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In modern society, Organophosphorus flame retardants, as a class of widely
used materials, have been extensively studied and applied across various fields.
The diversity and uniqueness of phosphorus flame retardant, as well as the
important role of its mechanism of action in the gas phase and condensed
phase, determine that it is a good flame retardant material. In addition, the
article highlights the range of applications of phosphorus flame retardants in
a variety of materials, including polymers, coatings, fibers, and more. At the
same time, the importance and future prospects of phosphorus flame retardant
research are pointed out, and the development idea of organophosphorus flame
retardant is proposed through the development of phosphorus flame retardant
with a new structure and the in-depth study of the properties of different
aspects of phosphorus flame retardant, which can provide strong support for
the development of flame retardant technology.

KEYWORDS

phosphorus flame retardant, gas phase, condensed phase, fiber, carbon material (CM)

1 Introduction: The critical role of
ghosphorus—based flame retardants and research
ackground

Fires can result in significant loss of life and property, profoundly impacting social
stability and sustainable development. In this context, the development of flame retardant
(FR) technology becomes particularly important, as it can effectively delay combustion and
slow the spread of fire, thereby allowing more time for evacuation and rescue, ultimately
reducing fire-related losses.

Flame retardants (FRs) are typically added as functional additives to various
manufactured products to reduce material flammability, prevent fires, protect human
lives, and minimize fire-related losses (Li et al., 2023). With the continuous development
of the production economy, synthetic and natural polymer materials are now applied
across almost every industrial sector, including electronics, home furnishings, and
aerospace, with increasingly stringent requirements (He et al., 2019; Zhang Y. et al,
2017; ZhangS. et al., 2017; Wang et al,, 2017a; Sang et al, 2016). However, due to
the typical molecular structure of polymers (high hydrocarbon content), flammability
becomes a significant drawback, limiting the further application of polymer materials.
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Therefore, developing flame-retardant, high-performance materials
has become a critical research focus (Dasari et al., 2013), leading to
the increasing interest in flame retardant research.

Until 2004, polybrominated diphenyl ethers (PBDEs) were
the most widely used halogenated flame retardants. However,
due to their persistence, bioaccumulation, and adverse effects on
animal and human health, and with the growing awareness of
environmental protection, the use of halogenated flame retardants
has been restricted. These flame retardants generate toxic and
corrosive gases that endanger life and harm human health
(Chen et al., 2016a; Zhao et al., 2013; Chen et al., 2016b; Jian et al,,
2014; Tang et al, 2012; Li et al, 2012; PanY. et al, 2014;
Lin et al., 2018; Xiao et al., 2016). As a result, halogenated flame
retardants are being gradually phased out due to their toxicity and
environmental impact (Lyche et al., 2015). Phosphorus-based flame
retardants have thus gained attention for their efficiency, halogen-
free nature, and environmental friendliness (Lu and Hamerton,
2002; Amarnath etal., 2018; Wang et al., 2015a). They are considered
the best alternatives to halogenated flame retardants in terms of
performance and cost (Chen et al, 2016a; Chen et al., 2016b;
Xiao et al., 2016; Zhou et al., 2015; Xiao et al., 2014; Shi et al., 2017).
Compared to nitrogen-based flame retardants, phosphorus-based
variants exhibit superior char-forming efficiency in the condensed
phase. Unlike silicon-based flame retardants, which rely on inert gas
release, phosphorus compounds act synergistically in both gas and
condensed phases. However, challenges such as moisture sensitivity
and processing compatibility persist for phosphorus-based systems.

Recently, organophosphorus flame retardants (OPFRs) have
become a common substitute for polybrominated diphenyl
OPFRs
furniture plasticizers, textiles, electronics, and rubber products
(Horrocks et al, 2016; LiX. et al, 2022; Zeng et al., 2018).
Among them, triphenyl phosphate (TPHP) is one of the most

ethers. are now used in construction materials,

popular OPFRs due to its low cost and excellent flame retardant
properties (van der Veen and de Boer, 2012). The mechanisms of
phosphorus in flame retardancy, coupled with the performance
advantages of phosphorus-based flame retardants, make them
an important research direction in the field of fire-resistant
materials. With the increasing recognition of the toxicity and
environmental persistence of traditional flame retardants, the
development of new organophosphorus alternatives has reached
unprecedented levels (Velencoso et al., 2018).

Phosphorus has a long history of application in the flame
retardant field, and its diverse compounds and structures
provide a wide variety of phosphorus-based flame retardants.
Organophosphorus flame retardants, such as phosphate esters,
phosphonates, and phosphoramides, are widely used in various
materials due to their highly tunable structure and performance.
Inorganic phosphorus flame retardants, such as phosphorus
oxides and phosphorus-nitrogen compounds, provide new
pathways for enhancing flame retardancy through unique reaction
mechanisms. The mechanism of action of phosphorus-based flame
retardants encompasses two primary aspects: gas-phase action
and condensed-phase action. This will be explained in more detail
later in the section 4.

The application of phosphorus-based flame retardants is not
limited to specific fields but encompasses a broad range of materials,
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including polymers, coatings, and fibers. Introducing phosphorus-
based flame retardants into these materials can significantly enhance
their fire resistance, thereby increasing safety. The varying fire
resistance requirements and performance characteristics of different
materials also offer diverse opportunities for the application of
phosphorus-based flame retardants.

As society increasingly emphasizes fire safety, the development
prospects for flame retardant technology are becoming broader.
Phosphorus-based flame retardants, as an important class
of flame-retardant materials, will provide more options and
possibilities for improving fire resistance through continuous
innovation and in-depth research. By thoroughly investigating the
types of phosphorus-based flame retardants, synthesis methods,
mechanisms of action, and their applications in various materials,
researchers can provide strong support for breakthroughs and
innovations in flame retardant technology.

This paper will focus on phosphorus-based flame retardants,
exploring their applications in various materials and the post-
use disposal methods. By gaining a deeper understanding
of the characteristics and effects of phosphorus-based flame
retardants, researchers can better grasp the development trends
of flame retardant technology, provide solid scientific support for
constructing safer and more sustainable material applications, and
offer in-depth insights and references for the advancement of flame
retardant technologies.

2 Diversity and uniqueness of
phosphorus-based flame retardants

Phosphorus-based flame retardants can be broadly categorized
into two main types based on their composition and structure:
inorganic phosphorus flame retardants and organic phosphorus
flame retardants. Inorganic phosphorus flame retardants include
compounds such as red phosphorus, ammonium phosphates,
and polyphosphoric ammonium salts. Organic phosphorus flame
retardants consist of compounds like phosphates, phosphonates,
phosphinates, and phosphonium salts (Zhou et al., 2009).

Inorganic phosphorus flame retardants have a long history
of use and include red phosphorus, ammonium polyphosphate
(APP), and ammonium dihydrogen phosphate, among others. These
phosphates decompose under heat to release phosphoric acid
and polyphosphoric acid, which promote char formation on the
surface of the substrate, providing a flame-retardant barrier. These
flame retardants are widely applied in materials such as polyvinyl
chloride (PVC), nylon, epoxy resins, polyester, and polyamides,
with particularly common usage in the latter two materials. As an
established class of flame retardants, they hold a prominent position
in inorganic flame retardants due to their advantages, including
being halogen-free, low-toxicity, stable, and offering long-lasting
effectiveness.

Since the introduction of red phosphorus flame retardants by
Bayer AG in 1963, researchers have continuously explored methods
to enhance the stability of red phosphorus as a plastic flame
retardant (Hansheng, 2002). Organic phosphorus flame retardants,
often used as substitutes for brominated flame retardants, are
widely applied in industrial production and everyday life. These
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compounds function primarily as additive-type flame retardants by
being incorporated into flammable materials to inhibit combustion.

As a critical class of fire-protection materials, phosphorus-
based flame retardants hold a significant place in the field due to
their diversity and unique properties. Phosphorus possesses a rich
set of chemical characteristics, allowing phosphorus-based flame
retardants to exhibit various forms depending on their structure and
intended application, thereby providing excellent flame retardant
properties.

The diversity of phosphorus-based flame retardants arises from
the abundant forms of phosphorus compounds and the multiple
chemical reaction pathways available. These diverse phosphorus
compounds demonstrate unique characteristics in flame retardant
mechanisms and application directions. Compared to halogenated
flame retardants, phosphorus-based flame retardants offer several
advantages, such as diverse structural design, high flame retardant
efficiency, and better environmental friendliness. For example, the
structural design flexibility of phosphorus-based flame retardants
is exemplified by Dihydro-9-oxa-10-phosphaphenanthrene-10-
oxide (DOPO) derivatives, where functional groups (e.g., —OH,
—-NH,) can be introduced to tailor compatibility with polymers.
Environmentally, phosphorus flame retardants avoid persistent
organic pollutants (POPs) associated with halogenated systems, as
demonstrated by their lower bioaccumulation potential (BCF <100)
in aquatic organisms. As such, they have garnered considerable
attention in recent years as halogen-free flame retardants.

Inorganic phosphorus flame retardants include substances
like ammonium polyphosphate (APP) and red phosphorus,
while organic phosphorus flame retardants can be subdivided
based on different substituents into alkyl compounds, chlorinated
compounds, aryl compounds, and phosphonate diesters, among
others (He et al.,, 2020; Wang et al., 2020; Feng et al., 2017; Li et al.,
2016). Table 1 presents commonly studied inorganic phosphorus
flame retardants, and Table 2 highlights frequently researched
organic phosphorus flame retardants. In addition to fundamental
information about flame retardants, their molecular weight and
density are critical parameters for predicting dispersibility within
polymer matrices and assessing flame-retardant efficiency. For
instance, low-density additives, such as TPrP (density: 1.01 g/cm3 )
facilitate uniform mixing in low-viscosity resins due to their
favorable physical properties. Consequently, Table 1, 2 also provide
detailed data on the molecular weights and densities of common
inorganic or organic phosphorus-based flame retardants, which are
essential for optimizing material formulations and performance
evaluations.

Due to the distinct chemical properties of phosphorus,
phosphorus-based FRs can exert flame-retardant effects through
various mechanisms, including gas-phase and condensed-phase
actions. In gas-phase action, phosphorus flame retardants
decompose and generate phosphorus oxoacids, which slow down
the spread of flames. In condensed-phase action, phosphorus forms
a dense char layer on the surface of the material, which isolates it
from oxygen and heat, thus achieving flame retardancy.

Phosphorus flame retardants generally possess excellent thermal
stability, enabling them to maintain their flame-retardant properties
under high-temperature conditions. This makes them particularly
valuable in high-temperature materials and electronic devices.
Some organic phosphorus flame retardants, due to their structural
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characteristics, exhibit certain biodegradability, which helps to
reduce environmental impact. While certain organic phosphorus
flame retardants (e.g., phytic acid) exhibit biodegradability under
aerobic conditions, others like triphenyl phosphate (TPHP) persist
in anaerobic environments. For instance, the findings by Hong et al.
(2021) indicate that both tris(1,3-dichloro-2-propyl) phosphate
(TDCIPP) and TPHP treatments resulted in a reduction in body
length and pectoral fin length in pufferfish (Takifugu spp.),
accompanied by symptoms of black scattering light. Additionally,
these chemicals caused deformities in the pectoral fins of first-
generation larvae and induced spinal curvature in adult fish. These
results suggest that TDCIPP and TPHP may pose potential risks to
marine fish populations and broader marine ecosystems.

2.1 Inorganic phosphorus flame retardants

The advantages of inorganic phosphorus flame retardants
include excellent thermal stability, non-volatility, non-corrosive
gas production, good flame-retardant effects, electrical insulation
properties, low toxicity, insolubility, and high melting points.
These features make them highly effective in enhancing the flame-
retardant performance of materials, especially in resins, while
preserving the physical and chemical properties of the base
materials. Moreover, inorganic phosphorus flame retardants are
characterized by low toxicity (LD, > 2000 mg/kg) and significantly
reduce smoke generation compared to halogenated alternatives,
which has led to their increasing application in flame-retardant
materials.

2.1.1 Red phosphorus

Red phosphorus is characterized by high phosphorus content,
low dosage, and good flame-retardant efficiency. Besides, red
phosphorus is stable under ambient conditions but ignites at
temperatures exceeding 260°C in oxygen-rich environments.
Untreated red phosphorus exhibits moisture absorption rates
of 2%-5%, whereas surface-modified variants (e.g., Al(OH);-
coated red phosphorus) reduce absorption to <1%. However,
it may releases toxic gases during combustion, which limits its
applications (Sang et al., 2014; Hong et al., 2012). Combustion of
red phosphorus primarily releases phosphine (PH;), a toxic gas
requiring stringent ventilation in industrial settings. Significant
research has focused on the modification and pretreatment of
red phosphorus, including aluminum hydroxide-encapsulated red
phosphorus, melamine-coated red phosphorus (Li et al., 2013), and
magnesium hydroxide-coated red phosphorus (Yuye, 2014).

Another advancement is microencapsulation of red phosphorus,
where a layer of inorganic material or polymer resin film is
coated on the surface of red phosphorus through physical or
chemical methods. When the material burns, the microcapsule
ruptures, releasing the phosphorus flame retardant (Nana et al.,
2013). Microencapsulation techniques have significantly advanced
flame retardancy, as demonstrated by recent studies. For
instance, Li et al. (2025) reported in their research that
microencapsulated red phosphorus enhances both the flame
retardancy and acid-base resistance of polypropylene/aluminum
hydroxide composites. Their findings elucidate the mechanism
behind microencapsulated flame retardation, highlighting that

frontiersin.org


https://doi.org/10.3389/fmats.2025.1508000
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org

Yin et al.

TABLE1 Common inorganic phosphorus-based flame retardants.

Structural

formula or

molecular
formula

Abbreviation

English name

10.3389/fmats.2025.1508000

Relative
molecular
weight

Density (g/cm3)
(room
temperature)

P
Red phosphorus /I \ 7723-14-0 123.9 2.34
P
pgp
P
o o
Aluminium AIHP/AP Al 7784-22-7 215.9 1.85
hypophosphit P - P -
ypophosphite o? g o o
Ammonium APP (NH,,H),+2P, 05, 149.1 (monomer) 1.74-2.10
polyphosphate
Ammonium phosphate DAP (NH,),HPO, 7783-28-0 1321 1.62
Dibasic
Ammonium dihydrogen ADP NH,H,PO, 7722-76-1 115.0 1.80
phosphate
Ammonium (NH,);PO, 10124-31-9 149.1 1.20
orthophosphate

red phosphorus primarily functions in the gas phase. During
combustion, the generated PO- radicals effectively capture H-
and HO- radicals, thereby terminating the chain reaction of
combustion. This innovative approach not only improves material
safety but also extends the applicability of such composites in
various industrial contexts. The development of highly efficient
microencapsulated red phosphorus flame retardants broadens
the application scope of phosphorus-based flame retardants
(Zhou et al., 2009).

Red phosphorus exhibits thermal stability up to 260°C in
air, while microencapsulated variants (e.g., phenolic resin-coated
red phosphorus) resist decomposition until 300°C. In contrast,
ammonium polyphosphate (APP) degrades at 250°C-300°C,
releasing ammonia and forming polyphosphoric acid.

Huaichun et al. (2011) utilized in situ polymerization to
prepare ultrafine microencapsulated red phosphorus (MRP) flame
retardants with an average particle size of 7.5 um, using phenolic
resin (PF) as the capsule wall and red phosphorus as the core.
High-density polyethylene (PE-HD) modified with ethylene-vinyl
acetate copolymer (EVAC) was employed as the base resin for
cable materials, and the MRP was used along with carbon black
to enhance the flame retardancy and smoke suppression of the
cable compound (Zhou et al., 2009).

Chang et al. (2012) developed a novel double-layer
microencapsulated red phosphorus (DMRP), using aluminum
hydroxide and melamine resin as the encapsulation materials,
and applied it to polylactic acid (PLA). This DMRP raised the
limiting oxygen index (LOI) of PLA from 20.5% to 29.3%,
improved the material’s ignition point, reduced its moisture
absorption, and exhibited better flame-retardant effects than
traditional MRP or uncoated red phosphorus, achieving UL94V-
0 rating (Zhou et al., 2009).

He (2008) used aluminum hydroxide as the encapsulation
material for red phosphorus microencapsulation and optimized
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the encapsulation conditions through orthogonal experiments.
The treated red phosphorus exhibited enhanced oxidation

resistance, reduced moisture absorption, slower thermal
degradation, and improved flame-retardant performance
(Zhou et al., 2009).

2.1.2 Black phosphorus

Although black phosphorus (BP) and red phosphorus are
allotropes of phosphorus, they exhibit distinct differences in
physical and chemical properties. Notably, due to its two-
dimensional structure and characteristics as a nanoscale flame
retardant, recent extensive research on BP has revealed and
validated
recognition among scientists worldwide (Chen et al, 2020;
Koenig et al., 2016; Wang Y. et al., 2019).

In experimental studies, BP is commonly synthesized from

its unique structural features, gradually gaining

amorphous red phosphorus powder through various chemical
methods. The primary preparation techniques for bulk BP
include high-pressure synthesis (Antonatos et al., 2020), bismuth
flux method (Maruyama et al, 1981), high-energy mechanical
milling (Ferrara et al., 2019), chemical vapor transport (CVT)
(Nilges et al, 2008), and microwave-assisted liquid-phase
synthesis (He D. et al, 2018), among others. These methods
enable the controlled production of BP with tailored properties for
diverse applications.

Zhang et al. (2023) reported an isomer of red phosphorus
used as an example of inorganic phosphorus flame retardants,
specifically few-layer black phosphorus. They created model
materials to compare the flame-retardant performance of few-layer
black phosphorus, nano-red phosphorus, and triphenyl phosphate
in cellulose and polyacrylonitrile. Few-layer black phosphorus
exhibited superior flame-retardant performance compared to
the other additives, with its flame-retardant efficiency being
approximately 1.8 times that of nano-red phosphorus and about
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TABLE 2 Common organophosphorus flame retardants.

10.3389/fmats.2025.1508000

English Abbreviation Type of Structural Molecular Relative Density
name compound formula formula molecular (9/cm3)
weight (room
temperature)
o
Trimethyl TMP Alkyl compounds /O\’L C;H,0,P 512-56-1 140.1 1.21
7
phosphate o% \O/
~N
Tripropyl TPrP Alkyl compounds /\/22!,\0/\/ CyH,,0,P 513-08-6 224.2 1.01
phosphate
Triisopropyl TIPP Alkyl compounds O\? )\ CyH,,0,P 513-02-0 2242 1.01
phosphate \(O /P\O
i
BN
cl 0>P\o
Tris (2-chloroiso- TCIPP Chlorinated /Y CyH,4Cl,0,P 6145-73-9 327.6 1.28
propyl) compounds \(‘ d
phosphate B
cl/\(:(o:rg
N
Tri TDCP Chlorinated 7 °/j/\°' CyH,5Cl,0,P 78-43-3 4309 1.49
1
(dichloropropyl) compounds Cl/\)
phosphate a
: "o
o§}|;
Triphenyl TPHP Aryl compounds o~ o C,gH,;s0,P 115-86-6 326.3 1.27
phosphate
Triphenyl TPPO Aryl compounds O%F;/@ C,sH,50P 791-28-6 278.3 1.17
phosphine oxide
O/\
O=—P—OH
Diethyl DEP Diester | C,H,,0,P 598-02-7 154.1 1.18
phosphate compounds (@)
i
Bis(methylphenyl) BMPP Diester °=F|’—°H C,,H;;0,P 843-24-3 278.2 1.23
phosphate compounds : O
4.4 times that of triphenyl phosphate. The enthalpy of combustion = microscopic analyses, they attributed the superior flame

for few-layer black phosphorus (-127.1kJ/mol) was only one-
third that of red phosphorus nanoparticles (-381.3 kJ/mol).

Through combined thermodynamic, spectroscopic, and
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retardancy of few-layer black phosphorus to its two-dimensional
structure and thermal properties, which effectively inhibited
combustion reactions.
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Recently, Duan et al. (2025) reported the synthesis of crystalline
phosphorene nanosheets (Crystal-PNS) via a solvothermal method
using amorphous red phosphorus and amines as raw materials.
Through a one-pot approach, Crystal-PNS with an average lateral
size of 200 nm and thickness of 15 nm was produced at a yield
exceeding 100 g, achieving a remarkable production efficiency of
over 95%. The study systematically investigated the mechanism
by which amines promote structural transformation and the
transition from amorphous to crystalline states, proposing a
macroscopic active amine shielding model. Due to its weak
surface hydrophilicity, Crystal-PNS exhibited superior stability
under various environmental conditions, including ambient
atmosphere, humid air, aqueous solutions, and light irradiation.
Compared to emerging high-efficiency flame-retardant materials
such as BPNS (black phosphorus nanosheets), Crystal-PNS
demonstrated enhanced flame-retardant performance. This amine-
driven structural transformation paves the way for low-cost
and large-scale production of nanomaterials. Stable phosphorus
allotropes like Crystal-PNS hold promising potential for broader
applications across diverse fields.

2.1.3 Aluminum hypophosphite

Metal hypophosphite compounds are considered an emerging
class of phosphorus-based flame retardants (Li et al, 2012;
Xiao et al, 2016; Zhao et al, 2012). Aluminum hypophosphite
(AIHP) is a novel flame-retardant filler that can enhance the
flame-retardant performance of polymers. It is recognized as
an environmentally friendly and cost-effective flame retardant
(Chen et al., 2016a; Zhao et al, 2013; Chen et al., 2016b).
Existing literature has investigated the flame-retardant effects
of AIHP in various polymers, including polylactic acid (PLA),
thermoplastic polyurethane (TPU), polyethylene (PE), polystyrene
(PS), polybutylene terephthalate (PBT), polyethylene terephthalate
(PET), and polyamide 6 (PA6) (Chen et al., 2016a; Zhao et al., 2013;
Chen et al., 2016b; Jian et al., 2014; Tang et al., 2012; Li et al., 2012;
Pan Y. etal, 2014; Lin et al., 2018; Xiao et al., 2016; Zhou et al., 2015;
Xiao et al., 2014; Shi et al., 2017; Zhao et al., 2012).

Tang et al. (2012) studied the effects of different concentrations
of AIHP (10, 20, and 30 wt%) on the flammability and mechanical
properties of PLA. The results indicated that the incorporation
of AIHP into PLA improved its flame-retardant performance.
Specifically, when 20wt% of AIHP was added to PLA, the
Limiting Oxygen Index (LOI) value increased from 19.5% to 28.5%,
and the composite material achieved a VO rating. The tensile
strength and elongation at break values of FR-PLA composites
are illustrated in Figure 1 (Tang et al., 2012). Pure PLA exhibits
a high tensile strength of 61.1 MPa and an elongation at break
of 3.7%. Upon the addition of 10 wt% AHP, the tensile strength
decreases to 42.8 MPa, representing a reduction of approximately
30% compared to pure PLA. Further increases in AHP loading
result in slight declines in tensile strength, with PLA/20AHP
and PLA/30AHP demonstrating tensile strengths of 40.6 MPa and
32.4 MPa, respectively. Additionally, as the AHP content rises, the
elongation at break progressively diminishes due to the rigidity
of AHP particles. Although the mechanical properties of FR-PLA
composites decline with increasing AHP loading, these composites
still retain favorable mechanical performance overall.
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FIGURE 1

Effect of AHP loading on the mechanical properties of FR-PLA
composites (Tang et al., 2012).

Liu and Gao (2018) investigated the synergistic flame-
retardant effect of AIHP with a novel intumescent flame-retardant
system in PLA. Using isocyanuric acid tri-glycerol ether and
diethylenetriamine as raw materials, a hyperbranched carbonization
agent (CT) was synthesized in water, forming a new intumescent
flame-retardant (IFR) system in conjunction with ammonium
polyphosphate (APP). The results revealed that when APP/CT (4:1)
was set at 30% and IFR/AHP (3:1) at 20% (by mass), the oxygen
index of PLA reached 41.2% and 43.5%, respectively, both achieving
UL-94 V-0 level without dripping. The combination of IFR and AHP
significantly reduced the heat release rate (HRR), maximum heat
release rate (MHRR), and average mass loss rate, while considerably
enhancing the thermal stability of PLA.

Xiao etal. (2014) examined the flammability of AIHP containing
TPU at load ratios of 25-35 wt%. They concluded that a flame-
retardant TPU with a VO rating was achieved when 30 wt% of
AIHP was added. The incorporation of AIHP affects the tensile
strength of TPU. At a content of 25wt%, the tensile strength
reaches approximately 26 MPa. However, further increasing the
AIHP content to 30 wt% does not significantly alter the tensile
strength. The trend in elongation at break aligns with that of
tensile strength: upon adding AIHP, the elongation at break
for TPU/AP25 and TPU/AP30 slightly decreases to 818% and
779%, respectively. This minor decline in elongation at break
indicates that TPU retains its elastomeric properties even with the
inclusion of AIHP (Savas et al., 2020).

Li et al. (2012) investigated the flame-retardant and thermal
degradation behavior of PA6 containing magnesium hypophosphite
(MgHP) and 18-28 wt% of AIHP. They observed a significant
difference in flame-retardant efficiency between MgHP and AIHP.
Although PA6 with 18 wt% AIHP achieved the highest UL-94 VO
rating, the composites with MgHP did not reach VO even at the
maximum loading level of 28 wt%. Jian et al. (2014) explored the
application of AIHP as a flame-retardant additive in acrylonitrile-
butadiene-styrene (ABS). The LOI value increased from 18.5 to 24.1,
and the UL-94 rating improved from N.R. (no rating) to VO with the
addition of 25 weight percent of AIHP.
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2.1.4 Ammonium polyphosphate

As a common high-nitrogen phosphorus-based flame retardant
(Lim et al,, 2016), ammonium polyphosphate (APP) is frequently
added as an additive (Cai et al., 2006; Camino et al., 1984; Ardanuy
and Velasco, 2011) or utilized in the formation of intumescent
flame retardants to enhance flame retardancy (Wang et al., 2015b;
Shao et al., 2014; Pallmann et al., 2019; Chen et al., 2019; Feng et al.,
2016; He W. et al., 2018; Liu et al., 2020; Wu et al., 2008; Dong et al.,
2019; Enescu et al., 2013; Jiang and Liu, 2015; Sun et al., 2020).
APP is a long-chain polyphosphate that was first synthesized
in 1857 through the reaction of phosphorus and ammonia and
was used as a forest firefighting agent. Due to its excellent
flame-retardant capabilities, it is widely used for flame-retardant
treatments in coatings, plastics, fabrics, and wood (Nguyen et al.,
2021; Usri et al., 2021). Compared to halogenated flame retardants,
APP offers advantages such as low cost and low toxicity. Researchers
have utilized APP to replace metal hydroxide flame retardants in
epoxy resins to prepare flame-retardant composites, which have
resulted in a reduction in composite density and improved flame
retardant efficacy (LiuY. et al, 2022; Wan et al, 2020). The
incorporation of APP into rubber materials such as natural rubber
has also significantly enhanced flame retardancy (Wan et al., 2020).
Currently, extensive research has been conducted on the flame-
retardant behavior of APP in ethylene-propylene-diene monomer
(EPDM) rubber. However, most studies on the flame-retardant
mechanism of APP in EPDM have been conducted in oxygen-
rich environments, with limited research under oxygen-deficient
conditions. Given that the working environment of solid rocket
motors (SRM) is almost always oxygen-deficient, understanding
the flame-retardant mechanism of APP in EPDM under these
conditions is crucial for developing composites that meet the
performance requirements of thermal insulation layers in practical
applications (Chen et al., 2024).

Chen et al. (2024) reported the preparation of a composite
material using APP as a flame retardant, filled into a ternary
ethylene-propylene rubber (p-EPDM) premix containing fumed
silica and aluminum hydroxide. By establishing an oxygen-deficient
environment, the flame-retardant performance of APP in EPDM
was investigated. The results indicated that the composites made
with APP as a flame retardant exhibited good flame retardant
performance in terms of limiting oxygen index and UL-94 tests, with
minimal impact on mechanical strength and density. In oxygen-
deficient environments, APP undergoes thermal decomposition,
producing ammonia, water vapor, and phosphoric acid-containing
substances. These gases dilute combustible gases and reduce
thermal conductivity. The phosphoric acid-containing substances
accumulate on the surface of the pyrolysis layer, promoting the
formation of a carbonaceous layer. This provides guidance for
designing thermal insulation materials that better meet practical
usage requirements.

Huang et al. (2021) reported the encapsulation of ammonium
polyphosphate in melamine-formaldehyde resin and sodium
silicate using in situ polymerization, creating a flame-retardant
polypropylene containing a microcapsule core-shell structure.
The composition of the ammonium polyphosphate, melamine-
formaldehyde resin-encapsulated ammonium polyphosphate, and
microcapsule flame retardant was characterized. The modified
flame retardancy and thermal stability were studied through
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testing. The results demonstrated a significant improvement in
flame-retardant performance after modification, with polyamide
6 exhibiting a good char-forming effect. Additionally, the water
solubility of the flame retardant and its effects on the mechanical
properties of polypropylene were investigated, showing that the
flame retardant effectively enhanced the flame-retardant properties
of polypropylene.

2.2 Organic phosphorus flame retardants

Currently, research on organic phosphorus flame retardants
primarily focuses on phosphates, phosphonates, phosphine oxides,
polyphosphate esters, hypophosphites, and organic phosphonates.
Phosphate esters (R-O-PO(OR),) act via gas-phase radical
quenching, whereas phosphonate esters (R-PO(OR),) form stable
P-O-C bonds in the condensed phase, enhancing char integrity.
Phosphate flame retardants are widely used due to their abundance
and low cost. These include phosphate esters, nitrogen-containing
phosphate esters, and halogenated phosphate esters, most of which
are categorized as additive flame retardants, possessing both flame-
retardant and plasticizing functions. Similar to the previous section,
this section will highlight a few representative organic phosphorus
flame retardants, including their current research status and recent
improvements made by researchers.

It is essential to recognize that, unlike inorganic phosphorus
flame retardants, the use of organic phosphorus flame retardants
must consider their potential environmental pollution and toxicity
to living organisms when added to certain materials. Some organic
phosphorus flame retardants are difficult to degrade, leading to
their accumulation in the environment, entering the food chain
and ecological cycle, ultimately threatening both environmental
and human health. Therefore, while evaluating the flame-retardant
performance of organic phosphorus flame retardants, their toxicity
and pollution must also be considered. A more detailed discussion
on toxicity is provided in Chapter 5 of this paper.

2.2.1 Triphenyl phosphate

Triphenyl phosphate (TPP) is an organic phosphorus ester flame
retardant and plasticizer that is added to various consumer and
industrial products (Germain and Winn, 2024). TPP is mainly used
as a flame-retardant plasticizer for engineering plastics and phenolic
resin laminates, as a softener for synthetic rubber, and as a raw
material for the production of trimethyl phosphate. It can also be
used as a plasticizer for nitrocellulose and cellulose acetate, a flame-
retardant plasticizer, a fire-resistant solvent, a nitrocellulose paint,
synthetic resin, an impregnating agent for roofing paper, and a
substitute for camphor in the manufacture of celluloid.

Zhang et al. (2016) studied the effects of triphenyl phosphate
on the suspension polymerization process of styrene and the flame-
retardant properties of polystyrene/TPP nanocomposites. They
found that TPP could completely dissolve in the styrene monomer.
TPP forms spherical nanoparticles that are evenly distributed within
the polystyrene (PS) matrix. The article also explored the formation
mechanism of TPP nanoparticles. Additionally, the influence of TPP
on the styrene polymerization process was examined, revealing that
TPP promotes styrene polymerization. The PS/TPP nanocomposite
exhibited excellent flame-retardant properties due to the dispersion
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of nanometer-sized TPP particles in its matrix. In conclusion, they
found that suspension polymerization provides a simple method for
preparing PS/TPP nanocomposites with improved performance.

Wu etal. (2018a) developed a flame-retardant polymer composite
filled with triphenyl phosphate sealed in natural microtubes. As
mentioned earlier, polymer compounds, especially hydrocarbon
polymers, exhibit excellent properties and are widely used across
various industries. However, their application is limited by their
inherent flammability. When exposed to external heat sources, these
polymers absorb heat and undergo endothermic pyrolysis reactions,
resulting in the production of combustible gases and liquids. The
enormous heat released can initiate a continuous process that often
leads to fires (Chen and Wang, 2010; Braun et al., 2006; Bar et al.,
2015; Pan M. et al,, 2014; Gu et al., 2013), necessitating the addition
of suitable flame retardants to enhance their overall performance
and utility. This study addressed the issue by filling and sealing
triphenyl phosphate into natural microtubes approximately 100 pm
long, with diameters of 10-20 pum and wall thicknesses of 0.5-1.0 pum.
Morphological observations and X-ray photoelectron spectroscopy
analyses were conducted to investigate the sealing mechanism. When
the mass ratio of triphenyl phosphate to cellulose acetate was 97:3, the
mixture exhibited good encapsulation effects, ensuring that triphenyl
phosphate would not leak from the microtubes during the curing
process, achieving an encapsulation rate of 56%. Incorporating the
filled microtubes into epoxy resin demonstrated no significant damage
to the hardness and strength of the matrix. During combustion, the
microtubes effectively increased char formation and reduced smoke
release. This self-sealing method could be applied to other applications,
such as self-repairing composites.

2.2.2 Trimethyl phosphate

Bolshova et al. (2016) proposed a skeletal mechanism for
the flame retardancy of trimethyl phosphate based on a multi-
step kinetic mechanism involving over 200 reactions of organic
phosphorus compounds. This mechanism consists of 22 irreversible
elementary reactions involving nine phosphorus-containing
species. By simulating the results and conducting experimental
measurements, comparisons were made with H,/O,, CH,/O,, and
synthetic gas/air flames doped with trimethyl phosphate to validate
the proposed mechanism.

Knyazkov et al. (2021) investigated the laminar burning velocity
and structure of near-stoichiometric premixed laminar flames of
methyl methacrylate (MMA) with and without the addition of
trimethyl phosphate (TMP) through experiments and numerical
simulations. Using the MMA + TMP combustion system as a model,
they simulated the gas-phase combustion process of polymethyl
methacrylate (PMMA) containing phosphorus flame retardants.
Flame sampling molecular beam mass spectrometry was employed
to measure the spatial variation of molar fractions of H, OH, PO,
PO2, HOPO, HOPO2, and various intermediate hydrocarbons in
a stabilized one-dimensional burner flame. The influence of TMP
on the intermediate products of hydrocarbons in the flame was
studied. Based on new laminar burning velocities and chemical
form data, the reaction mechanism of the MMA + TMP system
was validated. The performance and limitations of the flame-
retardant kinetics of MMA were discussed. Sensitivity analyses
indicated that the predicted molar fractions of H, O, and OH
were not sufficiently accurate, resulting in inconsistencies in the
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distribution of molar fractions of hydrocarbons in the flame.
Comparisons were made between the suppressive effects of TMP
on MMA flames and experimental data from other fuels, discussing
the observed trends.

2.2.3 Phospho-nitrile

Phosphazene-based flame retardants represent a class of highly
efficient and environmentally friendly nitrogen-phosphorus flame-
retardant materials, distinguished by their unique characteristics
and advantages. Firstly, they exhibit exceptional flame-retardant
efficacy. During combustion, phosphazene compounds release
active substances containing phosphorus and nitrogen, which
significantly inhibit flame propagation and combustion processes.
Secondly, phosphazene flame retardants demonstrate excellent
thermal stability. These compounds maintain their flame-retardant
properties even at elevated temperatures due to their inherent
thermal resistance. Moreover, they are characterized by low
smoke emission and low toxicity. When burned, phosphazene
flame retardants produce minimal smoke and toxic gases, thereby
reducing environmental and human health risks. Additionally,
phosphazene flame retardants offer multifunctionality. Beyond
their primary role as flame retardants, they can also function
as plasticizers and stabilizers, thus providing a versatile range of
applications. These attributes collectively render phosphazene-based
flame retardants a promising and sustainable choice for various
industrial and material science applications.

Recently, Pan et al. (2024) reported a novel phosphazene-
based flame retardant for cotton fabric, synthesized by grafting
dopamine (DA) onto hexachlorocyclotriphosphazene (HCCP)
through an acylation reaction, resulting in the formation of a new
phosphazene flame retardant, hexadopamine cyclotriphosphazene
(HDCCP). The pyrolysis behavior of HDCCP was characterized
using thermogravimetric analysis (TGA), which revealed its
excellent thermal stability. The influence of HDCCP at varying
mass concentrations on the flame-retardant properties of cotton
fabric was investigated through techniques such as X-ray diffraction
(XRD), scanning electron microscopy (SEM), limiting oxygen index
(LOI) testing, and TGA. The results demonstrated that when the
mass fraction of HDCCP was 6%, the flame retardant not only
exhibited optimal flame-retardant performance but also maintained
superior mechanical properties.

In earlier research, Zhou et al. (2020) comprehensively reviewed
the current state of polyphosphazene-based flame retardants.
Polyphosphazenes are organic-inorganic polymers characterized
by an alternating sequence of single and double bonds between
phosphorus and nitrogen atoms along their backbone, endowing
them with excellent inherent flame-retardant synergism and
thermal stability. Leveraging the designable molecular structure
and outstanding flame-retardant properties of polyphosphazenes,
a series of linear and cross-linked polyphosphazene flame
retardants have been synthesized to enhance the comprehensive
performance of materials, particularly in terms of flame retardancy,
thermal stability, and mechanical properties. Specifically, the
review systematically discussed the molecular design and
structural modifications of polyphosphazenes, their flame-retardant
mechanisms, and the performance of flame-retardant materials.
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2.2.4 Multi-element synergistic
organophosphorus flame retardants

In recent years, the research approach of enhancing flame
retardant performance through the synergistic effects of multiple
flame-retardant elements has been increasingly prominent.
Beyond effectively improving flame retardancy, these synergistic
interactions can also mitigate the adverse impacts that single-
element flame retardants may have on other material properties,
thereby meeting the progressively stringent requirements for
flame-retardant materials (Cheema et al., 2013; Liu J. et al., 2022;
Wang C. et al,, 2019; Wu et al, 2018b). Although phosphorus-
nitrogen-based flame retardants exhibit significantly reduced smoke
emission and toxicity compared to halogenated counterparts,
their environmental impact remains a concern. Consequently,
developers are now integrating more environmentally benign and
non-toxic flame-retardant elements into synergistic systems to
reduce biological toxicity and smoke emissions.

Boron-based flame retardants, known for their efficiency, low
toxicity, non-irritating nature, and minimal smoke production,
were among the earliest used in the flame-retardant finishing of
cotton fabrics (Cheng et al., 2020; Wang et al., 2018; Wang et al.,
2022; Xu et al,, 2019). A novel approach involves incorporating
organic borates into ammonium phosphate-based flame retardants
to achieve durable, efficient, low-smoke, and low-toxicity
characteristics. This strategy represents an innovative attempt to
enhance the overall safety and effectiveness of flame retardants
while addressing environmental concerns (Zhang et al., 2024).

Zhang et al. (2024) synthesized a reactive P/N/B spirocyclic
compound—dimethylammonium methylenephosphonate borate
(DMAPS), which imparts excellent flame retardant properties
to cotton fabrics at low concentrations. After treatment with
100 g/L. DMAPS, the limiting oxygen index (LOI) of the fabric
increased to 31.6%, and the char residue length decreased to 5.9 cm.
Further increasing the concentration of DMAPS resulted in an
oxygen index of around 42.9%. Cone calorimeter tests revealed
that the peak heat release rate (PHRR) of the DMAPS-treated
cotton fabric was only 15kW/m?, representing a reduction of
approximately 92% compared to the untreated fabric. The total
heat release (THR) also decreased from 5.0 to 0.9 MJ/m?, an
82% reduction compared to the untreated cotton. Char residue
analysis indicated that the polyphosphoric acid formed during the
pyrolysis of DMAPS promoted char formation, while the carbon-
boron structure remained in the char, stabilizing the char layer
and preserving the original warp and weft structure of the fabric.
Additionally, the treated samples maintained flame retardancy and
self-extinguishing properties after 10 washing cycles. This study
provides a potential approach for the preparation of durable flame-
retardant cotton fabrics.

Recently, the research team led by Zhang et al. (2025) developed
a novel environmentally friendly antibacterial flame retardant
and applied it to the durable antibacterial and flame-retardant
finishing of cotton fabrics. The synergistic effect of phosphorus,
nitrogen, and boron in the flame retardant facilitated excellent flame
retardancy in cotton fabrics, while the halamine structure imparted
superior antibacterial properties. The cotton fabric treated with this
antibacterial flame retardant exhibited self-extinguishing properties,
with an average burn length of approximately 65 mm and an oxygen
index exceeding 31%. After activation by sodium hypochlorite
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bleaching, the logarithmic reduction values for Staphylococcus
aureus and Escherichia coli both exceeded 5, indicating outstanding
bactericidal performance. XPS, CCT, and TG-IR analyses revealed
that the flame-retardant mechanism of the APBN-treated cotton
fiber was predominantly in the condensed phase, with some
contribution from the gas phase. On the basis of a comprehensive
evaluation of antibacterial, flame-retardant, and physical properties,
a composite antibacterial flame retardant was developed, yielding
cotton fabrics with excellent antibacterial and durable flame-
retardant properties.

3 Mechanism of action of phosphorus
flame retardants

Phosphorus flame retardants exhibit different flame-retardant
mechanisms due to the differences in oxidation states of phosphorus
and coordination bonds (Yang et al, 2016; Yang et al, 2019;
Xue et al., 2020; Ran et al, 2019). The mechanisms of action
of phosphorus flame retardants encompass two main aspects:
gas-phase action and condensed-phase action. In the gas phase,
phosphorus compounds generated from the decomposition of
phosphorus flame retardants can neutralize free radicals in the
flame, inhibiting the propagation rate of the flame. In the condensed
phase, phosphorus can form a layer of phosphorus compounds on
the material’s surface, effectively isolating oxygen and heat, thereby
providing flame-retardant effects.

3.1 Condensed-phase flame retardant
mechanism

Phosphorus-based flame retardants generate phosphoric
anhydride during combustion, which promotes the dehydration
and carbonization of combustible materials. The formation of char
reduces thermal conduction between the flame and the condensed
phase, thereby preventing or delaying the production of combustible
gases. For instance, Kim etal. (Kim et al., 2023) reported two
flame retardants containing both phosphorus and nitrogen:
N-(2-methoxyethyl)-N-methyl-P,P-diphenylphosphoryl amide
(PNOFR) and 2-(dimethylamino)ethyl diphenyl phosphonate
(PONFR) (as shown in Figure 2), which were applied to polyvinyl
chloride (PVC). The flame-retardant mechanisms of PNOFR and
PONER exhibit typical characteristics of phosphorus and nitrogen-
containing flame retardants. The results indicated that the primary
flame-retardant mechanisms of PNOFR and PONEFR vary due to
the elements bonded to phosphorus in their chemical structures.
In the condensed phase, the cross-linked char layer of PNOFR is
denser and contains a higher phosphorus content compared to the
cross-linked char layer of PONFR.

Phosphorus the
decomposition forms a glassy-like molten material covering

anhydride generated during thermal
the surface of combustible materials, promoting their oxidation
into carbon dioxide, thus contributing to flame retardancy.
Additionally, phosphoric acid produced from phosphorus-based
flame retardants can absorb heat, as it prevents the oxidation of
carbon monoxide (CO) into carbon dioxide (CO,), thereby reducing

the heating process (Zhang et al., 2015).
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FIGURE 2

The structure of PNOFR and PONFR (Kim et al., 2023).

3.2 Gas-phase flame retardant mechanism

When flame retardants decompose upon heating, they
release volatile phosphorous compounds (such as PO) that
significantly reduce the concentration of hydrogen atoms. It has
been demonstrated that PO can capture hydrogen, with the reaction
PO + H=HPO, thus inhibiting or slowing down the combustion
chain reaction. For example, in the work reported by Kim et al.
(2023), PONER released more PO,- and PO- free radicals in the gas
phase compared to PNOFR. The decomposition of flame retardants
generates non-flammable gases, which can reduce the concentration
of combustible gases in the combustion zone below the lower
flammability limit, while also diluting the oxygen concentration
in that area, thereby preventing further combustion and achieving
flame-retardant purposes (Zhang et al., 2015).

3.3 Synergistic flame retardant mechanism

When another flame-retardant element is introduced into
phosphorus-containing flame retardants, the flame-retardant effect
often exceeds that of phosphorus alone. Phosphorus primarily
provides flame retardancy in the condensed phase, while the
additional flame-retardant element acts in the gas phase. These
different flame-retardant elements exhibit excellent synergistic
effects across different phases. Examples include the synergy of
phosphorus with halogens, nitrogen, and boron (Braun et al., 2006).
Due to the presence of multiple flame-retardant elements within
the same molecule, the synergistic effect of these elements enhances
the flame-retardant performance of polymer materials. Commonly
used flame retardants include tri (2-chloroethyl) phosphate, tri
(2,3-dichloropropyl) phosphate, tri (2-bromopropyl) phosphate, tri
(bromochloropropyl) phosphate, and halogenated polyphosphate
esters. New research on these types of flame retardants has produced
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many candidates, notably brominated phosphate melamine salts,
which contain 35% bromine, 6% phosphorus, and 15% nitrogen,
with a thermal decomposition temperature above 250°C (Lv,
1998). Phosphoryl guanidine, which includes compounds such
as dihydroguanosine phosphate, hydrogen dihydroguanosine
phosphate, pyrophosphate, and condensed guanidine phosphate,
is used for flame retardancy and fireproof coatings for cotton fabric,
wood, paper, and polyolefins (Jieyu and Yongmei, 1999). Recently
studied new flame retardants include monophosphate (1-chloro-3-
hydroxypropyl) esters and their antimony compounds (Liu et al.,
2000; Ma and Yang, 2016). Additionally, some carbon materials,
such as fullerenes, carbon black, and carbon nanotubes, can capture
highly reactive free radicals, interrupting the chain reaction during
combustion (Peng et al., 2021; Ji et al., 2021; Sai et al., 2022).

3.4 Mechanism of action of organic
phosphorus flame retardants

Organic phosphorus flame retardants are discussed separately
due to their distinct decomposition pathways. Unlike inorganic
variants, organophosphates undergo complex thermal degradation,
releasing volatile phosphorus species (e.g., PO-) that interrupt
gas-phase combustion. The mechanism of action of organic
phosphorus flame retardants primarily involves the formation of
more structurally stable cross-linked solids or char layers upon
heating. This char formation not only prevents further pyrolysis
of the polymer but also inhibits the volatile products generated
from internal thermal decomposition from participating in the
combustion process. Specifically, phosphorus-containing additives
primarily act in the condensed phase, where their flame-retardant
mechanisms include the formation of certain molecules that act as
dehydrating agents, promoting char formation and reducing heat
transfer from the flame to the condensed phase. Simultaneously,
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phosphoricacid can absorb heat and prevent the oxidation of carbon
monoxide into carbon dioxide, thereby slowing the heating process.
Furthermore, it may form a thin glassy or liquid protective layer over
the condensed phase, reducing oxygen diffusion and heat transfer
between the gas and solid phases, which suppresses the oxidation of
char. For example, Li Jianzong et al. conducted thermal gravimetric
analysis, differential scanning calorimetry, infrared spectroscopy,
and elemental analysis to study the effects of TCPP (tri (2,3-
dichloropropyl) phosphate) on the thermal degradation of epoxy
resin. Their findings demonstrated that TCPP primarily operates
through a condensed-phase mechanism, catalyzing decomposition
and enhancing char formation, thus proposing a model for the
condensed-phase phosphorus flame-retardant action of TCPP on
epoxy resin (Jianzong et al., 1990).

Moreover, phosphorus-containing flame retardants undergo a
series of transformations upon thermal decomposition, ultimately
forming stable polyphosphoric acid, which is a non-volatile, stable
compound with strong dehydrating properties that isolates the
polymer surface from air. The water vapor released absorbs a
significant amount of heat, reducing the surface temperature of the
polymer and thus achieving flame-retardant effects.

4 Applications of phosphorus flame
retardants in different materials

Phosphorus-based flame retardants are widely applied across
various materials, including polymers, coatings, textiles, and
electronic devices, due to their unique flame-retardant mechanisms
and diverse chemical structures. These properties make phosphorus
flame retardants an essential tool for enhancing the fire resistance of
different materials.

4.1 Polymeric materials

Polymeric materials represent one of the key areas where
phosphorus flame retardants are utilized. Organic phosphorus flame
retardants can be blended with polymers to improve their flame-
retardant properties. By incorporating phosphorus-based additives,
the burning rate of polymeric materials decreases, limiting flame
spread. Additionally, the char layer formed during combustion acts
as a barrier to oxygen, enhancing the material’s fire resistance.
Phosphorus flame retardants are not only used in general-purpose
polymers but are also increasingly applied to high-performance
polymers that require resistance to high temperatures.

Cotton fiber, as a natural polymeric material, is characterized
by its high hygroscopicity, biodegradability, and skin-friendly
properties. Owing to these attributes, it is extensively utilized
in industrial fire-retardant apparel, military protective wear, and
home furnishings, as well as in the construction sector (including
architectural decoration materials, ornamental elements, and
fencing) and the automotive industry (encompassing door panels
and dashboards) (Shahidi and Ghoranneviss, 2013; Emam, 2019).
Nevertheless, cotton fabric is inherently highly flammable, with
a LOI approximating 17.0% (Liu X. et al., 2018), which facilitates
rapid flame propagation. Li J. et al. (2022) synthesized a phosphorus-
nitrogen flame retardant containing reactive -P-O-—amino groups,
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employing glycerol, phosphoric acid, and urea as precursors.
Their findings revealed that cotton fabric treated with this P-
N flame retardant exhibited commendable self-extinguishing
properties. Thermogravimetric (TG) data further demonstrated
that flame retardant (FR) treatment reduced the initial thermal
degradation temperature of untreated cotton to 225.9°C and 221.8°C
under nitrogen and air atmospheres, respectively, upon heating.
Importantly, the whiteness and mechanical properties of the treated
cotton remained within an acceptable range.

4.2 Carbon materials

In recent years, carbon materials have been widely used
to prepare polymer composites. Compared to traditional flame
retardants, the introduction of carbon materials can enhance
the flame resistance, mechanical properties, thermal stability, and
thermal conductivity of the materials, aiding in the development of
high-performance flame-retardant polymer composites (Wang et al.,
2017b). Carbon materials generally function through two flame-
retardant mechanisms: (1) forming a continuous and dense
carbon layer on the surface of the polymer, which suppresses
mass and heat transfer during combustion, and (2) some carbon
materials, such as fullerenes, carbon black, and carbon nanotubes,
capture highly reactive free radicals, thereby interrupting the
chain reactions that occur during combustion (Peng et al., 2021;
Ji et al., 2021; Sait et al., 2022).

4.3 Resins and coating materials

In the field of coatings and resins, phosphorus flame retardants
are extensively used to enhance the fire resistance of coatings.
By introducing phosphorus-based flame retardants into coating
systems, the flammability of the coatings is reduced, and the rate
of flame spread is slowed, which is crucial for the fire safety of
buildings, vehicles, and other applications. Moreover, phosphorus
flame retardants improve the weather resistance and chemical
resistance of the coatings.

However, in practical applications, these retardants tend to
absorb moisture, oxidize, and emit highly toxic gases. Their powders
are also prone to explosion, and their deep red color, along with poor
compatibility with resins, makes them difficult to mix uniformly.
This often results in reduced physical properties of the substrate (Luo
and Zigiang, 2005).

Recently, Zhang et al. (2021) reported a novel phosphorus-
containing flame retardant and introduced its application in
resins. Traditional flame retardants often contain highly toxic
substances that pose significant risks to both human health and
the environment. The new phosphorus-based flame retardant was
synthesized using phenylphenol as a substrate. This intermediate
was mixed with D4 Vi under specific conditions to create a
new phosphorus-containing flame retardant, which was then
added to epoxy resin to produce flame-retardant epoxy materials.
Experimental results showed that the new flame retardant forms a
more uniform and dense carbon layer during combustion, effectively
protecting the underlying materials and significantly improving the
flame-retardant properties of the epoxy resin. Furthermore, the
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toxicity of the new phosphorus-containing flame retardant is much
lower than that of traditional flame retardants, making it more
suitable for practical engineering applications.

4.4 Textile materials

The has
increasingly prominent in public transportation, home goods,

demand for flame-retardant textiles become
and other sectors. Phosphorus flame retardants can be applied
to fibers through impregnation, coating, or spinning processes,
significantly improving the flame resistance of textiles. By
slowing the combustion rate of fibers and reducing the heat
release of flames, phosphorus flame retardants help mitigate fire
hazards. As nylon products continue to expand in electronic,
aerospace, and automotive applications, and with growing
environmental awareness, there is increasing attention to eco-
friendly products. Phosphorus flame retardant-enhanced nylon
materials meet customer demands with balanced properties
such as good processability, mechanical strength, and a high
Comparative Tracking Index (CTI), making them widely applicable
in products like low-voltage electronic capacitor housings, load-
breaking switches, carbon brush brackets, and automotive seat
components (Li et al., 2020).

In a study by Olvera-Gracia et al. (2012), 100% acrylic textile
fabrics were treated with two types of flame retardants: one was a
commercial flame retardant combining polymeric resin, phosphoric
acid, and borax, while the other was sodium hexametaphosphate.
Standard tests for flammability and mechanical properties revealed
that fabrics treated with flame retardants demonstrated significantly
improved or, at minimum, maintained mechanical properties
compared to untreated fabrics. The use of flame retardants increased
the fabric’s burn time from 8 s to 2 min.

Similarly, Xu et al. (2013) used a durable cyclic phosphonate
flame retardant, Hifire T-886, on polyester fabrics, achieving flame
resistance that met national standards for protective clothing. The
flame-retardant treatment caused minimal damage to the physical
and mechanical properties of the polyester fabric, with no significant
changes in tensile strength, and exhibited excellent wash resistance.
Halogenated diphosphonates have also been employed to modify
various textiles, including cotton, linen, kapok, hemp, cellulose,
and their derivatives, as well as nylon and other fibers, improving
both flame resistance and processing performance. Cotton fibers
or fabrics treated with halogenated diphosphonates not only gain
enhanced flame retardancy but also show improvements in texture
(Richard et al., 1964; Birum et al., 1965).

4.5 Other applications

Beyond the primary applications mentioned, phosphorus
flame retardants are also utilized in construction materials,
automotive interiors, and aerospace applications. With continuous
of
phosphorus flame retardants in even more material domains are

advancements in technology, the application prospects
expanding.

Phosphorus flame retardants have already achieved significant
progress in various materials, contributing substantially to
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enhancing fire safety. Their diverse flame-retardant mechanisms
and adaptability to different materials offer broad prospects
for application across multiple fields. Further research and
the
supporting

innovation will promote wider use of phosphorus

flame retardants, improved material  safety

and sustainability.

5 Toxicity of organophosphorus flame
retardants

5.1 Current status of toxicity assessment

Phytic acid, a naturally occurring form of phosphorus and
widely found as a nutrient in many plant seeds, is used as
a flame retardant (Mokhena et al., 2022). While phosphorus
compounds are undeniably essential for the health of all living
organisms, the toxicity of organophosphorus compounds varies
significantly depending on their structure. These variations span
a broad spectrum, from neurotoxins to pesticides, herbicides,
disinfectants, and even food additives. According to Bob A.
Howell, current research on the toxicity of organophosphorus
flame retardants is still in its infancy, and the toxicity of many
such compounds has not been comprehensively or effectively
documented (Howell, 2023). In Table 3, we have compiled the
toxicity data of several key phosphorus-based flame retardants
that have been extensively studied to date (data primarily sourced
from PubChem). The toxicity data for other phosphorus-based
flame retardants can be obtained from PubChem or other relevant
databases.
oxidation  at

with  low-level the

phosphorus atom, particularly DOPO (9,10-dihydro-9-oxa-10-

Some compounds
phosphaphenanthrene-10-oxide), have been observed to exhibit
minimal toxicity (Hirsch et al, 2017; LiuM. et al, 2018).
For example, Peng et al. (2023) investigated the toxicity of the
organophosphorus flame retardant triphenyl phosphate (TPHP)
on the intestines of mice. They observed symptoms similar to
Crohn’s disease in the ileum and ulcerative colitis in the colon,
including shortened colon length, structural damage to the
ileum/colon, apoptosis of intestinal epithelial cells, an accumulation
of pro-inflammatory cytokines and immune cells, and disruptions
to tight junctions. Additionally, TPHP was found to induce
oxidative stress and apoptosis in Caco-2 cells (intestinal epithelial
cells), accompanied by the destruction of tight junctions. Their
work also sought to explain the underlying mechanisms of
these effects.

Cao et al. (2023) illustrated the splenotoxicity of the
organophosphorus flame retardant tris(1,3-dichloro-2-propyl)
phosphate (TDCPP) in mice, while Saquib et al. (2022)
uncovered the genotoxicity and carcinogenic potential of TDCPP
in human liver cells. These studies provided a genetic-level
assessment of TDCPP’s toxic risks and offered directions for
future research.

It is evident that global research on the toxicity of various
organophosphorus flame retardants remains insufficient and
that
are closely tied to everyday life have not yet had their
toxicity fully explored, posing potential risks to human health.

incomplete. Many phosphorus-based flame retardants
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TABLE 3 The toxicity data of several key phosphorus-based flame retardants.

CAS LD50 (for rabbits, dermal) (mg/kg) Volatile

English name

10.3389/fmats.2025.1508000

Red phosphorus 7723-14-0 ~15,000 R
Ammonium phosphate Dibasic 7783-28-0 >7,950 X
Ammonium dihydrogen phosphate 7722-76-1 >7,940 X
Trimethyl phosphate 512-56-1 3,388 R

Tris (2-chloroiso-propyl) phosphate 6145-73-9 ~2000 X
Tri (dichloropropyl) phosphate 78-43-3 >2000 X
Triphenyl phosphate 115-86-6 >7,900 X

Therefore, the thorough evaluation of the toxicity of these
compounds by the scientific community is both necessary
and urgent.

5.2 Needs and directions for toxicity
evaluation

There is a pressing need for careful and comprehensive
assessments of the toxicity of alkyl phosphates (with the size and
branching of alkyl groups as variables), aryl phosphates (with a
focus on the nature of the aromatic ring and any substituents
present), and, most importantly, halogenated organophosphates,
which represent different classes of phosphorus compounds.
Similarly, the toxicity of inorganic phosphorus flame retardants,
such as phosphonates, hypophosphites, and phosphine oxides,
should also be studied as a separate category. Moreover, reliable
toxicity data based on the structure of organophosphorus
compounds are essential as reference points for future research
(Howell, 2023).

6 Prospects and outlook for research
on phosphorus flame retardants

As societal attention to fire safety continues to grow, the
development prospects for flame retardant technologies are
becoming increasingly broad. Phosphorus flame retardants, as an
important category of flame retardant materials, are continuously
being innovated and researched, providing more options and
possibilities for enhancing fire resistance in materials. In-depth
studies on the types, synthesis methods, mechanisms of action, and
applications of phosphorus flame retardants can offer robust support
for ongoing breakthroughs and innovations in flame retardant
technology.

In regions such as Yunnan, Guizhou, Sichuan, and Hubei
ore deposits,
ranking among the top two or three globally (Ran, 2005).

in China, there are abundant phosphorus

Recently, the Ningbo Institute of Materials Technology and
Engineering, Chinese Academy of Sciences, signed a cooperative
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agreement with the National Engineering Technology Center
for Composite Modified Polymer Materials, Guizhou Yuan
Yi Mineral Group Co., Ltd., and the People’s Government of
Weng’an County in Guizhou Province. This collaboration aims
to jointly promote the development and industrialization of new
high-end phosphorus-based flame retardants for engineering
plastics that exhibit high thermal stability, chemical stability,
good electrical properties, and high flame retardancy. The
development and application of high-performance phosphorus-
based flame retardants is a key research direction for the Ningbo
Institute of Materials.

Recently, Liu and Yao (2017) designed and synthesized two
efficient phosphorus flame retardants based on polycarbonate, the
structures of which are illustrated in Figure 3. As shown in Table 2,
it is evident that organic phosphorus flame retardants are often
based on phosphoric acid, with various groups (such as phenyl
or alkyl) connected to the hydroxyl oxygen or phosphorus atom
itself. This structural commonality among organic phosphorus flame
retardants can provide inspiration for future research. Specifically,
when designing and synthesizing new organic phosphorus flame
retardants, it may be advantageous to use phosphoric acid as a
foundation and modify the groups at appropriate positions to
achieve more favorable outcomes.

In summary, the development of bio-derived and recyclable
flame retardants (FRs) has garnered significant attention due to their
environmental friendliness and sustainability. However, despite
notable progress, several unresolved challenges remain. Bio-based
FRs often struggle to match the performance and cost-effectiveness
of traditional petroleum-based counterparts, particularly in terms
of flame retardant efficiency, thermal stability, and durability.
Additionally, the recyclability and reprocessing efficiency of current
recyclable FRs in polymer matrices are limited, hindering their
large-scale application. Future research should focus on developing
high-efficiency, low-cost bio-based materials with superior flame
retardant properties, such as lignin, cellulose derivatives, and natural
polymer-based composites, while exploring their potential in a
circular economy framework.

Balancing flame retardancy with mechanical and thermal
performance is a critical challenge in the development of FRs. The
incorporation of traditional FRs often significantly compromises the
mechanical strength, toughness, and thermal stability of materials,
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FIGURE 3
Structures of two efficient phosphorus flame retardants based on

polycarbonate.

limiting their application in high-end fields. Research indicates that
interfacial compatibility, dispersion, and synergistic effects between
FRs and matrix materials are key factors influencing this balance.
Future efforts should aim to design multifunctional FRs through
molecular design and interface engineering to achieve a synergistic
enhancement of flame retardancy, mechanical properties, and
thermal stability. Moreover, microstructure regulation in composite
materials and multiscale design of FRs will be essential directions for
future research.

The standardization of toxicity evaluation frameworks for FRs is
an urgent need to ensure environmental safety and human health.
Currently, the lack of a unified standard for toxicity assessment
leads to incomparable and often contradictory results across studies.
Existing evaluation methods primarily focus on acute toxicity,
while research on chronic toxicity, ecotoxicity, and bioaccumulation
remains insufficient. Future studies should focus on establishing
comprehensive and standardized toxicity evaluation frameworks,
integrating in vitro experiments, computational modeling, and long-
term exposure studies to elucidate the mechanisms of FR toxicity.
Additionally, the principles of green chemistry should guide the
design and development of FRs to minimize the generation and
release of hazardous substances.

Nanoscale engineering offers promising opportunities for
the development of multifunctional FRs. Leveraging the unique
properties of nanomaterials, such as high surface area, excellent
dispersibility, and versatile surface chemistry, can enable synergistic
enhancements between FRs and matrix materials. However,
challenges related to the production costs, scalability, and potential
biological toxicity of nano-FRs continue to hinder their widespread
application. Future research should prioritize the development of
efficient, cost-effective, and environmentally friendly nano-FRs,
such as systems based on two-dimensional materials (e.g., graphene,
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molybdenum disulfide) and metal-organic frameworks (MOFs).
Furthermore, the performance stability of nano-FRs under extreme
conditions and their interfacial interactions with matrix materials
warrant further investigation.

Therefore, the development of bio-derived and recyclable FRs,
the balance between flame retardancy and mechanical/thermal
performance, the standardization of toxicity evaluation frameworks,
and the application of nanoscale engineering in multifunctional
FRs represent critical challenges in the field. Future research
should emphasize interdisciplinary collaboration, integrating
insights from materials science, chemistry, environmental
science, and toxicology to drive innovation and sustainability
in FR technology. By addressing these challenges, advances
in FRs can achieve high-performance flame retardancy while
ensuring environmental compatibility, economic viability, and
multifunctionality, thereby contributing significantly to the future of

materials science.

7 Conclusion

In summary, phosphorus-based flame retardants are

characterized by their low halogen content, halogen-free
composition, low smoke production, and low toxicity. Their low
dosage and high efficiency have garnered significant attention
in the field of flame retardants. However, certain limitations
inherent to phosphorus-based flame retardants—such as poor
compatibility, insufficient surface treatment technologies, their
often liquid state, high volatility, substantial smoke generation,
and relatively low thermal stability—restrict their application.
Therefore, further research on phosphorus-based flame retardants
is imperative (Zhou et al., 2009).

Continuing to strengthen research efforts is crucial, particularly
in the area of toxicity assessment, where several aspects remain
incomplete and insufficiently explored. Future research should
encompass comprehensive and meticulous toxicity evaluations
of various categories of organic phosphorus compounds,
including alkyl phosphates, aryl phosphates, and halogenated
organic phosphonates. Additionally, it is essential to investigate

the toxicity of inorganic phosphorus flame retardants, such

as phosphonates, phosphinates, and phosphine oxides, as
separate entities.
Moreover, when synthesizing new organic phosphorus

flame retardants, it is advisable to enhance performance and
reduce toxicity by attaching functional groups to the phosphate
backbone. As societal emphasis on fire safety continues to
increase, ongoing innovation and research will facilitate the
application of phosphorus-based flame retardants across diverse
fields, including polymers, coatings, textiles, and other industrial
materials, thereby contributing to the development of safer and
more efficient materials. Finally, new strategies for synthesizing
organic phosphorus flame retardants should also be explored,
such as forming phosphates by attaching groups to the hydroxyl
oxygen or directly linking specific atoms or groups to the
phosphorus atom.
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