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First introduced in 1954, polyurethane foams rapidly became popular because of light weight, high chemical stability, and

outstanding sound and thermal insulation properties. Currently, polyurethane foam is widely applied in industrial and

household products. Despite tremendous progress in the development of various formulations of versatile foams, their use

is hindered due to high flammability. Fire retardant additives can be introduced into polyurethane foams to enhance their

fireproof properties. Nanoscale materials employed as fire-retardant components of polyurethane foams have the

potential to overcome this problem.
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1. Carbon Nanomaterials as Fire Retardants

Carbon nanomaterials have been extensively applied as FRs in PUFs . The flame retardant activity of carbon

materials is caused by the following factors: CO  release during carbon oxidation, hindering of oxygen and combustible

volatiles transmission between the polymer matrix and the external environment, significant heat isolation owing to

formation of a char layer, as well as partial absorbance of smoke particles and combustible components . FR carbon

nanomaterials include carbon nanotubes (CNTs), carbon nanofibers (CNFs), graphene and its oxide (GO), and expanded

graphite (EG).

1.1. Carbon Nanotubes (CNTs)

CNTs are carbon allotropes which have a cylindrical shape and consist of one or several concentric graphite layers. The

remarkable structural and electronic properties as well as the outstanding mechanical characteristics of CNTs (e.g., high

aspect ratio, strength, and stiffness) have attracted particular attention in the development of PUF nanocomposites 

.

However, recent reviews of the literature have revealed that the application of CNTs as fireproof components or as a

component of an FR system is rather rare compared to other carbon nanomaterials . Since pure nanotubes cannot

provide proper flame retardancy of the final nanocomposites, CNTs are usually applied as a component of CFRs. Taking

into account the negative charge of CNT surface and a great number of CNT surface modification approaches, the LbL

technique seems to be the best option for PUF modification . It should be noted that the LbL technique can

create multilayer coatings on a charged substrate which is alternatively immersed into positively and negatively charged

species. The electrostatic interaction between oppositely charged layers is the main driving force of this procedure;

however, other interactions (e.g., donor/acceptor , hydrogen bonding , or covalent bonding ) can also be

employed. Thus, the LbL technique is applicable for assembling a variety of materials such as polyelectrolytes,

nanoparticles, or biomolecules .

Thus, for instance, aqueous CNT suspensions stabilized by using polyacrylic acid (PAA) and montmorillonite (MMT) were

utilized as a component of bilayer (BL) coatings of flexible PUFs in . In some cases, CNTs are modified/grafted for

better interaction with other layers . For example, CNTs modified by using branched polyethylenimine (PEI) had a

better interaction with the PAA layer , whereas chitosan (CS) grafted CNTs, MMT, and alginate formed a trilayer (TL)

structure .

The fire tests performed in the abovementioned studies revealed significant amelioration of the fireproof properties of the

final composite foams. Fire tests demonstrated a tremendous reduction in the pHRR value of the final composite foam in

. Reductions in the pHRR and TSR values of 67% and 80%, respectively, were observed in the case of composite 6BL

PUF and immediate self-extinguishing after flame removal in the case of 9BL PUF , whereas deposition of 20BL of

polyaniline and MMT-stabilized CNTs led reductions in the pHRR, THR and TSR values of 51%, 37% and 47%,

respectively . The 4TL and 8TL PUFs revealed a dramatic reduction in the pHRR value (up to 69%) .
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However, the application of CNTs is not limited to only the LbL technique. To provide better heat transfer of organic phase-

change material (capric acid) encapsulated in PMMA capsules, the latter has been modified with CNTs and Fe O

nanoparticles . In addition to heat transfer function, the CNT/Fe O  component provided enhanced fire resistance of

rigid PUF after its modification with obtained thermoregulating nanocomposite.

CNTs are not the only type of 1D carbon nanomaterials that can be employed as FRs in PUFs. For example, carbon

nanofibers (CNFs) have been employed as AFR  and CFR  additives. Incorporation of CNFs into the polymer matrix

led to a 35% reduction in the pHRR value compared to a control sample , while 4 BL coating consisting of CNF/PEI and

PAA layers provided significant reductions in the pHRR and THR values (40% and 21%, respectively) and prominent

burning time reduction (21%) . Interestingly, the smaller CNF mass fraction in CFR (1.6% ) provided better fire

protection than the larger CNF mass fraction (4%) embedded in the polymer matrix in a study by M. Zammarano et al. .

1.2. Graphene and Graphene Oxide

Graphene is another carbon allotrope which consists of a single layer of atoms arranged in a hexagonal lattice

nanostructure . Similar to CNTs, pristine graphene cannot provide the appropriate flame retardancy level for PUFs ,

hence, the common strategy is to apply it as a synergetic component in CFRs to enhance the effect of conventional FRs

. For instance, graphene nanoplatelets were applied in combination with nickel (II) oxide as AFR to improve fire

retardancy of rigid PUF . The fireproof components were added via an in situ polymerization method which led to an

increase in foam density and enhancement of the mechanical properties (Young’s modulus, tensile strength, and

elongation at break). According to the fire tests, graphene provided a barrier effect, helping to prevent material

consumption and flame diffusion, whereas NiO catalyzed CO oxidation to inflammable CO . This synergetic effect resulted

in an LOI increase to 30.5% and self-extinguished a sample containing only 2 wt.% of NiO and 1.5 wt.% of graphene.

Graphene oxide (GO) has wider applications as an FR than graphene since it has many oxygen-containing functional

groups (e.g., OH, COOH, and epoxy group). GO particles in aqueous suspensions exhibit a negative charge, making GO

an attractive nanomaterial for the LbL technique . As a result, recently, GO has become a component of various

multilayer CFRs . The LbL technique requires PUF surface activation (positive or

negative charging), which is usually achieved by treatment with diluted inorganic acids (e.g., HNO  ) or/and PAA) .

Surface activation is followed by consecutive PUF dipping/immersion to either positively charged polymer solution (e.g.,

chitosan, dopamine) or negatively charged particle suspension (GO aqueous dispersion). Depending on the number of

compounds employed, bilayer (BL), trilayer (TL), or even quadlayer (QL) coatings can be obtained. GO can be used along

with other nanosized objects, for example, with β-FeOOH nanorods  and amino-terminated silica nanospheres (KH-

550-SiO ) .

The stability of GO dispersion has considerable importance for GO-based CFRs. A possible GO coagulation may result in

non-uniform distribution of FR in/onto PUF; hence, aqueous GO solutions are often stabilized, for instance, by sodium

alginate (SA) .

Importantly, the LbL technique is not the only way to deposit GO-containing CFR. As an alternative, the electrostatic

interaction of negatively charged GO with positively charged strong polyelectrolyte poly(diallyldimethylammonium

chloride) (PDAC) was employed by Carosio et al. to coat the complete surface of a polymer matrix by using PDAC/GO

exoskeleton comprising highly oriented GO nanoplatelets . The 3BL coating suppressed flame spread and completely

prevented foam ignition, whereas the 6BL coating withstood the penetration of a flame torch. In another study, FR

nanocoating was obtained by oxidative polymerization of dopamine monomer within an aqueous liquid crystalline GO

scaffold . The PDA/GO nanocoatings were applied to PUF and significantly improved its fire resistance: a 65%

reduction in the pHRR value at 5 wt.% PDA/GO loading in an 80 nm thick coating.

GO reduction (e.g., reduction of carboxyl groups) can significantly influence the interaction of the latter with other

components of CFR . Reduced GO (rGO) has better thermal stability than GO, and was employed in  to obtain

fireproof PUF. The combination of both carbon nanomaterials can achieve high thermal stability owing to rGO and

excellent fireproof properties owing to GO.

Functionalized GO (fGO) is usually grafted by using FR compounds, which provide certain additional fire retardant

properties to the final product. For instance, nanocomposite PUF containing GO functionalized with 3-

aminopropyltriethoxysilane and boric acid revealed stronger fireproof properties (pHRR of 182.2 kW/m ) than that

produced using non-functionalized GO (pHRR of 186 kW/m ) . In another work, the addition of fGO, obtained similarly

to , to PUF led to an increase in the LOI value (from 27.5% to 28.1%) compared to PUF with GO . Very recently,

ionic liquid ([BMIM]PF ) functionalized graphene oxide (ILGO) was synthesized and added to flexible PUF along with
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other FRs . The LOI and pHRR values of PUFs with ILGO and GO were 29.0% and 28.2%, and 98.56 and 130.77

kW/m , respectively. In these studies, the fGO showed better thermal stability and better flame retardance due to the

presence of either boron or phosphorous compounds and catalyzation of char yield resulting in better barrier effect.

The fire alarm function is another fascinating property of GO-containing FRs, which, recently, has been extensively

studied . For example, flexible PUF was dip-coated using APP-modified GO . The deposited CFR

was reinforced using fluorine-containing silane for better fire retardancy. During burning, APP and silane decomposed,

releasing elemental P, Si, and F, and thus, quenching radicals’ diffusion, meanwhile GO acted as physical barrier and

provided temperature-responsive resistance. The flame detection response time was only 2 s, whereas the fire early

warning time in pre-combustion was 11.2 s at 300 °C. A multifunctional fire-resistant and fire-sensitive nanocomposite

PUF/PVH/PA@GO/CNTs@PVH/PA/BN was obtained recently via the LbL technique . The primer layer containing

flame retardant copolymer (PVH) modified by phytic acid (PA) improved the PUF’s surface flatness and flame retardancy.

The middle layer composed of GO/CNTs served as a fire sensor to detect the temperature change. The surface layer of

PVH/PA/boron nitride (BN) coating worked as a shield to protect the underlying sensor and promoted its temperature-

response performance. Such a multilayer CFR provided outstanding fireproof properties of the final PUF nanocomposite:

the LOI increased from 18 to 58% and the pHRR and THR values were reduced by 49% and 33%, respectively.

Summing up, the fireproof properties of graphene and its oxide are very close to those of CNTs. These carbon

nanomaterials possess good thermal stability and outstanding mechanical properties and they are prone to form char

layer which acts as a physical barrier to gas and heat diffusion via its high specific surface area. In combination with other

FRs , graphene and GO improve the flame retardant property and smoke suppression effect of foam.

1.3. Expanded Graphite

Expandable graphite (EG) is one of the most efficient FRs for PUFs. It is synthesized during graphite intercalation with

various acids (sulfuric, acetic, or nitric acids) . The exposition of EG to high temperatures (>170 °C) results in

tremendous volume expansion (~50–250 times ) because of simultaneous carbon oxidation and acid thermal

decomposition followed by release of various gases (e.g., CO , SO , NO , etc.). Thus, EG can be considered to be a low

cost one-component intumescent, implying that it combines an acid source, carbon source, and blowing agent .

As well as other carbon-based nanomaterials, EG is usually applied as and AFR in combination with other FRs, which

leads to remarkable improvement of the overall fire retardant properties of nanocomposite PUFs 

. Recently, the influence of EG particle size on

fireproof properties has been investigated . The 10 wt.% loading of EG particles with an average size of 300 µm and

500 µm led to an increase in the LOI of 29.8% and 31.8%, respectively, indicating that bigger EG flakes provide better fire

retardancy. One of the possible explanations of these phenomena is that EG forms an interconnected structure in a foam

matrix. Nevertheless, a usual high EG loading level  deteriorates some mechanical (e.g., decreased compressive

strength) and isolating (e.g., higher foam density and increased open cell number lead to worse thermal conductivity)

properties . In particular cases, EG has been added as CFR . Thus, S. Wang et al.  used a mixture of silicone

resin (poly-DDPM) and EG to brush rigid PUFs. In addition to a significant increase in the LOI value (from 18% to 32.3%)

and decreases in the PHR (by 55%) and the peak smoke release rate (by 59%), the compressive strength of the coated

PUF was impressively increased (by 10%).

EG interfacial compatibility with the polymer matrix can be improved by using EG chemical modification/grafting (e.g., via

epoxide and carboxylate groups ). As a result, EG links via hydrogen bonding with amino groups of such compounds

as chitosan. Recently, this bonding was employed to coat flexible PUF using the dip-coating method . In another work,

EG was successfully bonded with SA to be used as an effective CFR . Encapsulation of EG is an alternative strategy

for interfacial compatibility improvement. For instance, EG encapsulation in magnesium hydroxide (MH) led to better

interface adherence and considerably enhanced flame retardance of nanocomposite foam (LOI of 32.6%) .

Nevertheless, although interest in nanocomposite PUFs based on modified EG has been continuously growing, the

number of studies on EG chemical modification is still rather limited .

2. Nanoclay Fire Retardants

2.1. One-Dimensional Nanoclays

Halloysite (or halloysite nanotubes (HNTs)) is a tubular (1D) aluminosilicate with the chemical formula

Al (OH) Si O ·4H O. Aluminosilicate nanosheets are rolled in such a way that the HNT exterior surface has a conner-

shared tetrahedral SiO  layer, and thus, has a negative charge, whereas the nanotube lumen surface consists of an edge-
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shared octahedral AlO  layer and is positively charged . Sepiolite nanofibers have a layer of magnesium ions with

octahedral coordination and two layers of silica in a tetrahedron; the chemical formula of sepiolite is

Mg Si O (OH,F) ·6H O. As well as HNTs, sepiolite fibers are negatively charged . The outer surface of both NCs has

the silanol groups (Si-OH) and can be chemically modified/grafted which can result in a change oin the surface charge.

Due to outstanding mechanical properties, high aspect ratio, surface area, and thermal stability, as well as negatively

charged surface, and the possibility of its modification, one-dimensional NCs are considered to be affordable

replacements for more expensive CNTs in various PU nanocomposites .

For instance, an SA-stabilized sepiolite aqueous solution and PEI were deposited on flexible PUF using the LbL technique

. The deposition of 6 BL (SA-sepiolite/PEI) led to a reduction in the pHRR and THR values from 710 to 170 kW/m  and

from 32.6 to 24.8 MJ/m , respectively. Smoke production was also considerably reduced (e.g., total smoke production

reduction by 25%) owing to the formation of a uniform thick thermally resistant char/sepiolite layer impending gas

diffusion. During the last 5 years, HNTs have frequently been applied for improvement of PUF fire resistance 

. F. Wu et al.  treated flexible PUF with an aqueous solution of HNTs using the dip-coating technique. The

introduction of HNTs transferred the foam surfaces from hydrophobic to super-hydrophilic (contact angle decreases from

116° to 0° after HNT coating), improving thermal stability and fire resistance. The same flame retardant effect was

observed in composite PUF after its coating with PEI/APP/HNT film . The foam primarily activated with PAA was

immersed in 4 wt.% PEI—8 wt.% APP—10 wt.% HNT solution for 1 min. Such an express coating procedure was enough

to provide a reduction in the pHRR and THR values of 52.5% and 3%, respectively. It is noteworthy that the pristine foam

and foam treated only with the PEI-APP solution displayed almost the same fireproof properties, indicating the key role of

HNTs in the flame retardancy enhancement of the final composite. The presence of HNTs slows down fire spread via

formation of a more stable char protection which preserves foam from further degradation.

Despite rather promising results demonstrated by nanocomposite PUFs treated with HNTs, in fire tests, flame retardancy

can be increased with the help of chemical modification of the halloysite surface. For example, the HNT surface can be

grafted by HDTMS and TEOS, giving polysiloxane-modified HNTs (POS@HNT)  or modified with branched PEI

(BPEI), as has been accomplished by R.J. Smith et al. . In addition to outstanding torch flame resistance during 10 s,

the PUF coated by using POS@HNTs exhibited super-hydrophobicity, and therefore, it was possible to use

nanocomposite PUFs for efficient and recyclable oil absorption . At the same time, the LbL deposition of PAA-

stabilized HNTs and BPEI-HNTs on the PUF surface resulted in a tremendous enhancement of fire retardance: CFR

consisting of 5 BL reduced the pHRR value by 62% and the TSR value by 60%. HNTs act as barriers for mass and heat

transfer, hence, significantly delaying flame spread and preventing melt dripping, without collapsing the foam structure

.

The application of one-dimensional NCs as fire retardant components of composite PUFs is very similar to that of CNTs.

NCs are rarely employed as a single FR component, being a synergist component of multicomponent FR. The negative

surface charge and possibility of surface modification prompts the use of NCs as a component in CFR systems (e.g., LbL

deposition). As a component of a CFR system, one-dimensional NCs can be referred to as non-intumescent agents that

provide a shielding effect during polymer thermal decomposition, which slows down the transfer of heat, oxygen, mass,

and volatile products. Remarkable suppression of smoke production can also be linked to formation of a uniform and

stable barrier that impends further gas diffusion as well as water release from NC structure at elevated temperatures.

2.2. Two-Dimensional Nanoclays

The group of two-dimensional NCs includes a number of materials: montmorillonite (MMT), kaolinite, vermiculite (VMT),

bentonite, dellite, laponite, mica, and hydrotalcite (HT). Among these clays, MMT has attracted the interest of researchers

as a promising natural FR additive. MMT is 2:1 clay, implying that two sheets composed of SiO  tetrahedra lay on either

side of the sheet containing AlO /MgO  octahedra . VMT has the same structure as MMT; however, it is a hydrated

silicate mineral that expands on heating. Kaolinite has the same chemical formula as halloysite, nonetheless, unlike the

latter, it is presented by 2D hexagonal crystals consisting of stacked layers . The neighboring aluminosilicate layers in

NCs are linked via van der Waals forces. The interlayer distances in NCs considerably vary from one material to another.

For example, the widths of MMT and kaolinite interlayer spaces are 1.23 nm and 0.71 nm, respectively. The interlayer

space of NCs can be intercalated by small molecules. Thus, the ultrasonic treatment of NC fillers in PU components (e.g.,

polyol) may lead to clay intercalation or even exfoliation, which finally results in better clay dispersion, and hence, more

effective heat barrier effect . Unlike the previously described NCs, HT refers to a layered double hydroxide (LDH)

group. The bivalent and trivalent cations (usually presented by Mg  and Al ) are octahedrally coordinated to six hydroxyl

groups and form a positively charged layer. The HT interlayer space contains water molecules and anions (usually
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presented by CO ) which compensate for the positive charge. As well as other NCs, the interlayer space of HT can be

modified by various inorganic and organic anions .

Layered NCs can be used as individual FRs. For instance, A. Agrawal et al. added kaolinite to polyol as AFR . An

aqueous solution of NC was treated using 1% APTES solution in order to improve the adhesion between the matrix and

filler. The results of TGA and fire tests indicated enhancement of thermal stability and fireproof properties (reductions in

pHRR, THR and TSR of 25%, 29% and 65% respectively) of nanocomposite foams. However, as well as other nano-sized

components of composite PUFs reviewed above, layered NCs are usually applied in combination with other FRs. Thus,

VMT/CS 8BL structure significantly reduced the pHRR and TSR values of flexible PUF by 53% and 63%, respectively

. High-aspect-ratio mica stabilized by PAA and CS have been used as components of BL coating for PUF . The

composite foam with 8 BL withstood a 10 s torch flame test and self-extinguished. The pHRR and TSR values were

reduced by 54 and 76%, respectively, owing to reinforcement of the protective char layer by the mica particles. Such a

reinforced char layer provides a better barrier effect, suppressing smoke release and impeding flammable gases and heat

diffusion.

In another study, cationic starch and MMT were used as components of CFR introduced by using spray coating .

Despite the fact that the 5 BL structure did not inhibit flame propagation, it successfully prevented the melt from dripping

and preserved the inner part of the foam. The pHRR and THR values were reduced by 22.7% and 52.7%, respectively.

MMT can also become a component of more complex CFR systems. Thus, in , the PUF surface was firstly modified

using alginate-stabilized MMT/CS/poly-D-lysine TL, and then, coated with CS-PA intumescent layer. Various flame

resistance tests revealed outstanding improvement of nanocomposite PUF due to the synergetic effect of TL structure

providing higher thermal stability and a more uniform coating and intumescent agent ensuring production of char isolating

barrier. In some FR systems, MMT is not the only nano-sized component and it is used in combination with CNTs ,

GO , sepiolite  and other materials . For instance, the modification of salvia filler with MMT particles

considerably improved interphase compatibility between filler and the polymer matrix. This fact led to better filler

dispersibility which finally resulted in well-developed foam structure and improved mechanical, thermal, and flame-

retardant performances. Earlier various multilayer structures (BL, TL, and QL) including BPEI, PAA, sodium

montmorillonite (Na-MMT), and LDH were deposited on the flexible PUF using the LbL technique . The

nanocomposite foam with the PAA/LDH/BPEI/Na-MMT quadlayer revealed a decrease in the pHRR value of 31% and a

decrease in the THR value of 21%. The LbL approach was also employed very recently by S. Abrishamkar et al.  to

coat flexible PUF using LDH and modified GO layers. The obtained composites demonstrated good mechanical

properties, increased char yield, and outstanding improvement of the fire safety properties. Although the enhanced flame

retardance was primarily caused by GO modification, it should be noted that LDH presence in the BL structure provided

better interaction with modified GO, resulting in thicker and denser coating on the foam surface. In the work of H.-K. Peng

et al. , non-modified HT mixed with phosphorous-based FR (FR-047) was used as AFR filler in rigid PUFs. Foam

modification provided an increase in the LOI value of 4%. Again, the layered NC-reinforced char layer providing better

barrier functions.

As mentioned above, the chemical modification of the interlayer space in layered NCs provides further improvement of fire

retardant properties of clay-based FRs . The chemical functionalization implies intercalation or even

exfoliation of the layered NC. In the work of X. Zheng et al. , organically-modified montmorillonite (OMMT) mixed with

phosphorous-containing APP and TPP was introduced as AFR in flexible PUF. Recently, OMMT was further functionalized

with phosphorus-containing organosilicon compound (PCOC) which led to a significant increase in interlayer space and

NC exfoliation . According to the CCT results, additional functionalization of OMMT decreased the pHRR and TSR

values by 51% and 40%, respectively, compared to neat foam and by 47% and 37%, respectively, compared to

PUF/APP/OMMT. Such a significant difference between the CCT results for functionalized and non-functionalized OMMT

is believed to be due to the higher degree of clay intercalation/exfoliation, hence, better clay distribution in the PU matrix,

and thus, promotion of a denser and more uniform char layer. Phosphorous-containing agent was also introduced in HT

interlayer space and the obtained composite was applied as AFR to flexible PUFs . The provided CCT and LOI test

revealed dramatic improvement in the fire resistance of composite foams, which can be explained through the synergetic

effect of LDH and phosphoric acid, i.e., the crystal water contains LDH and absorbs the heat, and hence, lowers the

temperature, meanwhile phosphoric acid promotes the carbonization reaction and oxygen isolation. The interlayer space

of LDH has also been modified with sulfonate-containing calix[4]arenes . Again, the obtained intercalated clay was

employed as AFR filler for castor oil-based flexible PUFs. The authors noted that application of calix[4]arenes

macrocycles improved LDH dispersion quality in the polymer matrix (as well as in ), which led to a higher char yield,

and finally resulted in good smoke suppression and flame retardancy.
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Taking into account the recent studies on the use of layered 2D NCs as FR additives in PUFs, one can note their

multifunctionality. In addition to enhancement of the mechanical and thermal stability of the final composite, and hence,

retardation of PUF thermal decomposition and release of flammable gases, the layered NCs can be intercalated/modified

by various organic and inorganic substances which can act as additional FR agents. Thus, unlike one-dimensional NCs,

two-dimensional NCs can be considered to be both intumescent and non-intumescent FR additives. The two-dimensional

NCs used individually or as a component of multicomponent CFR systems revealed remarkable fireproof activity owing to

the incorporation in the char barrier layer, thus, enhancing suppression of the gas/heat diffusion and retarding flame

propagation.

3. Other Nanosized Fire Retardants

Obviously, the carbon nanomaterials and nanoclays mentioned above are not the only nanosized FR additives applied in

composite fireproof PUFs. For instance, thermal stability and flame retardance of PUF have been improved after

incorporation of basalt wastes . Very recently, fly ash was employed to enhance fire resistance of PUFs . It is

noted that the incorporation of basalt wastes and fly ash in the PU matrix led to better thermal stability of the composite

foam (hence, higher temperatures of PU thermal decomposition) and higher char yield. Inorganic nanomaterials such as

nanoparticles (NPs) are another class of FR additives occasionally used in composite PUFs 

. For example, silica NPs have been introduced in PUFs via sol-gel deposition . In both studies, the PUFs were

immersed in water solutions containing TEOS, ammonia solution, and alcohol. At the end of the reaction, TEOS

transformed to silica gel, whereas freeze-drying in  turned it onto aerogel. Upon combustion, silica nanoparticles

prevented dripping of flaming residues (observed for non-treated foams) via increasing polymer viscosity and formed a

compact and stable silica-rich hybrid char layer. The barrier effect of the latter led to a significant decrease in the pHRR

value (55%  and 40% ) and the THR value (21%  and 29% ) and inhibited the release of smoke and

combustible gases. Earlier, a remarkable reduction in the pHRR value of 80% was observed for flexible PUF treated with

alumina aerogel . As well as other nanomaterials, NPs can be carriers of various FR additives. Composite AFRs were

prepared by DOPO immobilization on the surface of silica aerogel  and TiO  NPs . In these works, a dramatic

increase in the fire resistance of final composite foams was achieved owing to the synergetic effect of nanoscale carriers

and phosphorous-containing FR. Metal oxide NPs were applied in composite PUFs very recently . The MgO

and ZnO NPs added in combination with ATH increased the LOI values of the corresponding PUFs by 3% , whereas

modification by CuO-loaded Fe O @ZIF-8 nanocomposite (where ZIF-8 is zeolitic imidazolate framework) decreased both

magnetic properties and the pHRR value by 69% . In addition to NPs, various two-dimensional inorganic

nanomaterials have been tested as promising FRs. For instance, MXene (layered Ti C )/CS BLs were deposited on

flexible PUF via the LbL technique . According to an analysis of the burned samples, MXene nanosheets formed

thermally stable flakes under elevated temperatures. Moreover, the formation of TiO  was observed, implying a decrease

in the oxygen concentration in this zone. Newly formed TiO  could also serve as a catalyst of cross-linking and charring of

CS and PU, thus, additionally improving fire safety performance.

References

1. Kausar, A. Polyurethane Composite Foams in High-Performance Applications: A Review. Polym. Plast. Technol. Eng. 2
018, 57, 346–369.

2. Zhu, M.; Ma, Z.; Liu, L.; Zhang, J.; Huo, S.; Song, P. Recent advances in fire-retardant rigid polyurethane foam. J. Mate
r. Sci. Technol. 2022, 112, 315–328.

3. Yang, H.; Yu, B.; Song, P.; Maluk, C.; Wang, H. Surface-coating engineering for flame retardant flexible polyurethane fo
ams: A critical review. Compos. Part B Eng. 2019, 176, 107185.

4. Yadav, A.; de Souza, F.M.; Dawsey, T.; Gupta, R.K. Recent Advancements in Flame-Retardant Polyurethane Foams: A
Review. Ind. Eng. Chem. Res. 2022, 61, 15046–15065.

5. Kashiwagi, T.; Du, F.; Douglas, J.F.; Winey, K.I.; Harris, R.H.; Shields, J.R. Nanoparticle networks reduce the flammabili
ty of polymer nanocomposites. Nat. Mater. 2005, 4, 928–933.

6. Yang, Y.; Palencia, J.L.D.; Wang, N.; Jiang, Y.; Wang, D.-Y. Nanocarbon-Based Flame Retardant Polymer Nanocompos
ites. Molecules 2021, 26, 4670.

7. Qiu, X.; Li, Z.; Li, X.; Zhang, Z. Flame retardant coatings prepared using layer by layer assembly: A review. Chem. Eng.
J. 2018, 334, 108–122.

[125] [126][127]

[64][128][129][130][131][132][133][134]

[135] [128][130]

[130]

[128] [130] [128] [130]

[135]

[131]
2

[129]

[132][133][134]

[133]

3 4
[134]

3 2
[136]

2

2



8. Liu, Q.; Gao, S.; Zhao, Y.; Tao, W.; Yu, X.; Zhi, M. Review of layer-by-layer self-assembly technology for fire protection
of flexible polyurethane foam. J. Mater. Sci. 2021, 56, 9605–9643.

9. Navidfar, A.; Sancak, A.; Yildirim, K.B.; Trabzon, L. A Study on Polyurethane Hybrid Nanocomposite Foams Reinforced
with Multiwalled Carbon Nanotubes and Silica Nanoparticles. Polym. Plast. Technol. Eng. 2018, 57, 1463–1473.

10. Yaghoubi, A.; Nikje, M.M.A. Silanization of multi-walled carbon nanotubes and the study of its effects on the properties
of polyurethane rigid foam nanocomposites. Compos. Part A Appl. Sci. Manuf. 2018, 109, 338–344.

11. Wang, X.; Li, H.; Wang, T.; Niu, X.; Wang, Y.; Xu, S.; Jiang, Y.; Chen, L.; Liu, H. Flexible and high-performance piezores
istive strain sensors based on multi-walled carbon foam. RSC Adv. 2022, 12, 14190–14196.

12. Pan, H.; Pan, Y.; Wang, W.; Song, L.; Hu, Y.; Liew, K.M. Synergistic Effect of Layer-by-Layer Assembled Thin Films Bas
ed on Clay and Carbon Nanotubes to Reduce the Flammability of Flexible Polyurethane Foam. Ind. Eng. Chem. Res. 2
014, 53, 14315–14321.

13. Holder, K.M.; Cain, A.A.; Plummer, M.G.; Stevens, B.E.; Odenborg, P.K.; Morgan, A.B.; Grunlan, J.C. Carbon Nanotube
Multilayer Nanocoatings Prevent Flame Spread on Flexible Polyurethane Foam. Macromol. Mater. Eng. 2016, 301, 665
–673.

14. Kim, J.; Jang, J.; Yun, S.; Kim, H.D.; Byun, Y.Y.; Park, Y.T.; Song, J.I.; Cho, C. Synergistic Flame Retardant Effects of C
arbon Nanotube-Based Multilayer Nanocoatings. Macromol. Mater. Eng. 2021, 306, 2100233.

15. Kim, Y.S.; Davis, R. Multi-walled carbon nanotube layer-by-layer coatings with a trilayer structure to reduce foam flamm
ability. Thin Solid Films 2014, 550, 184–189.

16. Shimazaki, Y.; Mitsuishi, M.; Ito, S.; Yamamoto, M. Preparation of the Layer-by-Layer Deposited Ultrathin Film Based o
n the Charge-Transfer Interaction. Langmuir 1997, 13, 1385–1387.

17. Benten, H.; Ogawa, M.; Ohkita, H.; Ito, S. Design of Multilayered Nanostructures and Donor-Acceptor Interfaces in Solu
tion-Processed Thin-Film Organic Solar Cells: Design of Multilayered Nanostructures for Solar Cells. Adv. Funct. Mater.
2008, 18, 1563–1572.

18. Stockton, W.B.; Rubner, M.F. Molecular-Level Processing of Conjugated Polymers. 4. Layer-by-Layer Manipulation of P
olyaniline via Hydrogen-Bonding Interactions. Macromolecules 1997, 30, 2717–2725.

19. Wang, L.; Cui, S.; Wang, Z.; Zhang, X.; Jiang, M.; Chi, L.; Fuchs, H. Multilayer Assemblies of Copolymer PSOH and PV
P on the Basis of Hydrogen Bonding. Langmuir 2000, 16, 10490–10494.

20. Fang, M.; Kaschak, D.M.; Sutorik, A.C.; Mallouk, T.E. A “Mix and Match” Ionic−Covalent Strategy for Self-Assembly of I
norganic Multilayer Films. J. Am. Chem. Soc. 1997, 119, 12184–12191.

21. Ichinose, I.; Kawakami, T.; Kunitake, T. Alternate Molecular Layers of Metal Oxides and Hydroxyl Polymers Prepared by
the Surface Sol-Gel Process. Adv. Mater. 1998, 10, 535–539.

22. Cheng, J.; Niu, S.; Kang, M.; Liu, Y.; Zhang, F.; Qu, W.; Guan, Y.; Li, S. The thermal behavior and flame retardant perfor
mance of phase change material microcapsules with modified carbon nanotubes. Energy 2022, 240, 122821.

23. Zammarano, M.; Krämer, R.H.; Harris, R.; Ohlemiller, T.J.; Shields, J.R.; Rahatekar, S.S.; Lacerda, S.; Gilman, J.W. Fla
mmability reduction of flexible polyurethane foams via carbon nanofiber network formation. Polym. Adv. Technol. 2008,
19, 588–595.

24. Kim, Y.S.; Davis, R.; Cain, A.A.; Grunlan, J.C. Development of layer-by-layer assembled carbon nanofiber-filled coating
s to reduce polyurethane foam flammability. Polymer 2011, 52, 2847–2855.

25. Geim, A.K.; Novoselov, K.S. The rise of graphene. Nat. Mater. 2007, 6, 183–191.

26. Ababsa, H.S.; Safidine, Z.; Mekki, A.; Grohens, Y.; Ouadah, A.; Chabane, H. Fire behavior of flame-retardant polyureth
ane semi-rigid foam in presence of nickel (II) oxide and graphene nanoplatelets additives. J. Polym. Res. 2021, 28, 87.

27. Jamsaz, A.; Goharshadi, E.K. Graphene-based flame-retardant polyurethane: A critical review. Polym. Bull. 2022, 1–37.

28. Pan, H.; Yu, B.; Wang, W.; Pan, Y.; Song, L.; Hu, Y. Comparative study of layer by layer assembled multilayer films bas
ed on graphene oxide and reduced graphene oxide on flexible polyurethane foam: Flame retardant and smoke suppres
sion properties. RSC Adv. 2016, 6, 114304–114312.

29. Pan, H.; Lu, Y.; Song, L.; Zhang, X.; Hu, Y. Construction of layer-by-layer coating based on graphene oxide/β-FeOOH n
anorods and its synergistic effect on improving flame retardancy of flexible polyurethane foam. Compos. Sci. Technol. 2
016, 129, 116–122.

30. Zhang, X.; Shen, Q.; Zhang, X.; Pan, H.; Lu, Y. Graphene oxide-filled multilayer coating to improve flame-retardant and
smoke suppression properties of flexible polyurethane foam. J. Mater. Sci. 2016, 51, 10361–10374.



31. Kim, H.; Kim, D.W.; Vasagar, V.; Ha, H.; Nazarenko, S.; Ellison, C.J. Polydopamine-Graphene Oxide Flame Retardant
Nanocoatings Applied via an Aqueous Liquid Crystalline Scaffold. Adv. Funct. Mater. 2018, 28, 1803172.

32. Carosio, F.; Maddalena, L.; Gomez, J.; Saracco, G.; Fina, A. Graphene Oxide Exoskeleton to Produce Self-Extinguishin
g, Nonignitable, and Flame Resistant Flexible Foams: A Mechanically Tough Alternative to Inorganic Aerogels. Adv. Mat
er. Interfaces 2018, 5, 1801288.

33. Maddalena, L.; Carosio, F.; Gomez, J.; Saracco, G.; Fina, A. Layer-by-layer assembly of efficient flame retardant coatin
gs based on high aspect ratio graphene oxide and chitosan capable of preventing ignition of PU foam. Polym. Degrad.
Stab. 2018, 152, 1–9.

34. Li, Y.; Cao, C.-F.; Li, S.-N.; Huang, N.-J.; Mao, M.; Zhang, J.-W.; Wang, P.-H.; Guo, K.-Y.; Gong, L.-X.; Zhang, G.-D.; et
al. In situ reactive self-assembly of a graphene oxide nano-coating in polymer foam materials with synergistic fire shield
ing properties. J. Mater. Chem. A 2019, 7, 27032–27040.

35. Jamsaz, A.; Goharshadi, E.K. Flame retardant, superhydrophobic, and superoleophilic reduced graphene oxide/orthoa
minophenol polyurethane sponge for efficient oil/water separation. J. Mol. Liq. 2020, 307, 112979.

36. Yuen, A.C.Y.; Chen, T.B.Y.; Wang, C.; Wei, W.; Kabir, I.; Vargas, J.B.; Chan, Q.N.; Kook, S.; Yeoh, G.H. Utilising genetic
algorithm to optimise pyrolysis kinetics for fire modelling and characterisation of chitosan/graphene oxide polyurethane
composites. Compos. Part B Eng. 2020, 182, 107619.

37. Maddalena, L.; Gomez, J.; Fina, A.; Carosio, F. Effects of Graphite Oxide Nanoparticle Size on the Functional Propertie
s of Layer-by-Layer Coated Flexible Foams. Nanomaterials 2021, 11, 266.

38. Wu, Q.; Zhang, J.; Wang, S.; Chen, B.; Feng, Y.; Pei, Y.; Yan, Y.; Tang, L.; Qiu, H.; Wu, L. Exceptionally flame-retardant
flexible polyurethane foam composites: Synergistic effect of the silicone resin/graphene oxide coating. Front. Chem. Sc
i. Eng. 2021, 15, 969–983.

39. Meng, D.; Liu, X.; Wang, S.; Sun, J.; Li, H.; Wang, Z.; Gu, X.; Zhang, S. Self-healing polyelectrolyte complex coating for
flame retardant flexible polyurethane foam with enhanced mechanical property. Compos. Part B Eng. 2021, 219, 10888
6.

40. Qiu, X.; Kundu, C.K.; Li, Z.; Li, X.; Zhang, Z. Layer-by-layer-assembled flame-retardant coatings from polydopamine-in
duced in situ functionalized and reduced graphene oxide. J. Mater. Sci. 2019, 54, 13848–13862.

41. Pan, H.; Lu, Y.; Song, L.; Zhang, X.; Hu, Y. Fabrication of binary hybrid-filled layer-by-layer coatings on flexible polyuret
hane foams and studies on their flame-retardant and thermal properties. RSC Adv. 2016, 6, 78286–78295.

42. Gao, M.; Li, J.; Zhou, X. A flame retardant rigid polyurethane foam system including functionalized graphene oxide. Pol
ym. Compos. 2019, 40, E1274–E1282.

43. Chen, X.; Li, J.; Gao, M. Thermal Degradation and Flame Retardant Mechanism of the Rigid Polyurethane Foam Includ
ing Functionalized Graphene Oxide. Polymers 2019, 11, 78.

44. Gao, M.; Wang, T.; Chen, X.; Zhang, X.; Yi, D.; Qian, L.; You, R. Preparation of ionic liquid multifunctional graphene oxi
de and its effect on decrease fire hazards of flexible polyurethane foam. J. Therm. Anal. Calorim. 2022, 147, 7289–729
7.

45. Wu, Q.; Gong, L.-X.; Li, Y.; Cao, C.-F.; Tang, L.-C.; Wu, L.; Zhao, L.; Zhang, G.-D.; Li, S.-N.; Gao, J.; et al. Efficient Fla
me Detection and Early Warning Sensors on Combustible Materials Using Hierarchical Graphene Oxide/Silicone Coati
ngs. ACS Nano 2018, 12, 416–424.

46. Guo, K.-Y.; Wu, Q.; Mao, M.; Chen, H.; Zhang, G.-D.; Zhao, L.; Gao, J.-F.; Song, P.; Tang, L.-C. Water-based hybrid co
atings toward mechanically flexible, super-hydrophobic and flame-retardant polyurethane foam nanocomposites with hi
gh-efficiency and reliable fire alarm response. Compos. Part B Eng. 2020, 193, 108017.

47. Wu, Q.; Liu, C.; Tang, L.; Yan, Y.; Qiu, H.; Pei, Y.; Sailor, M.J.; Wu, L. Stable electrically conductive, highly flame-retarda
nt foam composites generated from reduced graphene oxide and silicone resin coatings. Soft Matter. 2021, 17, 68–82.

48. Yu, Z.-R.; Mao, M.; Li, S.-N.; Xia, Q.-Q.; Cao, C.-F.; Zhao, L.; Zhang, G.-D.; Zheng, Z.-J.; Gao, J.-F.; Tang, L.-C. Facile
and green synthesis of mechanically flexible and flame-retardant clay/graphene oxide nanoribbon interconnected netw
orks for fire safety and prevention. Chem. Eng. J. 2021, 405, 126620.

49. Cao, C.-F.; Yu, B.; Chen, Z.-Y.; Qu, Y.-X.; Li, Y.-T.; Shi, Y.-Q.; Ma, Z.-W.; Sun, F.-N.; Pan, Q.-H.; Tang, L.-C.; et al. Fire In
tumescent, High-Temperature Resistant, Mechanically Flexible Graphene Oxide Network for Exceptional Fire Shielding
and Ultra-Fast Fire Warning. Nano-Micro Lett. 2022, 14, 92.

50. Chen, Z.; Chen, W.; Liu, P.; Liu, Y.; Liu, Z. A multifunctional polyurethane sponge based on functionalized graphene oxi
de and carbon nanotubes for highly sensitive and super durable fire alarming. Compos. Part A Appl. Sci. Manuf. 2021,
150, 106598.



51. Ma, Z.; Zhang, J.; Liu, L.; Zheng, H.; Dai, J.; Tang, L.-C.; Song, P. A highly fire-retardant rigid polyurethane foam capabl
e of fire-warning. Compos. Commun. 2022, 29, 101046.

52. Cai, M.; Thorpe, D.; Adamson, D.H.; Schniepp, H.C. Methods of graphite exfoliation. J. Mater. Chem. 2012, 22, 24992.

53. Papaspyrides, C.D.; Kiliaris, P. Polymer Green Flame Retardants; Elsevier: Amsterdam, The Netherlands, 2014; ISBN
978-0-444-53808-6.

54. Chao, C.; Gao, M.; Chen, S. Expanded graphite: Borax synergism in the flame-retardant flexible polyurethane foams. J.
Anal. Calorim. 2018, 131, 71–79.

55. Gama, N.V.; Silva, R.; Mohseni, F.; Davarpanah, A.; Amaral, V.S.; Ferreira, A.; Barros-Timmons, A. Enhancement of ph
ysical and reaction to fire properties of crude glycerol polyurethane foams filled with expanded graphite. Polym. Test. 2
018, 69, 199–207.

56. Li, J.; Mo, X.; Li, Y.; Zou, H.; Liang, M.; Chen, Y. Influence of expandable graphite particle size on the synergy flame ret
ardant property between expandable graphite and ammonium polyphosphate in semi-rigid polyurethane foam. Polym.
Bull. 2018, 75, 5287–5304.

57. Li, L.; Chen, Y.; Qian, L.; Xu, B.; Xi, W. Addition flame-retardant effect of nonreactive phosphonate and expandable gra
phite in rigid polyurethane foams. J. Appl. Polym. Sci. 2018, 135, 45960.

58. Liu, D.-Y.; Zhao, B.; Wang, J.-S.; Liu, P.-W.; Liu, Y.-Q. Flame retardation and thermal stability of novel phosphoramide/e
xpandable graphite in rigid polyurethane foam: Research Article. J. Appl. Polym. Sci. 2018, 135, 46434.

59. Rao, W.-H.; Liao, W.; Wang, H.; Zhao, H.-B.; Wang, Y.-Z. Flame-retardant and smoke-suppressant flexible polyurethan
e foams based on reactive phosphorus-containing polyol and expandable graphite. J. Hazard. Mater. 2018, 360, 651–6
60.

60. Wang, S.; Qian, L.; Xin, F. The synergistic flame-retardant behaviors of pentaerythritol phosphate and expandable grap
hite in rigid polyurethane foams. Polym. Compos. 2018, 39, 329–336.

61. Acuña, P.; Li, Z.; Santiago-Calvo, M.; Villafañe, F.; Rodríguez-Perez, M.; Wang, D.-Y. Influence of the Characteristics of
Expandable Graphite on the Morphology, Thermal Properties, Fire Behaviour and Compression Performance of a Rigid
Polyurethane Foam. Polymers 2019, 11, 168.

62. Acuña, P.; Santiago-Calvo, M.; Villafañe, F.; Rodríguez-Perez, M.A.; Rosas, J.; Wang, D. Impact of expandable graphit
e on flame retardancy and mechanical properties of rigid polyurethane foam. Polym. Compos. 2019, 40, E1705–E171
5.

63. Chen, Y.; Luo, Y.; Guo, X.; Chen, L.; Xu, T.; Jia, D. Structure and Flame-Retardant Actions of Rigid Polyurethane Foam
s with Expandable Graphite. Polymers 2019, 11, 686.

64. Liu, L.; Wang, Z.; Zhu, M. Flame retardant, mechanical and thermal insulating properties of rigid polyurethane foam mo
dified by nano zirconium amino-tris-(methylenephosphonate) and expandable graphite. Polym. Degrad. Stab. 2019, 17
0, 108997.

65. Qian, L.; Li, L.; Chen, Y.; Xu, B.; Qiu, Y. Quickly self-extinguishing flame retardant behavior of rigid polyurethane foams
linked with phosphaphenanthrene groups. Compos. Part B Eng. 2019, 175, 107186.

66. Thi, N.H.; Pham, D.L.; Hanh, N.T.; Oanh, H.T.; Duong, T.H.Y.; Nguyen, T.N.; Tuyen, N.D.; Phan, D.L.; Trinh, H.T.; Nguye
n, H.T.; et al. Influence of Organoclay on the Flame Retardancy and Thermal Insulation Property of Expandable Graphit
e/Polyurethane Foam. J. Chem. 2019, 2019, 4794106.

67. Xi, W.; Qian, L.; Li, L. Flame Retardant Behavior of Ternary Synergistic Systems in Rigid Polyurethane Foams. Polymer
s 2019, 11, 207.

68. Yao, W.; Zhang, D.; Zhang, Y.; Fu, T.; Guan, D.; Dou, Y. Synergistic Flame Retardant Effects of Expandable Graphite a
nd Ammonium Polyphosphate in Water-Blow Polyurethane Foam. Adv. Mater. Sci. Eng. 2019, 2019, 6921474.

69. Acuña, P.; Lin, X.; Calvo, M.S.; Shao, Z.; Pérez, N.; Villafañe, F.; Rodríguez-Pérez, M.Á.; Wang, D.-Y. Synergistic effect
of expandable graphite and phenylphosphonic-aniline salt on flame retardancy of rigid polyurethane foam. Polym. Degr
ad. Stab. 2020, 179, 109274.

70. Akdogan, E.; Erdem, M.; Ureyen, M.E.; Kaya, M. Synergistic effects of expandable graphite and ammonium pentaborat
e octahydrate on the flame-retardant, thermal insulation, and mechanical properties of rigid polyurethane foam. Polym.
Compos. 2020, 41, 1749–1762.

71. Liu, C.; Zhang, P.; Shi, Y.; Rao, X.; Cai, S.; Fu, L.; Feng, Y.; Wang, L.; Zheng, X.; Yang, W. Enhanced Fire Safety of Rigi
d Polyurethane Foam via Synergistic Effect of Phosphorus/Nitrogen Compounds and Expandable Graphite. Molecules
2020, 25, 4741.



72. Strąkowska, A.; Członka, S.; Konca, P.; Strzelec, K. New Flame Retardant Systems Based on Expanded Graphite for R
igid Polyurethane Foams. Appl. Sci. 2020, 10, 5817.

73. Yun, G.W.; Lee, J.H.; Kim, S.H. Flame retardant and mechanical properties of expandable graphite/polyurethane foam
composites containing iron phosphonate dopamine-coated cellulose. Polym. Compos. 2020, 41, 2816–2828.

74. Zhang, W.; Lei, Y.; Li, X.; Shao, H.; Xu, W.; Li, D. A facile, environmentally and friendly flame-retardant: Synergistic flam
e retardant property of polyurethane rigid foam. Mater. Lett. 2020, 267, 127542.

75. Zhang, Z.; Li, D.; Xu, M.; Li, B. Synthesis of a novel phosphorus and nitrogen-containing flame retardant and its applica
tion in rigid polyurethane foam with expandable graphite. Polym. Degrad. Stab. 2020, 173, 109077.

76. Chan, Y.Y.; Ma, C.; Zhou, F.; Hu, Y.; Schartel, B. Flame retardant flexible polyurethane foams based on phosphorous so
ybean-oil polyol and expandable graphite. Polym. Degrad. Stab. 2021, 191, 109656.

77. Hu, Y.; Zhou, Z.; Li, S.; Yang, D.; Zhang, S.; Hou, Y. Flame Retarded Rigid Polyurethane Foams Composites Modified b
y Aluminum Diethylphosphinate and Expanded Graphite. Front. Mater. 2021, 7, 629284.

78. Wang, J.; Xu, B.; Wang, X.; Liu, Y. A phosphorous-based bi-functional flame retardant for rigid polyurethane foam. Poly
m. Degrad. Stab. 2021, 186, 109516.

79. Xu, J.; Wu, Y.; Zhang, B.; Zhang, G. Synthesis and synergistic flame-retardant effects of rigid polyurethane foams used
reactive DOPO -based polyols combination with expandable graphite. J. Appl. Polym. Sci. 2021, 138, 50223.

80. Chan, Y.Y.; Ma, C.; Zhou, F.; Hu, Y.; Schartel, B. A liquid phosphorous flame retardant combined with expandable graph
ite or melamine in flexible polyurethane foam. Polym. Adv. Technol. 2022, 33, 326–339.

81. Chan, Y.Y.; Schartel, B. It Takes Two to Tango: Synergistic Expandable Graphite–Phosphorus Flame Retardant Combin
ations in Polyurethane Foams. Polymers 2022, 14, 2562.

82. Liu, M.; Feng, Z.; Zhao, R.; Wang, B.; Deng, D.; Zhou, Z.; Yang, Y.; Liu, X.; Liu, X.; Tang, G. Enhancement of fire perfor
mance for rigid polyurethane foam composites by incorporation of aluminum hypophosphite and expanded graphite. Po
lym. Bull. 2022, 79, 10991–11012.

83. Wang, X.; Sun, Y.; Sheng, J.; Geng, T.; Turng, L.; Guo, Y.; Liu, X.; Liu, C. Effects of expandable graphite on the flame-r
etardant and mechanical performances of rigid polyurethane foams. J. Phys. Condens. Matter. 2022, 34, 084002.

84. Yang, R.; Gu, G.; Li, M.; Li, J. Preparation of flame-retardant rigid polyurethane foam with bio-based phosphorus-contai
ning polyols and expandable graphite. J Appl. Polym. Sci. 2022, 139, e53167.

85. Yang, Y.; Sun, P.; Sun, J.; Wen, P.; Zhang, S.; Kan, Y.; Liu, X.; Tang, G. Enhanced flame retardancy of rigid polyurethan
e foam via iron tailings and expandable graphite. J. Mater. Sci. 2022, 57, 18853–18873.

86. Wang, H.; Liu, Q.; Li, H.; Zhang, H.; Yan, S. Flame-Retardant and Smoke-Suppressant Flexible Polyurethane Foams B
ased on Phosphorus-Containing Polyester Diols and Expandable Graphite. Polymers 2023, 15, 1284.

87. Wang, S.; Wang, X.; Wang, X.; Li, H.; Sun, J.; Sun, W.; Yao, Y.; Gu, X.; Zhang, S. Surface coated rigid polyurethane foa
m with durable flame retardancy and improved mechanical property. Chem. Eng. J. 2020, 385, 123755.

88. Wong, E.H.H.; Fan, K.W.; Lei, L.; Wang, C.; Baena, J.C.; Okoye, H.; Fam, W.; Zhou, D.; Oliver, S.; Khalid, A.; et al. Fire
-Resistant Flexible Polyurethane Foams via Nature-Inspired Chitosan-Expandable Graphite Coatings. ACS Appl. Poly
m. Mater. 2021, 3, 4079–4087.

89. Zhang, W.; Zhao, Z.; Lei, Y. Flame retardant and smoke-suppressant rigid polyurethane foam based on sodium alginat
e and aluminum diethylphosphite. Des. Monomers Polym. 2021, 24, 46–52.

90. Wang, Y.; Wang, F.; Dong, Q.; Yuan, W.; Liu, P.; Ding, Y.; Zhang, S.; Yang, M.; Zheng, G. Expandable graphite encapsu
lated by magnesium hydroxide nanosheets as an intumescent flame retardant for rigid polyurethane foams. J. Appl. Pol
ym. Sci. 2018, 135, 46749.

91. Wang, Y.; Wang, F.; Dong, Q.; Xie, M.; Liu, P.; Ding, Y.; Zhang, S.; Yang, M.; Zheng, G. Core-shell expandable graphite
@ aluminum hydroxide as a flame-retardant for rigid polyurethane foams. Polym. Degrad. Stab. 2017, 146, 267–276.

92. Pang, X.; Xin, Y.; Shi, X.; Xu, J. Effect of different size-modified expandable graphite and ammonium polyphosphate on
the flame retardancy, thermal stability, physical, and mechanical properties of rigid polyurethane foam. Polym. Eng. Sci.
2019, 59, 1381–1394.

93. Yang, Y.; Dai, Z.; Liu, M.; Jiang, H.; Fan, C.; Wang, B.; Tang, G.; Wang, H. Flame retardant rigid polyurethane foam co
mposites based on microencapsulated ammonium polyphosphate and microencapsulated expanded graphite. J. Macro
mol. Sci. Part A 2021, 58, 659–668.

94. Cheng, J.; Qu, W.; Sun, S. Mechanical properties improvement and fire hazard reduction of expandable graphite micro
encapsulated in rigid polyurethane foams. Polym. Compos. 2019, 40, E1006–E1014.



95. Chen, Y.; Luo, Y.; Guo, X.; Chen, L.; Jia, D. The Synergistic Effect of Ionic Liquid-Modified Expandable Graphite and Int
umescent Flame-Retardant on Flame-Retardant Rigid Polyurethane Foams. Materials 2020, 13, 3095.

96. Xiong, W.; Liu, H.; Tian, H.; Wu, J.; Xiang, A.; Wang, C.; Ma, S.; Wu, Q. Mechanical and flame-resistance properties of
polyurethane-imide foams with different-sized expandable graphite. Polym. Eng. Sci. 2020, 60, 2324–2332.

97. Cherednichenko, K.; Kopitsyn, D.; Batasheva, S.; Fakhrullin, R. Probing Antimicrobial Halloysite/Biopolymer Composite
s with Electron Microscopy: Advantages and Limitations. Polymers 2021, 13, 3510.

98. Khan, Z.I.; Habib, U.; Mohamad, Z.B.; Bin Rahmat, A.R.; Abdullah, N.A.S.B. Mechanical and thermal properties of sepi
olite strengthened thermoplastic polymer nanocomposites: A comprehensive review. Alex. Eng. J. 2022, 61, 975–990.

99. Jasinski, E.; Bounor-Legaré, V.; Taguet, A.; Beyou, E. Influence of halloysite nanotubes onto the fire properties of poly
mer based composites: A review. Polym. Degrad. Stab. 2021, 183, 109407.

100. Tian, G.; Han, G.; Wang, F.; Liang, J. Sepiolite Nanomaterials: Structure, Properties and Functional Applications. In Na
nomaterials from Clay Minerals; Elsevier: Amsterdam, The Netherlands, 2019; pp. 135–201. ISBN 978-0-12-814533-3.

101. Pan, Y.; Liu, L.; Cai, W.; Hu, Y.; Jiang, S.; Zhao, H. Effect of layer-by-layer self-assembled sepiolite-based nanocoating
on flame retardant and smoke suppressant properties of flexible polyurethane foam. Appl. Clay Sci. 2019, 168, 230–23
6.

102. Goda, E.S.; Yoon, K.R.; El-sayed, S.H.; Hong, S.E. Halloysite nanotubes as smart flame retardant and economic reinfo
rcing materials: A review. Thermochim. Acta 2018, 669, 173–184.

103. Smith, R.J.; Holder, K.M.; Ruiz, S.; Hahn, W.; Song, Y.; Lvov, Y.M.; Grunlan, J.C. Environmentally Benign Halloysite Na
notube Multilayer Assembly Significantly Reduces Polyurethane Flammability. Adv. Funct. Mater. 2018, 28, 1703289.

104. Wu, F.; Pickett, K.; Panchal, A.; Liu, M.; Lvov, Y. Superhydrophobic Polyurethane Foam Coated with Polysiloxane-Modif
ied Clay Nanotubes for Efficient and Recyclable Oil Absorption. ACS Appl. Mater. Interfaces 2019, 11, 25445–25456.

105. Wu, F.; Zheng, J.; Ou, X.; Liu, M. Two in One: Modified Polyurethane Foams by Dip-Coating of Halloysite Nanotubes wi
th Acceptable Flame Retardancy and Absorbency. Macromol. Mater. Eng. 2019, 304, 1900213.

106. Palen, B.; Kolibaba, T.J.; Brehm, J.T.; Shen, R.; Quan, Y.; Wang, Q.; Grunlan, J.C. Clay-Filled Polyelectrolyte Complex
Nanocoating for Flame-Retardant Polyurethane Foam. ACS Omega 2021, 6, 8016–8020.

107. Uddin, F. Clays, Nanoclays, and Montmorillonite Minerals. Met. Mater. Trans. A 2008, 39, 2804–2814.

108. Neto, J.C.D.M.; Nascimento, N.R.D.; Bello, R.H.; de Verçosa, L.A.; Neto, J.E.; da Costa, J.C.M.; Diaz, F.R.V. Kaolinite
Review: Intercalation and Production of Polymer Nanocomposites. Eng. Sci. 2021, 17, 28–44.

109. Hejna, A. Clays as Inhibitors of Polyurethane Foams’ Flammability. Materials 2021, 14, 4826.

110. Conterosito, E.; Gianotti, V.; Palin, L.; Boccaleri, E.; Viterbo, D.; Milanesio, M. Facile preparation methods of hydrotalcit
e layered materials and their structural characterization by combined techniques. Inorganica Chim. Acta 2018, 470, 36–
50.

111. Agrawal, A.; Kaur, R.; Walia, R.S. Investigation on flammability of rigid polyurethane foam-mineral fillers composite. Fir
e Mater. 2019, 43, 917–927.

112. Lazar, S.; Carosio, F.; Davesne, A.-L.; Jimenez, M.; Bourbigot, S.; Grunlan, J. Extreme Heat Shielding of Clay/Chitosan
Nanobrick Wall on Flexible Foam. ACS Appl. Mater. Interfaces 2018, 10, 31686–31696.

113. Fahami, A.; Lee, J.; Lazar, S.; Grunlan, J.C. Mica-Based Multilayer Nanocoating as a Highly Effective Flame Retardant
and Smoke Suppressant. ACS Appl. Mater. Interfaces 2020, 12, 19938–19943.

114. Choi, K.-W.; Kim, J.-W.; Kwon, T.-S.; Kang, S.-W.; Song, J.-I.; Park, Y.-T. Mechanically Sustainable Starch-Based Flam
e-Retardant Coatings on Polyurethane Foams. Polymers 2021, 13, 1286.

115. Weldemhret, T.G.; Menge, H.G.; Lee, D.-W.; Park, H.; Lee, J.; Song, J.I.; Park, Y.T. Facile deposition of environmentally
benign organic-inorganic flame retardant coatings to protect flammable foam. Prog. Org. Coat. 2021, 161, 106480.

116. Akar, A.; Kızılcan, N.; Yivlik, Y.; Önen, D. Alendronic acid bearing ketone-formaldehyde resin and clay nanocomposites
for fire-retardant polyurethanes. J. Appl. Polym. Sci. 2021, 138, 50829.

117. Członka, S.; Kairytė, A.; Miedzińska, K.; Strąkowska, A.; Adamus-Włodarczyk, A. Mechanically Strong Polyurethane Co
mposites Reinforced with Montmorillonite-Modified Sage Filler (Salvia officinalis L.). Int. J. Mol. Sci. 2021, 22, 3744.

118. Yang, Y.-H.; Li, Y.-C.; Shields, J.; Davis, R.D. Layer double hydroxide and sodium montmorillonite multilayer coatings fo
r the flammability reduction of flexible polyurethane foams. J. Appl. Polym. Sci. 2015, 132, 41767.

119. Abrishamkar, S.; Mohammadi, A.; De La Vega, J.; Wang, D.-Y.; Kalali, E.N. Layer-by-layer assembly of calixarene modi
fied GO and LDH nanostructures on flame retardancy, smoke suppression, and dye adsorption behavior of flexible poly
urethane foams. Polym. Degrad. Stab. 2023, 207, 110242.



120. Peng, H.-K.; Wang, X.X.; Li, T.-T.; Huang, S.-Y.; Lin, Q.; Shiu, B.-C.; Lou, C.-W.; Lin, J.-H. Effects of hydrotalcite on rigi
d polyurethane foam composites containing a fire retarding agent: Compressive stress, combustion resistance, sound a
bsorption, and electromagnetic shielding effectiveness. RSC Adv. 2018, 8, 33542–33550.

121. Zheng, X.; Wang, G.; Xu, W. Roles of organically-modified montmorillonite and phosphorous flame retardant during the
combustion of rigid polyurethane foam. Polym. Degrad. Stab. 2014, 101, 32–39.

122. Chen, Y.; Li, M.; Hao, F.; Yang, C. Enhanced flame retardant performance of rigid polyurethane foam by using the modif
ied OMMT layers with large surface area and ammonium polyphosphate. Mater. Today Commun. 2022, 32, 104121.

123. Mohammadi, A.; Wang, D.-Y.; Hosseini, A.S.; De La Vega, J. Effect of intercalation of layered double hydroxides with su
lfonate-containing calixarenes on the flame retardancy of castor oil-based flexible polyurethane foams. Polym. Test. 20
19, 79, 106055.

124. Zhang, X.; Wen, Y.; Li, S.; Wang, Z.; Xie, H. Fabrication and characterization of flame-retardant and smoke-suppressan
t of flexible polyurethane foam with modified hydrotalcite. Polym. Adv. Technol. 2021, 32, 2609–2621.

125. Kurańska, M.; Barczewski, M.; Uram, K.; Lewandowski, K.; Prociak, A.; Michałowski, S. Basalt waste management in th
e production of highly effective porous polyurethane composites for thermal insulating applications. Polym. Test. 2019,
76, 90–100.

126. Kairytė, A.; Kremensas, A.; Vaitkus, S.; Członka, S.; Strąkowska, A. Fire Suppression and Thermal Behavior of Biobase
d Rigid Polyurethane Foam Filled with Biomass Incineration Waste Ash. Polymers 2020, 12, 683.

127. Kuźnia, M.; Magiera, A.; Zygmunt-Kowalska, B.; Kaczorek-Chrobak, K.; Pielichowska, K.; Szatkowski, P.; Benko, A.; Zi
ąbka, M.; Jerzak, W. Fly Ash as an Eco-Friendly Filler for Rigid Polyurethane Foams Modification. Materials 2021, 14, 6
604.

128. Brannum, D.J.; Price, E.J.; Villamil, D.; Kozawa, S.; Brannum, M.; Berry, C.; Semco, R.; Wnek, G.E. Flame-Retardant P
olyurethane Foams: One-Pot, Bioinspired Silica Nanoparticle Coating. ACS Appl. Polym. Mater. 2019, 1, 2015–2022.

129. Dong, Q.; Chen, K.; Jin, X.; Sun, S.; Tian, Y.; Wang, F.; Liu, P.; Yang, M. Investigation of Flame Retardant Flexible Poly
urethane Foams Containing DOPO Immobilized Titanium Dioxide Nanoparticles. Polymers 2019, 11, 75.

130. Li, M.-E.; Wang, S.-X.; Han, L.-X.; Yuan, W.-J.; Cheng, J.-B.; Zhang, A.-N.; Zhao, H.-B.; Wang, Y.-Z. Hierarchically poro
us SiO2/polyurethane foam composites towards excellent thermal insulating, flame-retardant and smoke-suppressant p
erformances. J. Hazard. Mater. 2019, 375, 61–69.

131. Zheng, X.; Dong, Q.; Wang, X.; Yu, P.; Wang, W.; Zhang, J.; Ren, L. Improvement of Flame Retardancy of Polyurethan
e Foam Using DOPO-Immobilized Silica Aerogel. Front. Mater. 2021, 8, 673906.

132. Díaz-Gomez, A.; Godoy, M.; Berrio, M.E.; Ramirez, J.; Jaramillo, A.F.; Medina, C.; Montaño, M.; Meléndrez, M.F. Evalu
ation of the Mechanical and Fire Resistance Properties of Rigid Tannin Polyurethane Foams with Copper Oxide Nanop
articles. Fibers Polym. 2022, 23, 1797–1806.

133. Vo, D.K.; Do, T.D.; Nguyen, B.T.; Tran, C.K.; Nguyen, T.A.; Nguyen, D.M.; Pham, L.H.; Nguyen, T.D.; Nguyen, T.-D.; Ho
ang, D. Effect of metal oxide nanoparticles and aluminum hydroxide on the physicochemical properties and flame-retar
dant behavior of rigid polyurethane foam. Constr. Build. Mater. 2022, 356, 129268.

134. Xu, Z.; Chu, F.; Luo, X.; Jiang, X.; Cheng, L.; Song, L.; Hou, Y.; Hu, W. Magnetic Fe3O4 Nanoparticle/ZIF-8 Composite
s for Contaminant Removal from Water and Enhanced Flame Retardancy of Flexible Polyurethane Foams. ACS Appl.
Nano Mater. 2022, 5, 3491–3501.

135. Xie, H.; Yang, W.; Yuen, A.C.Y.; Xie, C.; Xie, J.; Lu, H.; Yeoh, G.H. Study on flame retarded flexible polyurethane foam/
alumina aerogel composites with improved fire safety. Chem. Eng. J. 2017, 311, 310–317.

136. Lin, B.; Yuen, A.C.Y.; Li, A.; Zhang, Y.; Chen, T.B.Y.; Yu, B.; Lee, E.W.M.; Peng, S.; Yang, W.; Lu, H.-D.; et al. MXene/ch
itosan nanocoating for flexible polyurethane foam towards remarkable fire hazards reductions. J. Hazard. Mater. 2020,
381, 120952.

Retrieved from https://encyclopedia.pub/entry/history/show/101136


