOB: JOCTHXXEHUA, IPUMEHEHHUE
N OKOJOI'MYECKHUE COOBPAKEHUA

Jle Aub Tyan, ®@an Anb, Hryen Txu Hrok Anb, /1o Hroxk bu4, Hryen Xs1y Xuey

Ilenv. O606IIEHNE TTOCTETHUX JOCTHKEHNI B 00IaCTH OTHE3AIMTHI IIOPUCTHIX TOPIOYNX MaTepHa-
JIOB, OMTMCaHKE KITFOYEBBIX MEXaHIU3MOB JICWCTBHUS U OIIEHKA BO3EHCTBHS pa3TUYHBIX KJIACCOB aHTHITPEHOB
Ha OKPY’KaIoIIyIo Cpemy M 310poBhe. PaboTa mocBseHa HacyIHOH HEOOXOIUMOCTH TOCTIKCHHSI OaaHca
MEX/1y TTOKapHOW 0€30M1aCHOCTHIO, YCTOMYUBBIM Pa3BUTHEM U COOIIOIEHUEM HOPMAaTHUBHBIX TPEOOBaHMIA.

Memooul. TIpoBeneH cucTeMaTHYECKU 0030p PELICH3UPYEMBIX HCCIIEI0BAHMI, HOPMATUBHBIX JIOKY-
MEHTOB, TEXHUYECKHUX OTUCTOB U OTPACIIEBBIX PyKOBOJICTB 3a repuos ¢ 2018 mo 2024 1. AHanmn3 oxXBaThIBAI
raJIOreHUPOBAaHHBIE U 0€3TalOr€HOBBIE aHTUITHPEHBI, HAHOCTPYKTYPHUPOBAHHBIE CHCTEMBI, OMOXUMHYECKUE
BelIecTBa M THOpHUIHBIE TOaX0a6l. Oco00e BHUMaHHE YACSIIOCH UCCIEOBAHUSAM, B KOTOPBIX IPUMEHSITUCH
MepeIoBbIe METOMBI XapaKTepHu3aluy, KOHyCHasI KaJIOPUMETPHs], TEPMUUYECKUI aHAIN3 W OlleHKa JKU3HEH-
HOTO IUKJIA.

Pe3ynvmameot. TanoreHupoBaHHbIe aHTUITUPEHBI OCTAOTCS 3P PEKTUBHBIMHU, HO UX TPUMEHEHHE BCE
00JIbIIIe OTPAaHMYUBAETCS M3-3a TOKCHYHOCTH U BO3JIEHCTBHS Ha OKPY’KAIOIIyI0 cpeay. besranoreHoBsie ajb-
TepHATUBEI, TaKue Kak monudocdar ammonus, JmdTWIGochUHAT aTroMUHNs, Tpon3BoaHble DOPO u cu-
CTeMBl Ha OCHOBE OHMOJIOTMYECKOTO CHIPHS, AEMOHCTPUPYIOT MHOTOOOEIIAIONINE Pe3yNbTaThl, 0COOEHHO
B COUETAaHUH C HaHOMAaTepHAIaMU WJIM PEaKTHBHBIMH XMMHYECKHMH BEIIECTBAMM, ISl TIOBHIIICHUS CTa-
omnpHOCTH. [l0SIBIIAIOTCS MHHOBAIIMOHHBIE PEIIEeHUs, BKII0Yas METaJUIOPTraHMYECKHUE KapKachl, TPOU3BO/-
HBIE TpapeHa U OKPHITHA HA OCHOBE (PMUTHHOBOM KUCIIOTHI, JI51 TOBBIIEHUS Y3PPEKTUBHOCTH U CHIDKEHUS
sKosornyeckoro ciefa. OIHaKo MacIITabNPyeMOCTh, CTOMMOCTH U TIOITOBEYHOCTH OCTAIOTCS MPOOIEMaMHU.
[TopucTocTs MaTepranoB cO3AaeT ONpeiesIeHHbIE TPOOIEMBI, TAKHE KaK BhINIEIaYNBAHIE U Ta30BbIIEICHNE,
9TO TpeOyeT TIIATEeIHHOTO BHIOOpa W MPUMEHEHUS METOJ0B. |akne HOpMaTHUBHBIE aKThl, KAK PETIAMEHT
REACH Esporetickoro coro3a 1 CTOKTOIbMCKasi KOHBEHIIHS O CTOWKHIX OPTraHUIEeCKUX 3arps3HUTEIIAX, UT-
paroT PENIaroIIyto poiib B obecreueHnn 0osee 6€301MacHOTO BHEIPEHMSI XUMUYECKUX BEIIECTB.

Obnacmo npumenenus ucciedosanuii. Pazpabortka 60see 6€30MacHbIX M yCTOWIUBBIX CTPATET Ui ITPO-
THUBOTIOXKAPHOM 3aIIUTHI B 310Xy COBPEMEHHBIX MaTEPHAJIOB M PACTYIIEH SKOJIOTHYECKOH CO3HATEIIEHOCTH.

Knrouegvie crosa: aHTATIMPEHBI, TOPUCTHIE MaTepUalbl, Oe3rajJoreHHble aHTHITMPEHBI, HAHOMAaTEPH-
aJbl, KOJIOTHYeCcKasi 0€30IacHOCTb.
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