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Abstract The current review explicitly describes the
phosphorus-based flame-retardant (FR) coating mate-
rials derived from the bio-resources. It segregates the
coatings according to their polymeric backbone type
and correlates their structure with the end-application
properties. The review will provide a readership to
understand different chemistries of FR systems and
implement similar in developing the bio-based FR
systems for coatings. Furthermore, the review targets
to brief the various mechanisms of phosphorus-based
FR coating systems depending upon the resin type,
such as epoxy, phenolic, polyurethane. The synergistic
effects of phosphorus and other FR moieties are also
discussed, along with their synthesis chemistries and
the structural impact on the properties.

Keywords Flame-retardant, Coating,
Phosphorus-based, Structure–property relationships

Introduction

Flame retardants (FRs) are chemicals added or incor-
porated into plastics, coatings, textiles, etc., to impart
flame retardancy.1, 2 In the last couple of decades, the
use of polymers in our daily lives has increased
significantly. Polymer-based coatings became an indis-
pensable part of many things ranging from furniture,
buildings, automobiles, metal constructions, etc., due
to their ability to protect metals from corroding, reduce
damage due to external forces, and improve the
aesthetic appeal. Polymer-based materials, in some
instances, have even replaced metals and wood in

furniture, construction, etc., owing to their excellent
mechanical strength and them being light in weight.
However, due to the inherent flammability of these
polymeric materials (organic or petroleum-based),
there is always a high risk of fire hazards associated
with these materials. Thus, there is an ever-increasing
demand to reduce the risk of fire hazards and increase
the safety of these materials for the consumers. This, in
turn, led to the use of FRs in these polymeric materials
that act as an efficient means to reduce their flamma-
bility and meet the required safety standards.3 FRs
become active in the presence of an ignition source.
They prevent the growth of fire or inhibit the combus-
tion of polymeric substrates either by forming a
protective layer on the surface of the polymeric
substrates or by suppressing the chemical reactions
that cause the breakdown of the long polymer chains
that produce flammable gases and radicals that in turn
further aid the breakdown of more polymer chains.
However, some FRs have been removed from the
market because they do not degrade quickly or they
bioaccumulate in environments.4, 5 FR products can be
incinerated or landfilled when they are no longer used,6

while they can also be recycled, which increases their
application in various areas.

There are several ways to classify flame retardants.
Based on the means of incorporation, they can be
classified as either additive or reactive. Based on their
mode of action, they can be classified as gas phase
acting or condensed phase acting. FRs can also be
classified based on their chemical composition as
halogenated, mineral-based, nitrogen-based, silicon-
based, and phosphorus-based; some even show syner-
gistic effects in specific combinations. Brominated and
chlorinated flame retardants dominate the halogenated
FRs, which act in the vapor or gas phases.7, 8 However,
they are now being replaced due to harmful health
effects and toxicity of halogenated FRs (especially
brominated).9–11 Aluminum trihydroxide and magne-
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sium hydroxide are two of the most widely used
mineral-based FRs.12, 13 They act by two means (a) the
endothermic degradation mechanism utilizes the heat
from the fire, thereby reducing the total heat energy of
the system, and (b) the dilution of the flammable gas
phase aided by the water evolved during the degrada-
tion of the metal hydroxides. However, they have a
problem of leaching out over time, and thus their
effectiveness reduces drastically with time. Nitrogen-
based FRs include pure melamine, melamine deriva-
tives, and melamine homologs. They act in the gas
phase by diluting flammable gases produced from the
degradation of polymeric chains. They also generate
less smoke and no corrosive gases when compared to
their halogen-based counterparts.14 Phosphorous-
based FRs are a class of FRs that predominantly work
in the condensed phase by forming a protective char
layer over the burning material, thereby inhibiting the
pyrolysis reactions that feed the flames with flammable
gases and eventually dousing the flames. Nitrogen-
based FRs are combined with phosphorus-based FRs
due to their thermal stability and synergism, leading to
higher flame retardancy and low toxic gas generation.15

Silicon-based FRs, such as polydimethylsiloxane
(PDMS), are another type of FRs widely used for
their inherent bond strength, flexibility of chains, and
high thermal stability.16 Synergistic FRs like the
combination of nitrogen and phosphorus-based mate-
rials and other such combinations show comparatively
lower flame retardancy effects individually but en-
hance flame retardancy and performance when used in
tandem.17–19 Depending upon the chemical structures
of the FR compound, they follow different mechanisms
to prevent the spread of fire and retard it.

However, no matter what type of FR coatings are
used for protection against fire accidents, they are
always derived by either adding into or modifying a
base organic resin with specific chemicals that impart
the FR coatings with their unique properties. It is the
nature and the source of these base organic resins that
is gaining the attention of researchers in recent times.
Organic resins commercially available in the market
are extracted from petroleum sources. The increasing
demand and expectations to meet such rising demands
have led to incredible levels of pollution and the
destruction of the ecosystem. For this reason, the focus
has shifted to finding alternate ways to obtain these
base organic resins from environment-friendly sources
like plants, trees, and other naturally available mate-
rials. Later these bio-based organic resins can be
modified chemically to impart FR properties. This
review covered the study on various bio-based ther-
moset resins like epoxy, polyurethane, acrylate, and
phenolics. The various environment-friendly raw mate-
rials used for their synthesis have been discussed, and
the different modifications carried out on them to
make them FR have also been mentioned.

Mechanism of FRs

When a combustible material comes in contact with an
ignition source, it undergoes either pyrolysis or
thermo-oxidative degradation leading to the break-
down of the molecular chain and release of volatile
flammable gases and energy into the atmosphere. Thus,
the system gets divided into two phases, i) the
condensed phase, where the pyrolysis or the degrada-
tion reactions continue and generate more fuel for the
fire, and ii) the gas phase, where there is a mixture of
flammable gases. In the gas phase, these gases then
keep mixing with oxygen. After a specific temperature
is reached (autoignition temperature), this explosive
gas mixture self-ignites with the release of more energy
in the form of heat. The material is then said to have
caught fire. Various suppression systems, such as
chemical agents, inert gases, and liquids, are used to
prevent the spread of such fires and reduce the
temperature. These systems use wet chemicals (potas-
sium acetate/carbonate/citrate) or dry chemicals (so-
dium bicarbonate, potassium bicarbonate,
monoammonium phosphate) to reduce the spread of
fire. Water, carbon dioxide, and dry and wet chemicals
are also used in extinguishers. Water and foam
suppression systems are widely known for fires involv-
ing flammable liquids in tanks or processing areas
(underground) due to their high efficiency and low
toxicity.20, 21 These suppression systems offer a certain
degree of protection in the long run due to their ease of
use and ability to detect fires when they are small-scale
and react swiftly. However, these systems do not work
efficiently when there is any evolution of corrosive
gases leading to corrosion of metal substrates or where
there is a possibility of a chain reaction leading to the
breakdown of substrates and causing large-scale fires.
Also, large amounts of chemicals would be required to
suppress the flames in scenarios where the fire is
difficult to control. Due to these reasons, FRs are
increasing rapidly as they provide higher efficiency in
comparatively smaller quantities for all types of fires,
meeting the flammability standards. The use of FRs is
so flexible that they can be added to the materials
either during or after the manufacture of the materials.
Their efficiency is so high that they can prevent the
break out of a fire long enough to provide enough time
for evacuation of the people. They even emit less
smoke than other suppression systems, which aids the
safe evacuation. In smaller fires, they can even protect
the substrate from severe fire damage.

There are three essential components for a substrate
to ignite and lead to a fire (called a fire triangle)—the
fuel source (in this case, long-chain polymers), air
(oxygen source), and energy in the form of heat (for
the initial ignition and to raise the temperature). These
three components form a fire triangle, represented
schematically in Fig. 1. When we eliminate any of the
three components, we can achieve a certain degree of
control over the fire and try to control the situation by
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avoiding further damage or catastrophe. Thus, by
stopping the evolution of flammable vapors, or by
quenching the flames with chemical extinguishers
(inhibiting), or removing the supply of air (oxygen)
to the fire (smothering), we can control fires. After
ignition, the flame spreads over the surface, and the
penetration of the flames into the bulk of the fuel
affects the burning rate. The gas phase flame-retardant
mechanism follows the endothermic degradation
mechanism, wherein the FR compounds thermally
degrade by absorbing the heat from the system,
thereby cooling down the system (hindering the pyrol-
ysis reaction) and diluting the explosive gas mixture
with nonflammable gaseous by-products (e.g., H2O)
formed due to their degradation. For accidental fires or
gas leakages, the gas phase radical quenching mecha-
nism works where the FR compounds undergo thermal
degradation and react with the radicals in the flame,
thereby preventing the radicals from further breaking
down the fuel source and inhibiting the propagation of
fire. The condensed phase flame-retardant mechanism
follows the protective layer formation approach,
wherein flame retardants react with a material layer
to form a protective char layer over the subsequent
material. This protective char layer acts as a shield
preventing the oxygen from coming in contact with the
material below the char layer, thereby preventing the
pyrolysis reaction. This layer also acts as a thermal
barrier preventing the further transfer of heat energy
that causes the thermal degradation of the material. A
thermal shielding mechanism is followed for electrical
wires where we observe char formation, forming a
barrier-like layer over the fuel source and slowing
down the heat transfer to fuel.

Any chemical compound with functionality that
reacts with oxygen, curbs the fuel supply, or reduces
the heat energy can be regarded as an FR. Compounds
that show the presence of atoms such as chlorine,
bromine, nitrogen, phosphorous, or silicon, can be
considered potential FRs. Compounds that do not
exhibit any flame retardancy can be incorporated with
these functionalities to synthesize FRs. These FRs can
be physically added or chemically bonded to the

system via chemical reactions. FRs added physically
into the polymeric systems are called additive type,
while compounds chemically incorporated into the
polymer backbone are called reactive-type FRs. The
properties of the overall FR system will be significantly
affected by the structures of the FR compounds.

FR systems

Halogen-based FRs and metal hydroxides, as men-
tioned earlier, though widely used as additives, have
many drawbacks like toxicity, negative impact on
mechanical property, lack of consistency in perfor-
mance, and the tendency to leach out. Moreover, their
activity is restricted to fire below 500�C.7, 8 Now,
reactive FRs can overcome the shortcomings associ-
ated with additive-type FRs like leaching out (as they
are chemically bonded to the system), high concentra-
tion requirements (as they are uniformly distributed
throughout the system, and their chemical structures
can be tailored), inconsistent performance (as they do
not leach out and perform even after the surface layer
is consumed as the subsequent layers also possess the
same FR compound in their structure), etc. But, as
discussed before, all the commercially available addi-
tive- and reactive-type FRs are petroleum-based. They
either consist of elements like halides, or they ther-
mally degrade to form toxic and nonbio-degradable
compounds which cause damage to the environment
and health of living beings. Hence, bio-based reactive
FR systems are being synthesized predominantly to
make a safer process and to negate the shortcomings
like toxicity, short-term usage, low activity at low
concentration, etc., associated with the current FRs
readily available in the markets. Bio-based FRs refer
to compounds obtained from natural or biological
sources. In theory, bio-based reactive FRs should give
us the flexibility to incorporate FR properties into the
system without increasing the toxicity of the system
while at the same time increasing the bio-degradability
of the system. Figure 2 shows the different categories
of bio-based FR materials under which naturally
available and newly developed materials are classified.

As mentioned earlier, the structure of FR plays a
vital role in determining how efficiently it can perform
when in action. Bio-based materials are also charac-
terized by their molecular structure and stability for
determining their use as FRs. Their structure and
functionality variations have led to various FR systems
being developed with reduced toxicity and smoke
generation. Cyclo aliphatic and aromatic structures like
tannic acid, phytic acid, isosorbide, diphenolic acid,
lignin, etc., have been studied more enthusiastically for
use as FRs.22–24 This is due to their higher thermal
stability, structural rigidity, and flexibility.25–27 Not
only this but even deoxyribonucleic acid (DNA) is
being studied as a potential FR due to the presence of
phosphate-rich backbone and nitrogen-containing
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bases. Another reason for using bio-based materials for
developing FRs is because these bio-based materials
tend to produce thermally stable species on decompo-
sition.28, 29 These bio-sourced materials can be mod-
ified to FRs by incorporating atoms such as sulfur,
boron, nitrogen, silicon, or phosphorous into their
structures and have been shown to achieve flame-
retardant properties matching those or even surpassing
the commercially available FRs. However, phospho-
rus-based FRs are gaining prominence due to various
modifications and high flame retardancy efficiency.
Also, phosphorus chemistry belongs to the older, well-
established chemistry class, and it is rapidly advancing
and developing newer means to improve the safety and
sustainability of the chemical processes. The phospho-
rous-based FRs exhibit great versatility: (1) the struc-
ture of the phosphorous-based FRs varies from
inorganic to organic; (2) the phosphorous content in
these molecules varies as well (e.g., from almost 100%
for red P to 14.33% for DOPO); (3) the phosphorous
atom has different oxidation states, from 0 to + 5, thus
paving the way for the development of different FR
mechanisms (both in the gas and condensed phase).30

These variations make phosphorous a unique prospect
for the design of flame retardants with tailored prop-
erties, such as density or glass transition temperatures
(Tgs), by changing the binding pattern (e.g., from alkyl
to phenyl groups).30

Phosphorous-based FRs include phosphates, phos-
phinates, phosphonates, and red phosphorous, an
element.31 Halogenated phosphates and phosphinates
are also available, but since they have halogens, they
also tend to liberate small amounts of toxic gases,
though not as much as fully halogen-based FRs.32

Though phosphorous-based FRs predominantly act in
the condensed phase to inhibit the flames, they also act
in the gas phase, or both phases together, depending on

the structure of the phosphorous moiety and the by-
products formed at higher temperatures.33, 34 Figure 3
shows phosphorus-based flame retardants’ gas and
condensed phase mechanism.35 Furthermore, it has
been observed that phosphoramidates or compounds
with both phosphorous and nitrogen show better
flame-retardant properties than compounds with only
phosphorous in the system. Also, compared with alkyl
phosphates, phosphoramidates offer good thermal
stability, are cheap, and are less volatile. Intumescence
is another phenomenon observed in phosphorus-based
FR systems that improve the overall system’s flame
retardancy. Such a phenomenon is generally observed
in the systems containing a carbon source such as
polyalcohols like glucose, starch, pentaerythritol, an
acid source such as ammonium phosphates, or a gas
source such as melamine or its derivatives. These
systems lead to the formation of a foamed char layer
which acts as a barrier for heat and mass transfer,
hindering oxygen diffusion to the site and lowering the
temperature of the substrate.36–39 Primarily, phospho-
rous-nitrogen-containing systems are widely used as
intumescent flame retardants. The acid and gas sources
are created by the thermal degradation of the phos-
phorous moieties in the flame-retardant system.

Phosphorous-containing FRs can be of the additive
and reactive type, which means they can be added
physically or incorporated into the polymer chain via a
chemical reaction.40, 41 Additive-type FRs are gener-
ally physically added to thermoplastic resins before or
during processing. On the other hand, reactive-type
phosphorus-based FR systems are usually made with
thermoset resins such as epoxies, polyurethanes (PU),
acrylates, and phenolics.42 The source of these ther-
moset resins is acquired, making the system bio-based
phosphorous-containing FRs. The following subsec-
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tions discuss various extraction sources of such bio-
based resins and their chemistries in detail.

Epoxy-based FR systems

Epoxies are among the most widely used thermoset
resins with applications in innumerable fields. They
have been widely used as adhesives, coatings, and
lamination materials in a wide range of industrial
applications because of their excellent dielectric prop-
erties, low shrinkage, strong adhesion to both metallic
and nonmetallic materials, good stability, high hard-
ness, good flexibility, and excellent stability in many
solvents and alkali solutions. However, most commer-
cially available epoxy resins are synthesized from
petroleum-based raw materials like bisphenol A,
epichlorohydrin, etc.43, 44 This makes them a big
contributor to pollution and highly flammable. There-
fore, the synthesis of bio-based epoxies with FR
properties is rising to lower the dependence on
petrochemicals and reduce their harmful environmen-
tal impact. Epoxies from bio-based sources such as
furan derivatives, rosin acid, itaconic acid, vegetable oil,
have been reported earlier.45, 46 Table 1 represents the
recent works in bio-based flame-retardant epoxy sys-
tems and elucidates the modifications, the improve-
ments observed, and the reasons for improved FR
performance. Figures 4a and 4b represent the chemical
structures of the bio-based FR epoxy prepolymers and
the stand-out properties of the crosslinked FR epoxy
matrices. Phosphorous-containing bio-based FR epox-
ies are usually synthesized by incorporating phospho-
rus-containing groups into a molecule, followed by
epoxidation to include oxirane rings.47 Xu et al. syn-

thesized a phosphorus-based FR similarly using vanil-
lin, wherein they reacted with diamino diphenyl
methane (DDM) and diphenyl phosphite to obtain an
intermediate which was further epoxidized to form a
reactive phosphorus-based FR prepolymer.48 Ammo-
nium polyphosphate (APP), also an environment-
friendly FR, was used as an additive to increase the
FR property of the overall system and impart intu-
mescent property to the char formed.48 The latter part
of this review discusses such systems where additive
and reactive FRs are used in combination. Vanillin,
combined with amines, diethyl phosphites, and
epichlorohydrin, has also been used to obtain FR
epoxy resin systems. An epoxy system was also
reported to be made using glycidyl ether epoxy
isoeugenol resin, derived from isoeugenol—a com-
pound found naturally in the essential oils from plants,
cured with camphoric anhydride.49 An intrinsic flame-
retardant system was also synthesized successfully
using daidzein, a naturally occurring compound found
exclusively in soybeans, and this diglycidyl ether of
daidzein (DGED) was then further cured with 4, 4-
diaminodiphenylmethane (DDM).50

As mentioned earlier, structure and proper distri-
bution play a significant role in the performance of the
FR system. A low amount and uniform distribution of
the FR helps to increase the flame retardancy without
compromising the crosslinking density of resin and,
thereby, the mechanical properties. The FR activity in
the gas and condensed phases can be manipulated by
carefully selecting the exemplary FR compounds and
their quantity to be incorporated in the system, thus
achieving higher efficiency. Too low an amount of FR
compounds is also not recommended as it can reduce
the flame-retardant property of the system. These bio-
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based raw materials like vanillin, cardanol, isoeugenol,
etc., provide an excellent opportunity and platform for
increasing the thermal stability of the FR system due to
their rigid and aromatic structure. The variation in the
amounts of certain elements can also affect the ability
of an FR system to perform optimally in the gas or
condensed phase. In some epoxy systems, it was
observed that lowering the APP content reduced the
nitrogen content, thereby reducing the ammonia for-
mation in the gas phase, leading to reduced intumes-
cence and lower dilution of the combustible gas phase.
The residual content also decreased due to increased
polymer degradation into fuel. This also increased heat
transfer to the substrate and the subsequent flame
propagation. The presence of phosphorous in an FR
system contributes to the increased thermal stability of
the system as well.46, 51 This is due to the phosphonate
group promoting higher char formation, thereby pro-
tecting the layer below the charred layer from coming
in contact with heat energy and gases. It was also
observed that the rigidity of the aromatic rings and N–
H intramolecular hydrogen bonding also improves the
system’s thermal stability and tensile strength of the
polymer system.52 However, too many aromatic and
bulky structures are also not favorable. A lower
reactivity during the curing step and steric hindrance
caused due to bulky phosphate groups affect the
crosslinking density and the crosslinked system’s glass
transition temperature (Tg).

49

Cardanol is one of the most widely tested bio-based
phenols for epoxy resin synthesis. It has been reported
to undergo dehydrochlorination, epoxidation, and ring-
opening reaction to obtain phosphaphenanthrene
groups containing triscardanyl phosphate (PTCP),
which are further used as an FR in epoxy resin.53, 54

However, in this system, crosslinking is observed to be
lower than that observed for the commercial epoxy
system. This is due to bulky groups such as that of
PTCP. But these phosphorus-based moieties promote
high char formation. The high compatibility of PTCP
with epoxy resin also increases tensile strength and
improves the overall toughness of the system. From
this, one can understand that one must carefully justify
the chemistry of the compounds used in an FR system
to obtain the perfect balance of properties needed for
the suitable application. It is also observed that even
the long alkyl chains of cardanol lead to toughening
effect in the FR system.53, 54 A combination of
cardanol and eugenol-based epoxy monomers has also
been used as FRs.55 The flexibility to manipulate the
toughness and rigidity based on the amounts of
cardanol and eugenol in the system makes this system
a perfect option for different application scenarios.
Highly functional bio-based epoxy resin also impacts
the crosslinked structure’s overall property. The core
polyols’ structure and degree of substitution cause
differences in properties among polyol esters. For
example, unreacted hydroxyls can promote hydrogen
bonding.56 The hydroxyl groups in polyols usually
contribute to the network formation and enhanceT
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mechanical properties, thereby imparting rigidity to
the structure.56 Castor oil-based epoxies have also been
synthesized and are reported to be further used as a
curing agent for forming FR systems.55 The castor oil-
based curing agent showed that long chains of rici-
noleic acid reduced the Tg and altered the mechanical
properties.57 In some cases, the Tg decreases by
increasing the phosphorous content, decreasing the
crosslinking density. This can be attributed to the steric

hindrance of the phosphorous moiety involved in the
synthesis of the FR system.58, 59 On the contrary,
enhancement in properties is sometimes observed due
to specific compounds in the FR system. For example,
improvement in thermomechanical property was ob-
served in the epoxy obtained from diglycidyl ether of
daidzein (DGED) compared to the epoxy from
DGEBA because of its higher crosslink density due
to the structure of diglycidyl ether of daidzein

Isoeugenol

(a)

(b)

Eugenol

Cardanol

High char yield,
Toughning agent

for epoxies

Itaconic acid

[53]

R2 =

[59]

Synergistic flame retardancy,
Dense char formation ability

High char yield,
good thermal modulus,

FR for epoxy resinsVanillin

[48]

DOPO,
2 steps

Good tensile strength,
Thermal stability

Cardanol

Isosorbide

Eugenol

[55]
Good thermo-mechanical

properties,
High flame-inhibition

potential

Excellent mechanical properties,
Increased thermal stability

and char yield

[50]

High crosslinking density,
Excellent thermal and
mechanical properties

Good impact strength,
tensile strength,

flexular strength, and
smoke suppression

Excellent intumescence,
Intense char forming ability,

Tg = 214°C

[46]

[45]

Vanillin

Diethylphosphite,
2 steps

Phosphoryl Chloride,
2 steps

Phosphorus Oxychloride,
1 step

Glucose

Phosphoryl Chloride,
2 steps

Diethylchlorophosphite,
1 step

[57]

[55]

Precursor for
Epoxy resin

TBAB, ECH, DADPM

2 steps

Daidzein

Itaconic acidDOPO, diisopropanolamine
2 steps

Low Tg,
Good Flexibility

Castor oil

Triphenyl phosphine,
3 steps

DOPO, diethylphosphite
2 steps

Phosphorus oxychloride,
3 steps

Phenyl phosphorodichloridate,
2 step

High Tg, Excellent
mechanical properties,

Good FR properties
due to char formation

Good thermal stability,
Improved flexibility,

High char yield

Phenyl dichlorophosphate,
2 steps

[49]

[60]

[62]

Fig. 4: (a) Reaction of the epoxy group with precursors and flame-retardant moieties. (b) More reaction of the epoxy group
with precursors and flame-retardant moieties
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(DGED), which showcased the dimerization of the
benzopyrone ring.50 The unsaturation in DGED pro-
vided additional crosslinking points, and the rigidity of
molecular segments and density further contributed to
improved mechanical properties.

As discussed earlier, the phosphorus-containing
groups (P–O–C and P=O) work in the gas and
condensed phases by char promotion.60 In addition,
the aromaticity and functionality of monomers, their
ability to crosslink, the phosphorous content of the
monomers, etc., also influence the thermal stability,
char formation ability, and the glass transition tem-
perature (Tg) of the polymer system.26 However, it is to
be noted that incomplete combustions caused by
burning polycyclic aromatic hydrocarbons lead to
smoke generation. The presence of only the gas phase
mechanism for flame retardation lowers the total char
yield % of the system as there is no promotion for char
formation in the condensed phase.61 As mentioned
before, bulky groups may cause hindrance in proper
packing of the polymer chains while curing, which may
lead to lower energy requirements to break the
interchain linkage. This eventually leads to the reduced
thermal stability of the system. The crosslinking
density also gets affected, resulting in lower mechan-
ical properties and flame-retardant system’s flame
retardant.62 Thus it is always essential to study the
structure of the bio-based raw material before its
application in FR systems.

Polyurethane (PU)-based FR systems

PUs are organic polymers in which the urethane group
is the primary repeating unit. These repeating units are
produced by the reaction between polyol (–OH) and
diisocyanate (–NCO). However, PUs also contain
other functional groups in their structure, such as
ethers, esters, urea, and aromatic compounds.63, 64

Among organic coatings, PU coatings have excellent
abrasion resistance, toughness, low-temperature flexi-
bility, corrosion resistance, and chemical resistance,
and thus are used in a wide range of applications from
automobile finishing to industrial maintenance to
chemical resistance.65 However, PUs also suffer from
flammability issues due to their organic nature and
VOC released during curing.63, 64 Thus, to avoid these
drawbacks associated with PUs, many efforts are being
put into synthesizing them using bio-based materials
and imparting them with flame retardancy. Various
routes to the synthesis of bio-based PUs are known to
us.66 Table 2 includes materials used for developing
FR-PU systems and their property enhancements
compared to commercially available PUs. Figure 5
summarizes the structural representations of various
reaction routes through which FR properties can be
incorporated in PU. Lignin, one of the most widely
available bio-based materials, has been used to make
FRs by reacting 9,10-dihydro-9-oxa-10-phos-
phaphenanthrene-10-oxide (DOPO) and hexam-

ethylene diisocyanate (HDI).67 Cardanol is another
bio-based material used to make FR-PU coating with
exceptional flame retardancy performance by reaction
with polyphosphonic dichloride (PPDC) and
dichlorodimethylsilane (DCDMS).68 Gallic acid-based
phosphorous-containing FRs have also been developed
and used as an additive in commercial PUs.69 Gallic
acid in another scheme was acetylated and then
reacted with POCl3, followed by hydrolysis using
sodium hydroxide. This product was then used as a
crosslinking agent for PU coating.69 The effect of
intumescence in PUs based on linseed oil-phosphate-
ester-polyol has been studied where melamine,
expandable graphite, and APP were used as intumes-
cent FRs. The melamine synergized with phosphate
groups, while expandable graphite proved to be the
most effective additive.70 The concept of synergism is
discussed later in some detail.

A recurring issue that has been seen is that incor-
porating different moieties into the polymer leads to
reduced crosslinking. However, this issue has been
resolved using highly functional bio-based compounds.
For example, in lignin-based PU systems mentioned
before, the incorporation of lignin provided improved
crosslinking density due to its high functionality and
biodegradability due to its inherent bio-degradable
nature. It increased ultraviolet (UV) stability and
antioxidant properties due to its natural UV protec-
tion.67 Also, it was observed that, as the FR content
increased, the char residues also increased due to the
char-promoting phosphate compounds being produced
during degradation. However, the crosslinking did not
reduce with increased phosphate content due to the
phosphate groups. This was because the hydroxyl
groups present in PU structures were found to improve
the adhesion to substrates and the crosslinking owing
to the hydrogen bonding.67 Using lignin also enhanced
the system’s mechanical properties and decomposition
temperature. It also generated stable char due to its
aromatic structure.67, 71–73 The synergistic effects
between phosphorous and nitrogen have been used in
some PU systems, leading to improved flammability
and higher char formation.64, 75 In another synergistic
approach, silicon has been used to promote char
formation in the condensed phase along with phos-
phorous. It has also been observed that Si affects the
crosslinking density of the film. Also, as the crosslink-
ing density increased with silicon content, water
absorption has been found to decrease due to the
water repellency of the film.68 In bio-based FR systems,
the aromaticity significantly affects the coating’s
crosslinking density and thermal stability. Modification
beyond a certain point without considering the accu-
mulated impacts of conversion affects the crosslinked
structure’s properties. For example, the bulky struc-
tures like long side chains and aromatic groups in the
side chains in quite a few instances have caused
improper packing and increased the permeability of
the crosslinked system due to an increase in the
number of voids. Thus, the study of chemical structure
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and identification of balance between aromaticity and
aliphatic is essential in determining bio-based materi-
als’ applicability in synthesizing bio-based FR systems.

In the case of bio-based PU systems, phosphorous
compounds have shown a tendency to release phos-
phoric acid and water at higher temperatures providing
a cooling effect. The presence of phosphorous in these
bio-based PU systems has also led to forming a
protective char layer on the substrate when in contact
with flames.67, 68 The presence of polar groups has
improved the adhesion to substrate via the secondary
forces of attraction.69 In some PU systems, melamine
and APP have decreased the smoke formation due to
their ability to work in the gas phase of flame
retardation by releasing ammonia gas and radical
quenching. In some cases, graphite has led to increased
char formation due to its ability to withstand very high
temperatures.70 Various additives such as feldspar,
kaolinite, calcium carbonate (nanosized), zirconia,
alumina, and expandable graphite, have also been
tested as potential additives for castor oil-based and
rosin-based PU foams.76–78

Acrylate-based FR systems

Acrylates are high-value daily-life polymers commonly
prepared from chemicals like acrylic acid (AA),
methacrylic acid (MAA), and their corresponding
esters using nonsustainable strategies like propylene
oxidation and the acetone cyanohydrin process
(ACH).79–81 However, due to the current nonsustain-
able pathways used to produce (meth)acrylate mono-
mers and the resulting polymers, this industry largely

contributes to the growing greenhouse gas emissions
and fossil resource depletion.82 Due to these reasons,
the focus has shifted to producing acrylates using bio-
based materials. However, due to the flammable
nature of these materials and their intensive use in
interior coatings, it was necessary to incorporate FR
property into them. Table 3 expresses the raw mate-
rials used, the comparative performance of flame-
retardant and nonflame-retardant acrylate systems, and
the reasons for their marked improvements. Figure 6
represents the different acrylate flame-retardant mono-
mers and their stand-out properties. Due to phospho-
rous’ excellent flame-retardant properties and its
compatibility with acrylates, phosphorus-containing
bio-based acrylates are being designed and synthesized
in good numbers. Bio-based compounds like cardanol
have recently gained widespread importance in syn-
thesizing bio-based phosphorous-containing flame-re-
tardant acrylates due to their aromatic content, which
provides thermal stability and aliphatic content that
regulates the necessary flexibility and toughness of the
final film. A cardanol-based FR system was developed
by epoxidizing the cardanol, followed by the acrylation
using HEMA. Lastly, the phosphorylation of this
cardanol-based intermediate using diphenyl phospho-
ryl chloride.83, 84 This acrylated cardanol diphenyl
phosphate (ACP) was used as a reactive diluent with a
urethane di-acrylate (UA) oligomer. Oligomers from
jatropha oil, due to their long aliphatic chains provid-
ing the required flexibility, have also been reported
wherein jatropha oil was epoxidized and then acrylated
using acrylic acid.85, 86 Isosorbide obtained from starch
has also been tested for its use as a potential material
for use in making acrylate-based FR systems. In one

Lignin

[67]

[68]

Cardanol

Gallic acid

[75]

FR in PU sealants,
Can enhance thermal stability

Rigidity increased due to
benzene rings and

3D crosslinked structure,
Good mechanical

properties

Synergistic effect of P, N;
Stable char at high temperature,

Improved toughness,
Used as sealant

Castor oil

[74]

PPDC, ECH
3 steps

Diphenylphophite
2 steps

PPDC
3 steps

Gallic acid

POCl3
3 steps

Excellent thermal stability,
FR and reinforcing

material for Lignin based PU
Excellent rigidity and

thermal stability,
Excellent mechanical properties,

Solvent resistance

DOPO, HDI, TEA
1 step

[69]

Fig. 5: Schematic representation of polyurethane modification with flame-retarding functionalities
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such case, isosorbide was converted into acrylate ester
by a reaction between isosorbide and poly(styrene-
acrylate) co-polymer and then phosphite incorporation
by Michael addition to generating FR compounds.87–89

These compounds were then incorporated into poly-
mers to impart flame-retardant characteristics. Acrylic
acid made from bio-based resources has also been
converted to hydroxyethyl acrylate (HEA) in the
past.80 HEA was phosphorylated with phosphoryl
chloride, and Michael’s addition with DOPO gave
acrylated FR monomers.80

In the case of bio-based acrylic systems, crosslinking
density has improved with the incorporation of the
aromatic rigid structure due to reduced chain mobility.
The double-bond utilization during the curing process
further added to the improvement of crosslinking
density. In turn, these all cause the system’s Tg to
increase. Aromatic compounds add to the system’s
higher thermal stability and char-forming ability, thus
providing improved flame retardancy via forming a
better protective layer over the substrate. The gener-
ation of outer dense and compact char layers formed
by decomposition products in some acrylated systems
provided a better barrier to flame, with the inner char
layer of holes (honeycomb structure) providing heat
insulation.90 The system’s viscosity also gets affected
due to the high crosslinking density found in some
acrylates, which affects the diffusion of molecules,
thereby adding to improved flame retardancy due to
lower oxygen diffusion.91 As observed earlier in other
systems, even in acrylate systems, the long aliphatic
chains like in cardanol improve the elongation of the
final crosslinked structure.84

The adhesive property is sometimes enhanced due
to increased hydroxyl functionality. For example,
Jatropha-based oligomers have shown good adhesive
properties due to the epoxy groups that form hydroxyl
groups on opening, which get replaced by acrylic acid,
thereby giving good adhesion with low viscosity.85, 86

Level of oxygenation of phosphorous in acrylates has
been found to affect the mode of action of phospho-
rous compounds. The compounds with a higher degree
of oxygen are active in the solid-state mechanism,
while those with a lower degree are engaged in the gas
phase.88 Influential FRs in the case of acrylates are
significantly active in the gas phase.88 Phosphate esters
release phosphorous-based free radicals into the gas
phase to provide flame retardancy by curbing the free
radicals that are otherwise responsible for polymer
chain breakdown generating more fuel for the fire.92

FRs and their interaction with the polymer matrix also
significantly affect the behavior of the flames and their
outcomes, as this interaction determines the activation
of the FR compounds at elevated temperatures. Also,
the phosphorous concentration, type of phosphorous
groups, and the polymer matrix affect the release rate
of phosphorous compounds during burning.

Phenolic FR systems

Phenolic resin synthesized from phenol and formalde-
hyde has been part of the resin industry for over a
century after its first development. Phenolic resins
possess versatile properties like excellent mechanical
properties, flame retardancy, flexibility, low cost, high

Cardanol

[84]

[89]

Isosorbide

Isosorbide

Diethyl phosphite

Can be used as an FR for
polylactic acid,

excellent flame-inhibiting properties

Good thermal stability
and shows good flame-

retardancy in epoxy

1. Diphenyl chlorophosphite
2. Phosphoryl chloride/ phosphite

Good mechanical properties,
incorporated as reactive diluent

into urethane acrylate oligomer for
UV curable coatings

Good thermal properties,
can be used as reactive FR

for polymers

Disphenylphosphoryl chloride

2-Hydroxyethyl acrylate

Phosphoryl chloride

[93]

[88]

Fig. 6: Schematic representation of acrylate modification with flame-retarding functionalities
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thermal stability, and water and chemical resistance.
This versatility in properties and performance made it
useful in various applications. It made it the material
of choice in the aerospace industry, as adhesives in
particleboard manufacturing units, paints and coatings,
insulating foams, and the electrical and lighting indus-
try.93–95 Phenolic resins contain an ether (–O–) and a
methylene (–CH2–) bridge connecting the aromatic
rings. These molecules in the phenolic resin structure
make them susceptible to decomposition at higher
temperatures and lead to the emission of volatile
hydrocarbon compounds. This significantly affects the
phenolic system’s thermal stability and flame retar-
dancy properties. It also involves using phenolic resins
in areas exposed to prolonged high temperatures.
However, phenolic resins have one characteristic which
can make them suitable for high-temperature opera-
tion, albeit, after necessary modifications, they exhibit
good charring performance.96–98 This, coupled with
phosphorous compounds in their matrix, can lead to
excellent high-performing FR systems. The flame
retardancy and high-temperature performances of
some phenolic resins with and without the flame
retardants incorporated in them are expressed in
Table 4.

The reasons for their marked performance improve-
ment are explained as well. Figure 7 represents some
of the phosphorous-containing bio-based phenolic
prepolymers and the stand-out properties of their
crosslinked structures. From the table, we can also
conclude that generally, phosphorous-containing phe-
nolics show lower thermal stability when compared to
nonphosphorous systems. This is due to the lower
thermal strength of the P–C bond in the phosphorous
moieties in the system, which in turn help to promote
char formation, thereby improving the flame retar-
dancy from a lower temperature. This is also evident
from the higher char yield in the modified resin
compared to the unmodified systems.

One of the bio-based compounds, tannin, has been
identified as a potential replacement for phenols in
phenolic resins due to the many phenolic rings in their
structure. It has been modified in the past by acetyla-
tion, hydrolysis, condensation, polymerization, etc.,
and further reacted with other compounds to form
FR phenolic resins. The extract from green tea was
another phenolic compound, which can be epoxidized
using epichlorohydrin.99 Phenolic prepolymers were
synthesized using green tea tannic acid that was further
employed to synthesize bio-based epoxy resins. Phos-
phorous may also be incorporated into these by using
the free hydroxyl functional groups in their structure.
Benzoxazines are another class of phenols that can be
synthesized using a phenol, an amine, and formalde-
hyde. Benzoxazines synthesized from bio-based phe-
nols like eugenol, cardanol, guaiacol, rosin, and vanillin
have been recorded in the past.100–102 Traditionally,
bio-based benzoxazines have low thermal stability,
crosslinking density, and char yield.100 Due to this
reason, many researchers have shown interest in the

modification of bio-based benzoxazine to improve its
properties. Diphenolic acid obtained from levulinic
acid is another bio-based raw material with great
potential for making phenolic resins. Diphenolic acid
and phenyl phosphonic dichloride have been combined
to obtain phosphorous-containing oligomer with flame-
retardant properties.103, 104 They have been used with
APP and EG and act as a carbon and acid source in the
system, increasing the char yield and improving the FR
performance in the condensed phase.103, 104 Nanocoat-
ings based on phenolic systems have also been
employed to improve the FR performance in some
cases, like the poly(diphenolic acid-phenyl phosphate)
(poly[-DPA-PDCP]), and polyethylenimine (PEI) on
ramie fabrics.105, 106 The presence of Si on the ramie
fabrics reduced its flammability. The intumescent char
layer considerably increased flame retardancy by pre-
venting the matrix’s heat transfer and thermal degra-
dation. The nanocoating applied generated phosphoric
acid on decomposition, which played an essential role
in catalyzed dehydration of cellulose to initiate char
formation.106

Other FR systems

There are a few instances where it is not economically
wise to utilize reactive-type FRs for getting the desired
FR effects. Sometimes, a large-scale fire outbreak risk
is not high, or high performance is not expected. So,
during such instances, a combination of reactive-type
and additive-type FR can be employed to achieve the
desired flame-retardant properties. In some intumes-
cent phosphorous and nitrogen-based FR systems,
titanium oxide (TiO2) is used as an FR additive.
Generally, TiO2 is used as a pigment, but TiO2 is
helpful as a critical reactant in many phosphorus-based
FR systems. When exposed to flames, titanium and
phosphorus-based FR systems form an intumescent
coating that, when fully foamed, shows a white
exterior. At the same time, the inner part near the
substrate remains dark due to the carbonized material.
The reaction between APP and TiO2 leads to a white-
colored substance called titanium pyrophosphate. This
white layer can reflect heat waves and reduce energy
flow to the unreacted layers below. It has also been
proposed that the reaction of P2O5 and TiO2 leads to
the formation of titanium pyrophosphate.107 Thus, the
desired flame-retardant property is obtained without
using a complete reactive-type FR system but a
combination of reactive and additive-type FR system,
which is relatively cheaper. Another example is a
complex epoxy mastic containing boric acid, APP, a
triaryl phosphate, tris (2-hydroxyethyl) isocyanurate
(THEIC), silica, perlite, and ceramic fibers that have
been developed and commercialized as a coating for
the protection of steel from hydrocarbon fires. Using
boric acid in phosphorus-based FR systems has
improved thermal and mechanical resistance and
adhesion.107, 108 The boron in the system forms a
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glassy layer that blocks oxygen supply to the layer
below, thereby curbing the flames. The use of multi-
layer coatings such as one intumescent layer above the
other has also been deployed wherein the outer layer
provides immediate fire protection. In case of a
breakthrough of the outer layer, the inner layer acts
as a second layer of defense.107

Synergistic effects

In all the types of phosphorus-based FR systems
discussed so far, we have observed that along with
phosphorous, different elements like nitrogen, sulfur,
silicon, etc., and additives like boric acid, TiO2, etc.,
have also been part of the FR systems. The presence of
these elements/compounds has proven the improve-
ments in the overall FR properties of the system. This
marked improvement in the FR performance falls in
the category of synergistic effects. At the surface level,
synergism might appear to be just the result of a
favorable combination of different FRs or elements.
However, this is far from what synergism is. We cannot
say synergistic effects have been achieved because
different compounds produced a favorable result when
added together. Synergism involves different FR
effects like quenching, cooling, dilution, barrier for-
mation, oxygen inhibition, etc., working in unison to
produce results that far surpass the results obtained
when different FR works individually. For example, in
a phosphorous-nitrogen-based FR system, phospho-
rous compounds act in the condensed phase by
promoting char formation and forming a protective
layer that inhibits heat and oxygen flow to the system
underneath, while phosphorous and nitrogen act in the
gas phase. Nitrogen releases gases such as ammonia,
nitrogen dioxide, and nitrogen oxide, that dilute the
flammable gas mixture. On the other hand, the
phosphorous compound releases charged radicals
which kill the free radicals present in the gas phase
that otherwise contribute to the degradation of the
polymeric system, forming more fuel for the flames.
This system shows that not just the mixing of com-
pounds leads them to exhibit synergism. Hence, the FR
system can utilize multiple FR effects to produce
exceptional flame retardancy results, and synergism
does not require mixing different compounds. An FR
system containing only phosphorous can show syner-
gism as the phosphorous moieties formed on thermal
decomposition work in the gas and condensed phase
together to curb the flames. Not only that, there are
other compounds too that show such results. The
inherent tendency of Si–O-Si bonds to provide thermal
stability and fire retardancy is also well known and
documented. Phosphinamides, phosphoramides, phos-
phoramidates, phosphorodiamidates, phospho-
ramidites, etc., are some widely used phosphorous
and nitrogen-based compounds for synergistic effects
in FRs.109 Synergism between boron, nitrogen, and
phosphorous has also been observed in the past,T
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wherein boron moieties form an impermeable glass-
like layer over the substrate in the condensed phase.110

Table 5 shows some FR systems in addition to the
others mentioned earlier in other tables of epoxy, PU,
and polylactic acid-based systems where synergistic
effects have been observed. This table further substan-
tiates the fact that synergism helps to improve the
flame-retardant property of a system when used
correctly. Random mixing of FR compounds does not
produce synergism. The potential fire risks must be
understood before finalizing the FR system to be
adopted. The fire type (size, speed of spread, etc.), the
structure to be protected (material study), the different
types of objects that will be present in the location
(potential fuel source for flames), etc., need to be
studied to identify the correct mixture of FR com-
pounds which is to be utilized to obtain the synergistic
effect. This is because using synergistic effects in an FR
system helps reduce the total FR content of the system,
thereby providing the opportunity for saving money
and limiting the incorporation of compounds that are
not part of the polymeric system.

Of all the synergisms we have come across, phos-
phorous-nitrogen synergism has been one of the most
widely used. Phosphorous and nitrogen-based FR
systems show improved FR properties, higher thermal
stability, and increased crosslinking density. As dis-
cussed before, the flame retardancy of the overall
system depends on the types of synergistic flame
retardants used. For example, using DOPO, DEA,

and diphenolic acid, an FR epoxy system was synthe-
sized. The phosphorous groups improved the char-
forming ability and limited the release of combustible
gases, while the nitrogen-containing groups increased
the number of nonflammable gases and diluted the
concentration of combustible gases.111, 112 In the past,
castor oil-based polyols containing phosphorous and
nitrogen have been synthesized. The flame retardancy
tests of these systems showed that the higher char
content was attributed to the system’s synergistic
effects of phosphorus and nitrogen moieties.74, 75, 113

In one of the studies, FR-PU prepolymer containing
phosphorous and nitrogen synthesized from diethano-
lamine, formaldehyde, diethyl phosphite, and methy-
lene diisocyanate was used as a curing agent and
reactive-type FR for PU sealants. The increased char
formation in the system was mainly due to the P-N
synergism. In some cases, it has been observed that the
formation of polyphosphate and phosphoric deriva-
tives promotes char formation, with nitrogen acting as
a synergistic agent.75 As curing agents, PU sealants
have also been reported with ricinoleic acid-based
polyols and methyl diphenyl diisocyanate. Flame
retardancy in those systems was due to the phospho-
rous and nitrogen acting synergistically and working
together in the gas and condensed phases simultane-
ously. Limiting oxygen index (LOI) and cone calorime-
try test results showed the synergistic effect observed
in nitrogen and phosphorous.74 FR polyols from castor
oil used for PU foams were studied, where the flame

Dicyclopentadiene

[88]

[102]

[102]

[102]

[102]

[105]

Diphenolic acid

3-aminopropyltrimethoxysilane

Paraformaldehyde

Phenyl dichlorophosphate

Cardanol

Eugenol

Guaiacol

Vanillin

Good thermal stability at
high temperature,

Stable char formation

Diethyl phosphoryl chloride

High thermal stability,
High char yield

Used as FR in ABS,
Improves thermal stability,

N enhances char yield

Fig. 7: Schematic representation of phenolics modification with flame-retarding functionalities
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retardancy and increased crosslinking density due to
the FR compounds in the system were functioning in
tandem via different FR effects to curb the fire.114, 115

Flame-retardant polylactic acid (PLA) composites
have also been synthesized for packaging, coating,
and textile applications by incorporating phosphorous
and silicone-based filler into the PLA matrix.116 The
filler compound showed synergistic effects in the gas
and condensed phase to impart FR property to the
PLA composite.

Conclusions

FRs are gradually becoming integral to fire safety
systems due to their efficiency and dependability. Their
ability to provide additional time for escape in times of
a fire outbreak has proven to be a boon for millions
around the globe. Various phosphorous-based FRs are
widely gaining prominence and are used in different
coating systems to meet flammability standards. Even
though halogenated FRs are cheap, these systems
release toxic gases and cause harm to the environment.
Hence, it is inevitable that alternatives to the halo-
genated FR systems will gain prominence shortly.
Because of their promising and dependable results,
other FR systems based on phosphorous, nitrogen,
silicon, etc., will soon take over the commercial sector.
Also, bio-based resources have been gaining attention
due to the depleting petroleum reserves and increasing
concern for the environment and sustainability. The
age of petro-chemicals is soon ending, but society’s
needs must be met. With the knowledge that we have
accumulated, we can create fire-safe systems by using
resources that are available in nature. Also, with the
performance of phosphorus-based FR systems, it is
impossible to overlook them. With continuous research
and development, the future is only bright for P-based
FR systems. Also, synergistic effects of nitrogen,
silicon, boron, sulfur when used, and phosphorous are
a bonus that favors P-based FR systems. Recent
developments and advances in nanotechnology can
excite biobased phosphorus-containing FR systems.
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