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14.1 � MEETING THE FLAMMABILITY 
CHALLENGE AT THE INTERFACE

Flame retardant (FR) surface treatments have been a tar-
get of scientific and industrial focus for many decades.1 
The development of coating technologies was borne out 
of a combination of necessity and convenience. Necessity 
due to the fact that natural fibers such as cotton cannot be 
coextruded with a flame retardant FR molecule in a man-
ner analogous to synthetic polyester or polyamide fabrics. 
Convenience in the sense that the processing equipment to 
finish textiles has been refined for centuries to apply dyes 
or other finishes to fabrics. Flame-retardant finishes are a 
natural extension of these conditions, and flame-retardant 
treatments for textiles have been an active research topic 
ever since. Please see Chapter  27 of this book for more 
information on textile flammability and fire protection.

Inadvertently, the development of flame retardant tex-
tile finishes stumbled upon a critical advantage in the fight 
against fire and flammability: surface area. In the decades 
since the first flame retardant textile finishes appeared, 
researchers have become keenly aware of the importance 
of surface area and localization of flame retardant chem-
istries to impart fire protection to materials. Combustion 
naturally begins at the exterior of a sample, meaning that 
surface treatments will yield materials with a higher ratio 
of FR:substrate in the early stages of combustion. This is 
critical to mitigate the hazards of material flammability. 
Additionally, the use of a surface treatment mitigates the 
degradation of mechanical properties brought on by incor-
poration of bulk additives.2 When a surface treatment can 
be easily removed at the end of a product’s life cycle, the 
underlying material can be more easily recycled. Increasing 
the potential for material recyclability and circularity makes 
surface treatments a core research focus. For these reasons, 
surface treatments for fire protection have become a major 
area of academic and industrial investment in recent years.3 

In this chapter, we will outline some of the key substrates 
that benefit most from surface treatments for flammability 
reduction and introduce the major techniques to apply such 
treatments. Particular attention will be paid to the material 
and process sustainability of the outlined techniques. We 
note that many techniques that could broadly be classified 
as “covalent surface modification” insomuch as they yield 
a mostly unaltered (at both macro- and microscopic length 
scales) surface could be considered conformal treatments. 
Many of those chemistries are covered more thoroughly 
in other chapters and, as such, will only be minimally 
addressed in this chapter.

14.1.1 �C ommon Substrates for Flame-
Retardant Surface Treatments

14.1.1.1 � Textiles
As previously noted, textiles were some of the first substrates 
where coating technologies for flammability reduction 
became commonplace.1 Textiles remain a critical substrate 
to protect due to the widespread prevalence of severe inju-
ries and deaths related to clothing burns, especially from 
synthetic fibers such as polyester and polyamide that are 
prone to melting.4 Naturally derived cotton and synthetic 
fibers such as polyesters (most often polyethylene tere-
phthalate, PET) or polyamides (most often polyamide-6,6 
or simply abbreviated as PA), and their blends with cotton, 
are the subject of most textile flammability research. The 
degradation pathways of cotton, which is cellulosic, and 
synthetic fibers are markedly different and require different 
chemistries in order to reduce their flammability.

Cotton’s thermal decomposition occurs in a two-stage 
process, beginning with a dehydroxylation and partial char-
ring.5 The initial degradation step preserves the structure 
of the cotton, and this is followed by a diffusion-controlled 
oxidation of the charred material. Cotton’s relatively high 
char yield and low tendency to produce flammable volatiles 
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during its decomposition are the cause of its relatively low 
heat release. The tendency of cotton to form carbonaceous 
material is leveraged by intumescent treatments, which 
are designed to promote cross-linking and density of the 
charred area. The cross-linked char yields a material that is 
more resistant to the secondary oxidation step.6 As a result, 
many FR treatments for cotton and other natural fibers are 
phosphorus-based, leveraging cotton’s tendency to char to 
their advantage.

In contrast, synthetic fibers do not tend to form char 
as they decompose. Rather, they typically depolymerize 
into lower molecular weight oligomers during pyrolysis.7,8 
Instead of preserving the fibrous structure like cotton does, 
synthetic fibers are instead prone to melt dripping.9 This 
dripping promotes flame spread but moreover poses a 
challenge in arresting flame spread since there is no easy 
scaffold for maintaining structure and promoting char 
formation. In addition to the depolymerization and melt 
behavior, synthetic fibers based upon aliphatic carbon 
chemistry (polyolefins, aliphatic nylons) have a higher total 
heat release (THR) and peak heat release rate (pkHRR) 
than cotton.10 Blends of cotton and synthetic fibers such as 
polyester-cotton (PECO) or nylon-cotton (NYCO) are com-
monplace to take advantage of the robustness of synthetic 
fibers and the breathability and comfort of cotton. Blends 
pose a particular flammability challenge because the char-
ring of the cotton in the blend provides a scaffold for faster 
flame spread as the synthetic component degrades, yielding 
extremely flammable fabrics.11

14.1.1.2 � Wood
Home structure fires are responsible for approximately 
three quarters of fire deaths in the United States.12 Wood is 
a common building component in home construction and 
as such is a critical substrate for fire protection. There has 
also been an added emphasis on the flammability of out-
door wood structures (e.g., fences) owing to their tendency 
to propagate wildfires.13 Wood has a high fraction of cel-
lulose and as such exhibits many of the same degradation 
properties as cotton. The early stages of wood degradation 
lead to the removal of aliphatic materials, which are lost as 
CO2 or become aromatic char.14 Despite this mass loss, the 
porosity of wood does not increase appreciably during the 
early stages of thermal degradation (up to ~250°C) but does 
increase notably at higher temperatures when aromatic car-
bon begins to degrade. Please see Chapter 26 of this book 
for more information on wood flammability and fire protec-
tion approaches.

Wood has slow diffusion kinetics owing to its very com-
plex surface. These slow transport properties mean that, 
unlike in the cases of textiles or foam, coatings are unlikely 
to permeate the entirety of a treated piece of wood.15 Much 
like cotton, char promotion via phosphorus-based FRs have 
been demonstrated to be effective. Since wood has fewer 
flexibility and comfort demands than cotton, there is also 
a greater tendency to incorporate inorganic treatments to 
reduce wood flammability.16 Flame-retardant treatments 

for wood must consider carefully the end use. For exam-
ple, flooring has high durability demands, while fencing or 
building siding will have higher demands for weathering 
and UV exposure. As with textiles, there is a strong existing 
market for surface treatments of wood, such as varnishes, 
paints, and even pressure treatments to impregnate wood 
with materials to prevent rot. Due to this existing infra-
structure, it is ideal if surface treatments to reduce wood 
flammability are compatible with these technologies.

14.1.1.3 � Foam
The United States alone produces over 1.9 million metric 
tons of polyurethane foam annually, split nearly evenly 
between rigid and flexible types.17 Furniture and bedding 
account for over half of all flexible foam production, with 
the bulk of the remainder going to transportation. These 
materials are now ubiquitous in homes as furnishings and 
bedding, and in the transportation sector where they are 
used most heavily for seating. Polyurethane foams exhibit 
a high heat release rate (HRR) after ignition and produce a 
large amount of especially toxic smoke.18 In addition, dur-
ing combustion polyurethane foams tend to aggressively 
melt-drip, which can contribute to flame spread and flash-
over events. Coatings serves as a good means of imparting 
fire resistance to foams owing to their high surface area and 
porosity. Because of foam’s tendency to melt-drip, foam FR 
coatings tend to focus first on providing structural support. 
This is often in the form of a ceramic treatment or shell 
and can sometimes be paired with other chemistries to slow 
and/or reduce heat release as the foam degrades. Due to the 
high levels of smoke release by most polyurethane foams, 
reduction of smoke release is especially important. Please 
see Chapter 31 of this book for more information on flam-
mability and fire protection of foam materials.

Unlike textiles and wood, there are not currently com-
monplace coating technologies in use for foam. Due to 
their compressibility, conformal coatings can be applied to 
flexible foams, followed by manual expulsion of the solu-
tion carrying the coating materials. Rigid foams present a 
greater challenge and are not as amenable to coating treat-
ments. The implementation of flow-through technologies 
could offer an automated way to coat foam at an industrial 
scale. Even so, the sheer volume of solution paired with the 
time and energy costs of drying coated foams have acted as 
a barrier to commercial implementation of many solution-
based coating technologies for foam.

14.2 � LAYER-BY-LAYER TREATMENTS

Layer-by-layer (LbL) assembly represents an interesting 
technique for the design and deposition of functional coat-
ings and membranes. The fundamental concepts of this 
technique were disclosed in 1966 by Iler who reported the 
deposition of oppositely charged micro particles on glass.19 
Despite this early work, the practical application of the LbL 
was only realized decades later by Decher.20 Since then, 
the LbL technique has been successfully applied in many 
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research fields including the deposition of FR coatings.21,22 
Through the years, this multilayered deposition has proved 
to be an excellent FR strategy, as demonstrated by high 
number of published papers as well as by the many reviews 
available on this topic.3,23–26 Within this context, this sec-
tion is aimed at providing the fundamental operating prin-
ciples of the technique and the most interesting FR results 
achieved on different substrates.

14.2.1 � Practical Considerations of Layer-by-Layer 
Assembled Flame-Retardant Treatments

LbL assembly results in multilayered coatings by exploiting 
one or more interactions occurring between selected com-
ponents in a specific solvent.22 Although many possibilities 
exist (e.g., hydrophobic interactions, donor/acceptor inter-
actions, or specific recognition), up to now most of the LbL 
assemblies have been fabricated through the electrostatic 
attraction that occurs between polyelectrolytes (PE) or 
nanoparticles (NP) in water.27 A typical deposition proce-
dure encompassing for example a positive PE and a negative 
NP can be performed by alternately dipping the substrate in 
the PE and NP containing aqueous solutions/suspensions 
(Figure 14.1). A rinsing step is normally performed in order 
to remove the excess PE before transferring the substrate 
into the NP suspension. A final rinsing step completes the 
deposition cycle. During each deposition step, polyanion-
polycation complexes are formed at the substrate/water 
interface with an overall surface charge reversal that 
depends on the charge of the deposition bath.28 By repeat-
ing these steps multiple times, a multilayered coating with 
controlled thickness and composition is generated.

The number of interacting layers within the assembly 
repetitive unit (deposited in a single cycle) is convention-
ally referred to as bilayer (BL), trilayer (TL), or quadlayer 
(QL) when two, three, or four components are employed, 
respectively. The chemistry of the selected components, the 
concentration, the pH, the ionic strength, temperature, and 
time are the main parameters controlling the outcome of 
the deposition.22 This produces broad processing windows 
where it is always possible to find the conditions that allow 
for an optimal film build-up once the constituents have been 
identified. Thanks to this design freedom, the development 
of LbL nanocoatings in the field of flame retardancy started 
off by assembling components capable of mimicking the 
main FR action of conventional systems such as polymer 
nanocomposites and intumescent coatings.29–32 Indeed, 
both systems can achieve substantial FR results by pro-
ducing, during combustion, a protective barrier capable 
of limiting the mass/heat transfer from/to the flame. By 
combining synthetic or natural polyelectrolytes (e.g., poly-
ethylenimine (PEI), chitosan (CS), etc.) with nanoparticles 
of different shapes (e.g., silica nanospheres (SNP), hal-
loysite nanotubes (HN), montmorillonite nanoplatelets 
(MMT), etc.), it is possible to assemble a nanoparticle rich 
layer similar to the one produced during combustion by 

polymer-clay nanocomposites.29 Similarly, if the nanopar-
ticles are replaced by phosphate containing polyelectrolytes 
(e.g., ammonium polyphosphate (APP) and poly(sodium 
phosphate) (PSP, sometimes referred to as sodium hexam-
etaphosphate)), it is possible to deposit assemblies with 
micro-intumescent features.32

To state that the FR LbL coatings fall in either one of the 
two described FR archetypes would be a great limitation. 
There are indeed many other classes of materials that can be 
incorporated within an LbL coating such as carbon-related 
materials (e.g., nanotubes, nanographites, graphenes, etc.), 
biomacromolecules (e.g., nucleic acids, proteins, etc.), and 
MXenes (a novel broad family of two-dimensional carbides 
and nitrides of transition metals).22 With such a broad selec-
tion of components, it is possible to investigate different 
hybrid FR mechanisms as well as include additional func-
tional characteristics such as super-hydrophobicity, electri-
cal conductivity, and anti-bacterial properties.33–36

Up to now, dipping has been the most widely used 
approach to deposit FR LbL coatings. This is linked to the 
ease and accessibility of this method that represents the 
most studied choice for the assembly of LbL coatings in 
all research fields. Laboratory scale dipping methods can 
be easily scaled up to industrial pad-dry processing equip-
ment and maintain coating performance.37,38 In an effort to 
speed up the processing time, spray-assisted LbL deposi-
tion has also been demonstrated as viable option to deposit 
functional coatings on various substrates.39–41 Contrary to 
the conventional dipping procedure, this latter approach is 
relatively new, and more work is needed in regard to the 
fundamental aspects of the process.

14.2.2 �U se-Cases of Layer-by-Layer Assembled 
Flame-Retardant Coatings

Here we discuss the most efficient FR LbL treatments for 
textiles, foams, and other substrates. Examples were chosen 
based on the achieved FR performances, the adopted FR 
mechanism, and the particular features of the assembled 
LbL coating (e.g., first use of a certain chemical/FR mecha-
nism/deposition approach, implementation of multifunc-
tional characteristics, etc.).

14.2.2.1 � Textiles
Textiles (natural, synthetic, and blends) were the first sub-
strates to be coated using layer-by-layer assembly for flame 
retardant purposes. This can be linked to the already existing 
surface approaches and industrial-scale equipment conven-
tionally employed to improve their FR properties. Indeed, 
the direct impregnation of the FR chemical represent the 
only options to confer FR properties to natural fabrics such 
as cotton, ramie, silk, and wool.42 Synthetic fabrics such as 
PET, PA, and polyacrylonitrile (PAN) might also rely on 
additional approaches, such as the bulk inclusion of the FR 
additive during melt- or wet-processing and the copolymer-
ization of FR monomer within the polymer chain.43 These 
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latter approaches suffer from constraints such as limited 
processability and decreased mechanical properties of the 
produced fibers. From this point of view LbL conformal 
coatings represent a viable choice as the treatment does not 
affect the fiber production outcome. Electron microscope 
images, such as those displayed in Figure 14.1c, highlight 
the conformal nature of LbL coatings, with treated fab-
ric appearing nearly indistinguishable from untreated. If 
designed correctly, an LbL treatment should not modify 
the main fabric features related to mechanical and opti-
cal properties (i.e., comfort and design).44 This is thanks 
to the already mentioned versatility (materials choice and 
processing parameters) of the LbL approach that allow 
for the proper design of the coating depending on the 
substrate of choice and the desired functional properties. 
Indeed, although there are some studies reporting a singu-
lar LbL treatment capable of conferring FR properties to 

cotton, PET, and their blend (i.e., PECO), the most efficient 
approach is to select the coating constituents and FR action 
in order to match the chemistry and burning behavior of the 
fabric.45 To this end, coating formulations based on the con-
cept of intumescence have proved most effective on natural 
fabrics such as cotton and ramie.

Intumescent-like formulations can be easily assembled 
in a BL fashion by combining polyphosphates (e.g., poly-
phosphoric acid PPA, APP, and PSP) with either synthetic 
or natural polyelectrolytes (e.g., polyethylenimine (PEI), 
chitosan (CS), or starch (ST)).46–49 The polyanions act as the 
acid source, while the polycations act as the carbon source. 
The foaming agent, the third component of an intumescent 
formulation, is produced upon decomposition of the coat-
ing components. For example, ammonia can be released 
from either unexchanged ammonium ions in APP or the 
amino groups of CS.50 Decomposition products coming 

FIGURE 14.1  (a) Schematic of layer-by-layer assembly, where a substrate is first dipped into a solution containing a charged polymer 
(here shown as a polycation), followed by a rinse step and then immersion in a solution containing the oppositely charged polymer.  
(b) Cross-section cartoon showing the deposited coating atop a substrate. Interdiffusion between deposited polyelectrolytes is common, 
as shown here. (c) Scanning electron microscope images highlight the conformal nature of a CS/PSP coating on cotton fabric. The 
fibrous structure of the textile is preserved after coating even at the microscopic scale. Adapted from Ref. 44 with permission. AuQ12
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from the polycation can also contribute to the formation 
of an expanded protective structure. A  landmark article 
was published in 2011 by Li et al. where poly(allylamine) 
PAH was combined with PSP on cotton fabric.46 A 20 BL 
coating imparted self-extinguishing behavior in a verti-
cal flame spread test (VFST, ASTM D6413) and dramati-
cally increased the amount of char produced upon cotton 
decomposition. The formation of micron-scale intumescent 
like structures was confirmed by post combustion residue 
SEM observations (Figure  14.2). Interestingly, the same 
PAH/PSP coating did not produce expanded structures 
when deposited at 10 BL, indicating that an intumescent 
system requires a minimum coating thickness in order to 
properly display its FR action. Similar FR results were 
achieved on ramie fabrics by using PEI and APP.48 This 
system was deposited by either conventional dipping or 
spray, highlighting how the latter can reduce the number of 
BL required to achieve the desired FR properties to 10–15, 
while also reducing the overall processing time.51 The 
durability of the coating and its FR properties to launder-
ing represents an additional challenge for waterborne LbL 
coating.

In order to address the washing problem, different strat-
egies can be exploited. For example, the inclusion of a 
UV-curable latex in an intumescent formulation based on 
CH and APP has been shown to improve the durability of 

the coating while maintaining good FR properties.49 After 
photo-curing, a 3 BL coating exhibits self-extinguishing 
behavior in a horizontal flame spread test (HFST) after 
washing for 1h at 65°C. More recently, LbL coatings durable 
to 50 washing cycles (AATCC 143–2014 method) have been 
produced by assembling phenylphosphonic acid (PHA) and 
3-aminopropyltriethoxysilane (APTES) on polydopamine 
(PDA)-coated cotton.52 Fully renewable intumescent-like 
LbL coatings can also be assembled by replacing the syn-
thetic acid source with bio-macromoleclules such as deoxy-
ribonucleic acid (DNA), caseins (CA), vitamins, and phytic 
acid (PhA).53–56 PhA has been recently used to create a high 
performing intumescent treatment deposited on cotton.57,58 
For example, PEI/melamine and PhA can self-extinguish in 
a vertical flame test with only 4 BL deposited. When post 
treated with a diluted solution of poly(dimethylsiloxane) 
(PDMS), the coated fabric also achieves good water repel-
lent behavior.58

In parallel to synthetic or natural polyelectrolytes, 
nanoparticles have also been explored in FR assemblies. 
As far as FR properties are concerned, although nanopar-
ticle-based LbL coatings were first to be investigated on 
cotton, the achieved results were limited compared with 
intumescent assemblies.59,60 Hybrid coatings encompass-
ing both approaches have recently demonstrated efficacy 
when the selected nanoparticle is employed as mechanical 

FIGURE 14.2  (a) Image of cotton fabric coated with an intumescent LbL film after vertical flame testing (ASTM D6413). (b) Inset 
shows the micro-intumescent effect, which yields self-extinguishing behavior and protects the fabric from further damage by fire.  
(c) Example of a nanoparticle-based LbL coating preserving the structure of open cell polyurethane foam after fire testing.  
(d) Electron micrograph showing struts of the foam are hollowed out, leaving an empty shell of graphitic material behind. Parts (a,b) 
adapted from Ref. 46.
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reinforcement of the produced intumescent structure.61 
Besides improving the FR properties, the use of nanoparti-
cles can provide additional properties to the deposited coat-
ing. For example, the use of Ag nanowires in combination 
with a PEI/PhA assembly has shown both self-extinguish-
ing behavior and EMI shielding characteristics on cotton 
fabric.62

As far as synthetic fabrics are concerned, PET repre-
sents the most coated substrate followed by PA and PAN. 
LbL coatings designed for these fabrics must consider 
their inherently different burning behavior with respect to 
natural ones. Indeed, the melting processes that occur dur-
ing combustion can have detrimental effects on the ability 
of the coating to produce a protective barrier and thus its 
overall FR behavior.63 For these reasons, the compositions 
of most of the LbL coatings developed for synthetic fab-
rics differ significantly from those already discussed for 
natural ones. This peculiarity is certainly highlighted by 
the results achieved by one of the first FR LbL assemblies 
developed for PET.64 Similar to early attempts on cotton, 
nanoparticles were employed to achieve a result typical 
of polymer nanocomposites.60 Positively charged alumina 
coated silica and negatively charged silica were assembled 
on PET fabric. A 5 BL coating achieved self-extinguish-
ing behavior in VFST, while also prolonging the time 
required to ignite the fabric during cone calorimetry tests 
(35 kW/m2).64 Interestingly, the increase in BL number did 
not produce additional benefit as the increased thickness 
of the deposited coating led to its instability during com-
bustion due to the synthetic fiber melting. Spray assisted 
deposition of this silica/silica LbL was also attempted on 
PET mats (density 490 g/m2).65 Horizontal and vertical 
spray configurations were also investigated, highlight-
ing the former as the most efficient, as supported by a 
dedicated study on cotton.41 When compared, the results 
achieved by horizontal spray deposition on both cotton 
and PET confirms the good FR potential of nanoparticles 
for synthetic fabrics.

Despite the good results achieved, a major problem of 
nanoparticle-based coatings is poor washing durability. To 
address this issue, polyelectrolytes can be used with differ-
ent cross-linking strategies that can be applied to reduce 
the coating’s swelling in water. Cross-linked polysaccha-
ride-based coatings have been developed with either an 
improved char forming ability or an intumescent behav-
ior.66–68 The assembly of CS with sodium alginate (SA) and 
Cu2+ ions on PET produces dense charred residues capable 
of preventing melt-dripping and self-extinguishing the 
flame during VFST with just 2 QL deposited.66 Similarly, 
Pan et  al. exploited partially oxidized SA in combination 
with PEI and a post cross-linking treatment with hypo-
phosphorous acid on PET fabric subjected to a UV-grafting 
pretreatment.67 Fabric treated with 15 BL are capable of 
self-extinguishing the flame during HFST even after 12 
laundering cycles (GB/T 17595–1998).

Intumescent-like assemblies have been achieved by 
including a phosphate containing component such as APP 

or PhA.68–70 When deposited on PET, 10 BL of a CS/APP 
assembly can only suppress the melt-dripping phenomenon 
without being able to stop flame spread during flammabil-
ity tests.69 This deficiency can be remedied to achieve self-
extinguishing behavior by including guanidine sulfamate 
within the CS solution, without increasing the number of 
deposited BL.69 Similarly, a QL architecture encompassing 
PhA, CS, and SA deposited on PA66 fabric can achieve a 
UL-94 V1 classification with only 5 QL (i.e., 20 deposition 
steps), whereas only 5BL of a CH/PhA assembly (i.e., 10 
deposition steps) are required to reach the same classifica-
tion.71,72 This difference can be ascribed to the increase in 
PhA content within the coating when moving from a QL to 
a BL architecture. In addition, the CS/PhA assembly also 
exhibits durable FR properties (5 washing cycles accord-
ing to AATCC test method 61(2A)-1996) when post cross-
linked with sodium tetraborate decahydrate.72

PET and PA fibers are also typically employed in blends 
with cotton in order to target specific characteristics such as 
durability, reduced cost, and comfort.73 From an FR point 
of view, this further complicates the task as blends tends to 
combine the weakness of their components (e.g., ignitabil-
ity of natural fibers and melting of synthetic fibers).74 The 
best way to address this problem seems to be the use of intu-
mescent-like formulations or hybrid coatings based on Si-P 
interactions.75–77 For example, a CS/PhA coating assembled 
at 15BL was reported to impart self-extinguishing behavior 
to PECO during VFST (ASTM D6413).75 Similar results 
were achieved when 15 QL encompassing CS, TA, and 
PhA were deposited on NYCO.78 It should be noted that the 
number of deposition steps required to achieve satisfactory 
results on blends is, on average, higher than those related 
to a single fabric type (e.g., 15 BL vs 5 BL for PECO vs 
PET, respectively). This observation further highlights the 
challenges associated with textile blends. Besides PET and 
PA, studies have been performed on PAN fabrics as well.79 
Coatings encompassing silica precursors and phosphate-
containing components have been developed achieving a 
hybrid FR effect.80

14.2.2.2 � Foams
A few years after the publication of the first studies deal-
ing with FR LbL coated fabric, a study reported of a LbL 
coating capable of reducing heat release rates of open cell 
flexible polyurethane foam (PUF).81 The study of PUF 
has been growing ever since and has formed a significant 
enough body of research to have a review solely on this 
topic.82 Polyurethane foam has a favorable surface/bulk 
ratio and the open cells allow for an efficient and straight-
forward deposition of a LbL coating. Indeed, each solution/
dispersion can easily penetrate inside the 3D structure of 
the foam and eventually yield a continuous coating that 
extends through the entire volume of the foam.83 The well-
known structural collapse of polyurethane foam is often 
considered one of the most dangerous phenomena at the 
early stages of a developing fire and, as a consequence, has 
been a key target of FR LbL assemblies.84
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Melt-dripping suppression and conspicuous HRR 
reduction is normally observed if the performed surface 
modification is capable of either delaying or preventing 
foam collapse. The literature suggests that the best way to 
achieve this is by depositing a nanoparticle-based assembly, 
where the presence of nanoparticles is likely to provide the 
mechanical strength required to withstand the foam col-
lapsing (Figure 14.2).23 The plethora of LbL coatings devel-
oped up to now can be roughly classified according to the 
shape/aspect ratio of the nanoparticle employed: spherical, 
needle-like, and platelet-like. While the last two categories 
have been widely investigated, very few studies use spheri-
cal nanoparticles,85–87 which might be linked to a reduced 
FR efficiency with respect to aspect ratio. The deposition of 
needle-like particles such as sepiolite rods, halloysite, and 
titanate nanotubes in combination, paired with different 
polyelectrolytes, has shown effective reductions in combus-
tion rates and smoke production during cone calorimetry 
test.88–90

Indeed, the dense fibrous network resulting from LbL 
deposition has proven capable of preventing foam col-
lapsing. Additionally, combustible volatiles can be either 
trapped by the tubular structure of the nanoparticles or 
diluted over time as they have to pass through a dense 
inorganic fibrous network.90 The use of multi-walled car-
bon nanotubes (MWCNT) clearly demonstrates these 
two FR effects.91,92 MWCNT can be dispersed in water 
by employing stabilizing polyelectrolytes such as pyrene 
functionalized-PEI and PAA.91 The resulting dispersions 
are then capable of yielding steady LbL growth, where the 
MWCNT are found embedded within a PEI/PAA matrix. 
From a flame retardant point of view, foam coated with 9 
BL self-extinguishes the flame in VFST while also achiev-
ing 67% and 80% reductions in pkHRR and TSR, respec-
tively by cone calorimetry (35 kW/m2). It is important to 
note that this performance represents FR properties seldom 
achieved by other LbL systems. A  recent work exploited 
silver microwires to simultaneously achieve FR and EMI 
shielding properties, further highlighting the versatility of 
these multilayered coatings in delivering multifunctional 
properties.93

Nanoplatelets are the most common morphology of 
nanoparticles employed in FR LbL coatings applied to 
polyurethane foam.23 This is related to their shape that, 
during LbL deposition with a polyelectrolyte, forces them 
to assemble parallel to the surface of the substrate, recre-
ating a nacre-like or brick and mortar (“nanobrick wall”) 
structure that is well-known for its FR behavior.94 An 
early study demonstrated the potential of this structure by 
employing chitosan and montmorrilonite (MMT) clay.95 
The resulting stratified coating produced a 52% reduction 
in pkHRR in cone calorimetry testing at a flux of 35 kW/
m2. The use of MMT-based coatings was also evaluated in 
a large scale test with promising results.96 The influence 
of different platelet sizes has been investigated, highlight-
ing how high aspect ratio particles can achieve the best FR 
performance due to the increased probability of particle 

overlapping even when few bilayers are deposited.97,98 This 
is clearly shown in a study where a direct comparison 
between MMT and the larger diameter vermiculite (VMT) 
has been performed, with the latter performing best, even 
with only 1 or 2 deposited BL.97 Within this context, the 
use of graphene-related materials such as graphene oxide 
nanoplatelets (GO) produced interesting results.99,100 In 
particular, the use of GO in combination with either CS or 
poly(diallyldimethylammonium chloride) (PDAC) has been 
shown to influence the release of volatiles to the point of 
reaching a non-igniting behavior during cone calorimetry 
tests (35 kW/m2).101,102 The 6 BL PDAC/GO coatings assem-
bled in the presence of a phosphate salt, as an ionic strength 
modifier, exhibit heat-shielding characteristics close to 
inorganic silica aerogels during flame penetration tests.102 
Recently, MXenes have also been employed with interest-
ing results.103–105

Coatings containing only organic polyelectrolytes have 
also been developed for foam by targeting either a char 
forming or an intumescent behavior.106,107 Char form-
ing LbL coatings have been shown to produce substantial 
FR properties at the expense of a relatively high number 
of deposited layers (10 BL or 5 QL) when compared with 
nanoparticle-based coatings. Interestingly, the deposition 
of intumescent-like formulations was found insufficient to 
confer FR characteristics to PUF.108,109 This phenomenon 
has been related to the early collapsing of the foam struc-
ture and its impact on preventing the proper intumescent 
expansion to occur.110 A workaround for this problem is the 
deposition of hybrid coatings encompassing a stacked con-
figuration, where an intumescent system is deposited on top 
of a nanoparticle containing assembly. Self-extinguishing 
behavior in HFST and substantial reductions in heat release 
rates by cone calorimetry can be achieved with systems 
encompassing either CS/APP or CS/PhA supported by a 
MMT-rich layer.111

By evaluating the literature on PUF it is possible to 
understand how the research efforts have been primarily 
directed towards the development of LbL formulations 
capable of meeting certain FR properties. Particular atten-
tion has been paid to reducing the number of deposition 
steps required for the coating to be effective. There is, 
however, a limited amount of information on the durabil-
ity of the deposited coating, where multiple compression 
cycles and/or wear/abrasion processes occur. A few studies 
highlight how an LbL coating cracks but does not detach 
from the surface of PUF upon multiple deformations when 
a proper adhesion between the substrate and the coating is 
achieved.112,113 Despite being cracked, the deposited coating 
remains flame retardant. Within this context, the plasticiz-
ing effect of water must be considered. It has been indeed 
demonstrated that damaged LbL coatings might display 
self-healing characteristics when exposed to a high humid-
ity environment with subsequent recovery of functional 
properties.114 Self-healing is certainly dependent on the 
LbL formulation employed and thus should be evaluated 
systematically for each coating composition.
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14.2.2.3 � Other Substrates
The excellent FR results achieved on textiles and poly-
urethane foam led to the use of FR LbL coatings on many 
other substrates. While the number of published papers is 
not enough to justify a dedicated sub-chapter, it is certainly 
worth highlighting some of the most interesting papers. In 
regard to polymer cellular solids, LbL assemblies have been 
deposited on open cell melamine and silicone foams as well 
as closed cell PET foam.115–117 This latter work demon-
strated that LbL coatings can be effective on cellular solids 
even if they are not able to penetrate the internal pores. A 4 
QL of an intumescent system encompassing PDAC, PAA, 
and APP self-extinguishes the flame in HFST and achieves 
a 25% reduction in pkHRR during cone calorimetry at a 
flux of 35 kW/m2.117 Cellulose-based materials such as 
paper, cellulose fiber networks, and nanocellulose aerogels 
have also been coated by LbL formulations derived from 
those already employed on natural textiles.118–120 Of particu-
lar interest is the approach employed for the production of 
FR paper, where the cellulose fibers are LbL-coated before 
being assembled in the final material.118 Paper sheets achiev-
ing self-extinguishing behavior in HFST were produced 
with fibers coated with 3.5 BL of a PEI/PSP assembly.121

Wet-stable and cross-linked cellulose porous materials 
made of either nanofribils or fibers were also LbL modified 
by flowing the solution/suspension through the open pores 
of the substrate in a filter-like configuration. This approach 
turned out to be extremely efficient, producing porous cel-
lulose-based materials characterized by self-extinguishing 
during HFST and very low HRR (< 100 kW/m2) in cone 
calorimeter testing at a flux of 35 kW/m2.119,120 Thin poly-
mer films (polycarbonate, polystyrene, polylactide, and 
polyamide), with thicknesses ranging from several hundred 
microns to a few millimeters, have also been LbL-coated 
in order to impart FR behavior.122–125 These film substrates 
pose the great challenge of having a highly unfavorable sur-
face to bulk ratio. As a major consequence, the thickness of 
the film has been demonstrated to play a key-role in deter-
mining whether the deposited coating can effectively exert 
an FR effect.122 Thick samples (≥ 1 mm) would require the 
deposition of a relatively high number of BL (~ 60) in order 
to achieve substantial FR properties.123,124 This problem has 
been addressed by the implementation of thickening agents 
such as salts and short chain amines in order to increase the 
amount of coating deposited per layer.125 Using this thick-
ening approach, a CS/clay assembly is capable of shield-
ing a 3.2 mm PS film from a flame torch with only 3 BL 
deposited.

14.2.3 �O utlook and Future Research Directions

In just 15 years, LbL assembly applied to the FR field has 
arisen as one of the most advanced and versatile techniques 
to impart FR properties to numerous substrates. The favor-
able processing conditions (room temperature and pres-
sure in aqueous media), and the potential of the coating 

ingredients to be either environmentally benign or even 
biologically sourced, have been the keys to this technique’s 
success. Despite the advantages of having impressive FR 
properties with an environmentally friendly approach, the 
high number of deposition steps required to achieve the 
desired behavior, as well as the production of large volumes 
of exhausted deposition baths, currently represent the main 
constraints that are holding back LbL commercialization. 
Technological and scientific advances are needed to mini-
mize the economic impact of the LbL process, which are 
currently being addressed by many research groups. The 
durability of the coating to different stresses (e.g., washing, 
aging, deformation, and abrasion) must be evaluated and 
improved. Aside from these practical considerations, it is 
worth noting how the development of LbL flame retardant 
treatments introduced the field of fire protection to a num-
ber of new chemistries. Before the “LbL era,” the properties 
of polyelectrolyte/nanoparticle complexes in terms of ther-
mal stability and flame retardancy were not known. After 
years of development, this multilayered technique has also 
inspired a secondary subfield of preformed polyelectrolyte 
complexes, which is described in Section 14.3.

14.3 � POLYELECTROLYTE COMPLEX COATINGS

A frequent criticism levied at layer-by-layer coatings is 
their very time intensive processing due to the many layers. 
Depositing a single bilayer in LbL requires at least four liq-
uid exposure steps (one for each solution and its associated 
rinse), with the possibility of a drying step either in between 
bilayers or after each rinse. Considering that most published 
coatings utilize 8–20 BL, the time and energy-intensive 
nature of the rinse and dry steps have led to research into 
alternative methods to deposit the charged networks yielded 
by LbL coatings. Further examination into the fundamental 
interactions of the charged species in LbL coatings is thus 
necessary to design improved coatings/processes.

14.3.1 �C ontrolling Polyelectrolyte 
Complexation to Deposit Coatings

Polyelectrolyte complexes (PECs) are assemblies of oppo-
sitely charged polymers (i.e., polycations and polyanions), 
whose formation is driven by primarily entropic fac-
tors.126 The individual charged polymeric species exist in 
an equilibrium with the associated complex that can be 
tuned by a variety of factors that include salinity, charge 
density (driven by pH changes), polymer molecular weight, 
and stoichiometry.127–131 Many of these parameters can be 
changed either ex situ or in situ, yielding control over how, 
when, and where a complex is formed. The first noted case 
of a PEC for flame retardancy was in 2014 when delayed 
complexation was first noticed following inadvertent mix-
ing of two solutions intended for a layer-by-layer film.132 
This initial use-case for the deposition of a single-step PEC 
was unprecedented at the time, and that work was quickly 
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built upon and has yielded a rich field of active research that 
is described here.

The first class of PEC coatings to be published are what 
we will describe herein as buffer-cured PECs, demonstrated 
schematically in Figure  14.3a.133 In order to replicate the 
material deposition of layer-by-layer assembled coatings, 
PEC coatings must begin with significantly higher solution 
concentrations. A typical LbL coating solution will contain 
≤ 1 wt% charged species, while PEC coatings often have 
upwards of 10 wt% solids content. The PEC solution content 
includes a mixture of cationic and anionic species, at least 
one of which is a weak (i.e., charge density tied to solution 
pH) polyelectrolyte. The use of literature pKas enables the 
preparation of solutions at a pH such that one of the species 
is uncharged (or at least low enough charge to prevent com-
plexation), removing the driving force for complexation and 
yielding a “soluble PEC.” After deposition on a substrate 
and drying, the PEC is then exposed to a buffer that “cures” 
the PEC, charging the uncharged species while minimally 

altering the charge state of the other species. This process 
yields a complexed film on the substrate that is resistant 
to rinsing (owing to the water-excluding PEC equilibrium).

Newer classes of PEC treatments have been developed 
more recently by delving further into methods of tun-
ing the PEC equilibrium. One such example is the use 
of a flame retardant polyelectrolyte complex coacervate 
(Figure 14.3b). Polyelectrolyte complexes exist along a con-
tinuum of states, being an insoluble complex at one end of 
the continuum (high charge density and low salinity) or a 
polymeric solution on the other end (low charge density 
and/or high salinity). The coacervate phase is a form of 
liquid-liquid phase separation at moderate charge/salinity 
that yields the formation of an elastic liquid of high (> 40 
wt%) polymer content. This liquid is amenable to bar coat-
ing and can then be deposited as a flame retardant treat-
ment on film/sheet-like substrates.134 The full potential of 
coacervate treatments has yet to be realized, but they have 
all of the characteristics to be effective FR treatments at 

FIGURE 14.3  (a) Schematic demonstrating the use of buffer curing to yield a pH-induced change in charge density between two 
uncomplexed polymers. The result is an insoluble complex that is resistant to water. (b) Schematic of the polyelectrolyte complex-
coacervate-solution continuum. At high charge density and low salinity, a solid complex precipitates from solution after mixing. 
As charge density decreases and/or salinity increases, complexation changes to a liquid-liquid phase separation (coacervation),  
ultimately yielding a soluble polyelectrolyte solution at very low charge density/very high salinity. (c) Schematic demonstrating how 
polymerization can be utilized to turn an uncomplexed polycation/monomeric anion pair into a polyelectrolyte complex by polymerizing 
the monomeric species. Heat or light can be used to initiate the polymerization reaction.
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the industrial scale with little modification of existing coat-
ing infrastructure. Another emerging class of PEC coat-
ing, shown in Figure 14.3c, makes use of polymerization to 
yield a complex in situ on the surface of a treated material. 
In this case, a polyelectrolyte is paired with an oppositely 
charged monomer in solution with a thermal initiator (e.g., 
potassium persulfate) or a photoinitiator. After deposition 
of the liquid coating, an external stimulus corresponding to 
the chosen initiator is applied to polymerize the monomeric 
component, yielding a polyelectrolyte complex film.135 
Photopolymerization is often a more energy-efficient coat-
ing method since heating is not necessary but poses the risk 
of substrate/coating degradation and incomplete polymer-
ization due to light absorption issues.

14.3.2 �U se-Cases of Polyelectrolyte Complex 
Flame-Retardant Coatings

Polyelectrolyte complex flame retardant coatings have 
found applications across a wide variety of substrates. Even 
accounting for the fact that PEC treatments have been an 
active research area for approximately half as long as layer-
by-layer assembled FR treatments, the breadth of PEC FR 
literature is significantly smaller than LbL. This is likely 
due to a greater number of constraints (e.g., high concentra-
tions, adjustable charge densities, material cost, etc.) placed 
on this type of treatment. The following subsections sum-
marize some of the seminal work on flame retardant PEC 
treatments for a variety of commonly studied substrates.

14.3.2.1 � Textiles
The earliest polyelectrolyte complex coatings were depos-
ited on textiles. As noted previously, the first serendipitous 
discovery of a “single step” coating represented a significant 
paradigm shift in the deposition of polyelectrolyte treat-
ments for fire protection.132 This first treatment mixed poly-
ethyleneimine [PEI] and poly(sodium phosphate) [PSP] and 
allowed them to complex over time on an immersed fabric 
substrate. While this time-dependent deposition saved on a 
number of processing steps, as compared to LbL deposition, 
the processing time was still considerable and generated 
a significant amount of waste because the solution as not 
reusable. Haile et al. later developed a different deposition 
system where PEI and PSP were mixed at a high pH such 
that PEI had low charge density.133 This system could then 
be complexed through a subsequent buffer curing step after 
deposition. The buffer curing step is critical to the deposi-
tion of an intumescent coating. Without it, there is no acid 
source for the intumescence process and coated/uncured 
fabric performs very poorly. The PEI/PSP PEC coating is 
self-extinguishing through an intumescent-type mechanism 
in VFST (ASTM D6413).136 Later work has adopted this 
technology for nylon-cotton fabric,137 including wash-dura-
ble chemistries,138,139 and for other natural textiles.140

More recent iterations of buffer cured PECs have made 
use of additives, to either the polymer solutions or to the 

buffers.141 On nylon-cotton fabric, it was found that the 
incorporation of a melamine deposition step prior to the ulti-
mate buffer curing of the PEC could yield self-extinguish-
ing behavior after forming melamine polyphosphate in situ 
(Figure 14.4a).137 The melamine-containing PEC coating is 
self-extinguishing in VFST (ASTM D6413) and exhibits a 
negative pyrolytic energy balance in differential scanning 
calorimetry. Importantly, the incorporation of metal ions 
affects PEC interactions and thus can enable tunable vis-
cosity, which is important for controlling weight gain and 
processability.141,142 Other studies have included inorganic 
clays in PEC-style motifs to protect high heat release tex-
tiles that lack the char-forming potential of cotton, such as 
acrylic fabric.143 In this study, Carosio et al. developed a chi-
tosan/montmorillonite treatment that formed a complexed 
gel that could be applied via blade coating. Despite not 
using LbL processing, this coating exhibited the nanobrick 
wall structure common to LbL treatments (Figure 14.4b), 
which allows the coating to act as an effective thermal bar-
rier and reduce flammability. More recent work has sought 
to increase the breadth of available chemistries (e.g., inclu-
sion of biomolecules) and incorporate multifunctionality, 
such as water repellency, to the PEC coating on fabric.144–146

14.3.2.2 � Foams
As noted throughout the discussion of layer-by-layer treat-
ments, flame retardants for polyurethane foam most often 
requires a high percentage of inorganic content to counter-
act its high heat release and tendency to form fire-spreading 
melt pools. The need for inorganic content poses a challenge 
for most PEC-based FR treatments since the single-step 
deposition requires a generally much higher concentration 
of dissolved solids. Clays and other inorganic species are 
challenging to load to 10+ wt% in solution due to their large 
size and poor stability. To date, very little published work 
exists that successfully reduces foam flammability using 
PEC treatments. Conveniently, polyphosphates have long 
been known to act as deflocculants/dispersants for a vari-
ety of inorganic particles.147 Since polyphosphates like APP 
and PSP have good utility as FR agents, it seems natural to 
pair them for improved clay loading in PEC FR treatments. 
The first work to pursue this line of reasoning made use of 
the strong ability of polyphosphates to stabilize halloysite 
to prepare clay/polyelectrolyte solutions with a very high 
clay loading.148 This clay allowed both improved fire resis-
tance by the PEC/clay system, but also counteracted the 
pure intumescent PEC’s tendency to increase the degrading 
foam’s smoke production through the sequestration mech-
anisms noted in the LbL subsection. The halloysite-filled 
PEC system reduced the pkHRR of foam by 53% (35 kW/
m2) and reduced the total smoke release (TSR) by 17% com-
pared to the unfilled PEC, although it still had a higher TSR 
than neat foam. A  similar work utilized graphene oxide 
(GO) deposited as a second step after coating the foam in 
an intumescent PEC precursor solution.149 Thermal reduc-
tion of the GO layer led to improved char yield and fire 
protection, with coated foam passing a vertical burning test 
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(TB 117–2000). The dynamic nature of PEC ionic bonding 
yielded a coating that was also found to be self-healing.

14.3.2.3 � Wood
The processing advantages of PEC coatings has been most 
pronounced and widespread in wood. As mentioned previ-
ously, wood’s complex surface yields extremely slow rates 
of diffusion and adsorption. As a result, traditional poly-
electrolyte treatments making use of LbL deposition take 
prohibitively long to deposit.150 The influence of immersion 
time on the deposition of buffer cured PECs was investi-
gated on wood and yielded self-extinguishing wood articles 
through an intumescent polyelectrolyte complex system 
(Figure  14.4c).151 It was found that the diffusion front of 
the curing buffer could carry the coating further inside the 
wood, ultimately leading to a 1 mm depth of penetration. 
Treatment time remains a challenge because of diffusion 
of polymeric species and buffer into the bulk of the wood. 
Pressure treatment with buffer cured PECs dramatically 
reduces processing time, representing an important step 
toward the commercialization of polyelectrolyte FR tech-
nologies for wood.152

A critical flaw in the deposition of buffer-cured PECs is 
their reliance on diffusion to deposit a coating. While this 
is unavoidable for the flame retardant species, diffusion of 

a buffer to cure the complex presents a time barrier that 
diminishes the potential of PECs for wood fire protection. 
Recent efforts have turned towards photopolymerization and 
coacervates to further reduce immersion steps.135,153 In the 
case of photopolymerization, a monomeric phosphate was 
paired with a cationic polymer and post-deposition photopo-
lymerization formed the complex on the surface of the wood. 
Despite the short penetration depth of the UV light, early 
studies indicate that the coated material is “sealed” by the 
polymerization of the exterior material.135,154 The photopo-
lymerized PEC treatments were more effective on plywood, 
where they exhibited a pkHRR decrease of nearly 50% (at 
a flux of 35 kW/m2). Further chemical alterations will need 
to be investigated to determine optimal treatment conditions 
for other forms of wood. Although significantly less common 
in the literature, the use of coacervates as a flame retardant 
treatment allow for truly single-step deposition of a flame 
retardant coating. A similar coacervation approach was also 
recently used to flame retard paper in a single step.134

14.3.3 �O utlook and Future Research Directions

Since their discovery a decade ago, polyelectrolyte com-
plex treatments for fire protection have rapidly matched 
the performance of layer-by-layer systems, while requiring 

FIGURE 14.4  (a) Scanning electron microscope (SEM) images of uncoated nylon-cotton, NYCO coated with a melamine-containing 
PEC, and the coated NYCO after vertical flame testing, respectively. Despite utilizing high concentrations, PEC coatings remain highly 
conformal to their substrate. (b) Cross-sectional SEM image of a chitosan/montmorillonite PEC coating on acrylic fabric. The coat-
ing self-stratifies into a layered structure after blade coating. (c) Image of a PEC-coated wood article following fire exposure. Much 
like cotton fabric, wood’s charring nature leads to a microintumescent effect with polyamine/polyphosphate PEC treatments. Part (a) 
reproduced from Ref. 137 with permission, part (b) reproduced from Ref. 143 under a creative commons license, and part (c) reproduced 
from Ref. 151 with permission.AuQ13
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significantly fewer processing steps. While many promis-
ing steps have been taken toward commercializing PECs, 
future work must seek to understand and address the lin-
gering questions/flaws associated with these treatments. 
First, the “potlife” of the deposition solutions must be 
evaluated. As noted previously, PEC deposition solutions 
are significantly (up to 10×) more concentrated than those 
used for LbL deposition. Treatments must remain effec-
tive after numerous deposition cycles to avoid waste and 
ensure economic viability of these coatings. Second, the 
field should continue investing in ultraviolet curing. The 
buffers utilized for curing PEC treatments are prone to 
fouling and generate a large amount of solution waste. 
Switching to UV-based curing approaches will avoid an 
immersion/drying step and generate less waste. Finally, 
as with LbL systems, the durability of these treatments to 
washing/weathering for textiles and wood, respectively, 
must be assessed. While the field is still young, PEC-based 
approaches hold significant promise for flame retardant 
treatments that are environmentally benign and scalable 
for widespread implementation.

14.4 � SOL-GEL COATINGS

The sol-gel process provides a wet-chemical route for the 
synthesis of either inorganic or hybrid organic–inorganic 
chemical structures.155 Very generally, hydrolysis and poly-
condensation reactions are used to prepare well controlled 
hybrid materials with a broad selection of processing routes 
and parameters.156 The sol-gel procedure had been initially 
developed for the synthesis of homogeneous and pure metal 
oxide particles.157 Throughout the years, the technique has 
been extended to the surface modification of different sub-
strates.158–160 The intrinsic fire retardant characteristics of 
sol-gel coatings have been known since the nineties, as evi-
denced by patents focusing on the production of composite 
coatings for patching/sealing of substrates.161 Sol-gel based 
FR coatings for porous materials (e.g., synthetic and natural 
woven and nonwoven fabrics, fibers etc.) were demonstrated 
in the early 2000s.162 During the past two decades, the sol-
gel technique has been widely developed in the field of FR 
coatings capable of meeting increasingly demanding fire 
safety criteria.3,163,164

14.4.1 �S ol-Gel Chemistry

In a sol-gel process a colloidal solution (“sol”) is obtained 
starting from liquid precursors. This is commonly achieved 
through hydrolysis and condensation reactions of metal 
alkoxide precursors, although a sol can be generally linked 
to a colloidal system to encompass different systems under 
the general “sol-gel” term.155 The so produced “sol” can be 
further developed into a network structure (“gel”) defined 
as non-fluid 3D network that extends through a fluid phase 
(Figure  14.5). Gels can be grouped into five classes that 
are relevant in the sol-gel synthesis of materials: colloidal, 
metal-oxane polymer, metal complex, polymer complex 

I, and polymer complex II.165 The polymer complexes are 
classified based on the type of bonding occurring between 
the polymers. The sol-gel chemistry was first reported in 
the 19th century when a gel was produced from a silicon 
alkoxide through hydrolysis and condensation reactions 
favored by atmospheric moisture.166 This general concept 
has been widely employed and investigated through years 
by exploiting, for example, acid or base catalysis in order 
to form gels with different structures. Although this hydro-
lysis and condensation chemistry, often referred as “tradi-
tional sol-gel chemistry,” presents some limitations (e.g., 
high reactivity of the precursors and phase separation when 
combining precursor with different rates of hydrolysis), it 
still represents the most widely used sol-gel approach in the 
field of materials chemistry. Here we will focus on tradi-
tional sol-gel that is also the most common employed in the 
flame retardant field.

Metal alkoxides are the most commonly employed reac-
tants for sol-gel processes. The most common examples 
involve the use of transition group metals such as Ti and 
Zr or p-block elements such as Al and Si. There are, how-
ever, many other examples of metal alkoxides produced by 
different synthesis strategies.167,168 The ionic character of 
the M-O bond and the stability of the alkoxy groups can 
influence the gel structure by affecting the relative rates 
of hydrolysis and condensation and, eventually, the degree 
of polymerization.169 On the other hand, the volatility and 
viscosity of the alkoxides might affect its suitability for a 
sol-gel process.170 Hydrolysis and condensation reactions 
represent the core of the sol-gel chemistry and are strongly 
affected by many processes parameters such as the nature 
of the R group, the water to alkoxide ratio, and the pres-
ence of a catalyst.155 This latter, in the form of either an 
acid or base catalyst, is needed for the sol-gel chemistry 
of silica because the reaction carried over at neutral pH 
is notoriously slow. During hydrolysis, the alkoxy group 
is replaced by a hydroxyl. The number of alkoxy groups 
hydrolyzed depends on the reaction conditions and the Si/
H2O ratio. The subsequent condensation step produces 
siloxane bonds (or metaloxane bonds for other elements). 
The degree of hydrolysis, which is affected by pH, has a 
direct influence on the progression of the condensation. 
Under basic conditions, hydrolysis is generally completed 
before the condensation step, whereas in acidic conditions 
condensation starts before the completion of hydrolysis. 
The former likely ends up in a colloidal gel, while the lat-
ter produces network-like gels. Besides pH, there are other 
factors controlling the structure of the gel. The presence 
of solvents in addition to water might enable or improve 
mixing (many metal alkoxides are not miscible with water) 
or interact with the metal center. The alkoxide/water ratio 
is also important as it can be tailored to control hydroly-
sis. This latter step can be directly influenced by the nature 
of the R group. In addition to the chemistry linked to gel 
formation, there are other ways to affect the outcome of a 
sol-gel process. The drying step is, for instance, capable 
of impacting the gel structure.171 Uncontrolled evaporation 
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produces a collapse of the network into a dense xerogel, 
which often shows high surface area due to the presence 
of disordered porosity. Conversely, drying under controlled 
conditions (e.g., by supercritical drying or freeze-drying) 
might preserve a large pore volume yielding aerogels or 
cryogels characterized by low densities.172–174

14.4.2 �U se-Cases of Sol-Gel Flame-
Retardant Coatings

With all the abovementioned possibilities, the use of the 
sol-gel approach in the FR field has been widely stud-
ied for almost 20  years. Although conformal coatings 
represent the majority of the published papers, the use 
of sol-gel has been also extended to the synthesis of 
new chemicals or surface modification of particles used 
for bulk inclusion in polymers.163As far as FR coatings 
are concerned, the first attempts were performed using 
a traditional sol-gel chemistry (conventional approach). 
Additives have been included within the formed gel (use 
of dopants) in order to improve the achieved FR proper-
ties. Recently, the synthesis of sol-gel precursors encom-
passing FR functionality has been proposed.3 Some of the 
best performing and unique sol-gel based FR solutions 
are discussed below.

14.4.2.1 � Textiles
As already noted throughout this chapter, textiles represent 
an optimal starting substrate for the evaluation of coating 
treatments aimed at FR properties. The first sol-gel treat-
ment with FR properties was attempted on regenerated 
cellulose fibers using a tetraethylorthosilicate (TEOS) 
precursor.175 The treatment produced, under basic condi-
tions, an improved thermal-oxidative stability of the fibers. 
Subsequently, the influence of different TEOS/water ratios 
on the FR properties of coatings deposited on cotton, PET, 
and their blends was evaluated.176 While the treatment had 
limited influence on PET fabric, PET-rich blends displayed 
a remarkable increase in TTI (up to +93%) and a reduc-
tion in pkHRR (−34%) in cone calorimetry (at a flux of 35 
kW/m2). Further studies performed on cotton evaluated the 
influence of different alkoxysilane or metal-alkoxide pre-
cursors, highlighting how TEOS-based sol-gel coatings can 
achieve the best FR performance in terms of TTI increase 
and pkHRR and THR reductions.177 Interestingly, despite 
the limited reduction in pkHRR when using tetraethylortho-
titanate or tetraethylortho-zirconate, and the increase in 
pkHRR achieved with aluminum isopropylate, a reduction 
in specific extinction area (i.e., the optical density of smoke 
per unit mass) and TSR values was observed for all different 
metal-alkoxide precursors. This result has been ascribed to 

a) Substrate Coated
Substrate

= Si(OR)4

b)

c)
i) ii)

FIGURE 14.5  (a) Schematic of the deposition process for sol-gel coatings. (b) Chemical scheme for the hydrolysis/condensation pro-
cess that yields a siloxane network. (c) Photos of sol-gel coated wood after single burning item testing, reproduced from Ref. 201 with 
permission.
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the increased water content of the treated fabric as well as 
the barrier effect exerted by the metal-oxide coating. These 
preliminary works clearly demonstrated the potential of the 
sol-gel approach and inspired further developments.

A straightforward way to improve FR properties is rep-
resented by the inclusion of FR components within the sol-
gel network. The use of phosphorus-based molecules such 
as ethyl dichlorophosphate or phosphorus acid in a TEOS-
based sol-gel process on cotton fabric has been shown to 
reduce flammability. In particular, the presence of phos-
phoric acid was found to grant a self-extinguishing behav-
ior during flame tests (TS 5569 EN ISO 6941) with a partial 
durability to ten washing cycles.178 Similar results were also 
achieved on polyacrylonitrile fabric.179 Commercially avail-
able P-based FR formulations and nanoparticles have also 
been investigated by Alongi and coworkers.180 AP Exolit® 
OP1230 (aluminum phosphinate), APMP Exolit® OP1312 
(aluminum phosphinate 63.5% by mass, melamine poly-
phosphate 32% by mass, and zinc and boron oxide 4.5% 
by mass), and α-Zirconium dihydrogen phosphate were 
included within a sol-gel process exploiting tetramethyl 
orthosilicate (TMOS) as silica precursor. Cotton fabric 
treated with doped sol-gel coatings required multiple flame 
applications to achieve ignition. In addition, the inclusion 
of AP Exolit® OP1230 within a silica network considerably 
limited the removal of the FR during washing, thus result-
ing in a semi-durable treatment. Similar properties where 
achieved with the use of γ-aminopropyltriethoxysilane 
(APTES) in combination with diethylphosphite.181 Bio-
sourced FR such as phytic acid have also been included in 
sol gel processes.35,182,183 When deposited on silk in combi-
nation with TEOS, the presence of phytic acid imparts self-
extinguishing behavior in vertical flame testing (ASTM 
D6413–2008).182 The use of different coupling agents to 
increase hydrophobicity of the coating imparted wash 
durability.

The combination of phosphorus-based and nitrogen-
based compounds has also been attempted.184,185 For 
example, the use of (3-aminopropyl) triethoxysilane doped 
with phytic acid sol-gel coatings has been shown to confer 
remarkable FR properties on cotton by achieving a self-
extinguishing behavior during flammability tests (ASTM 
D6413–2008) and LOI values as high as 28.5%.185 A post-
treatment with n-dodecyltrimethoxysilane further endowed 
the fabric with hydrophobic properties without affecting the 
FR efficiency. Similar results have been achieved by com-
bining TEOS, hydroxyl-terminated polydimethylsiloxane, 
and APP on cotton.186 Besides Si, other metal alkoxides 
have been evaluated.187 For example, titanium (IV) butox-
ide and boric acid (employed with different molar ratios) 
have been deposited on cotton by a pad/dry/cure process, 
achieving self-extinguishing behavior during vertical flame 
tests. In addition, this titania-based coating also produced 
an increase in hydrophobicity that was not sufficient to 
impart washing durability. Although the use of doping 
agents has been demonstrated to improve the FR properties 
of the treated fabric, this approach might suffer from a poor 

compatibility of the doping agent with the adopted sol-gel 
chemistry. In order to address this problem, recent research 
has been focused on the modification of the siloxane precur-
sor.188–190 An early study compared the FR performance of 
a hybrid precursor with those achievable with a traditional 
organophosphate. Only the latter solution was capable of 
self-extinguishing the flame during vertical flammability 
tests (DIN 53906).188 Notwithstanding this, the use of a 
hybrid precursor allowed for a formaldehyde-free process 
and improved hydrophobicity thus showing the potential 
for the synthesis of new sol-gel precursors with specific FR 
functionalization.191

More recent work has employed a di-(triethoxysilylpropyl) 
phenylphosphamide hybrid precursor that produces a self-
extinguishing behavior on cotton after prolonged impreg-
nation times. Similar results have been achieved with a 
2,2-dimethyl-1,3-propanediol-(3′-triethoxysilanepropyl) 
phosphoramidate precursor that also produces an increase 
in LOI (up to 30.1%). Surprisingly, the same treatment pro-
duces detrimental results in cone calorimetry (i.e., increased 
pkHRR and TSR values).189 Conventional FR chemicals 
have been also modified in order to be exploited in sol-gel 
chemistry. A 9,10-dihydro-9-oxa-10-phosphaphenanthrene-
10-oxide-modified vinyl trialkoxysilane (DOPO-VTS) 
has been synthetized and combined with TEOS on PA 6 
fibers.192 There is a synergistic FR effect in the condensed 
phased resulting in the complete suppression of the melt 
dripping.

With the FR ability of hybrid sol-gel precursors demon-
strated, the next step has been related to the combination 
of multiple precursors to target multifunctional coatings. 
For example, 1H,1H,2H,2H-perfluorooctyltriethoxysilane 
and P,P-diphenyl-N-(3-(trimethoxysilyl)propyl) phosphinic 
amide have been combined on cotton fabric in order to 
achieve an FR coating with superhydrophobicity and high 
oleophobicity, as well as passive antibacterial activity.193 
The use of ionic liquids in combination with sol-gel has also 
been proposed.187 The 1-methylimidazolium chloride prop-
yltriethoxysilane and pyridinium chloride propyltriethoxysi-
lane were applied to cotton, followed by a subsequent anion 
exchange step by dipping the coated fabric in solutions con-
taining hexafluorophosphoric acid, bis(trifluoromethane)
sulfonimide lithium, sodium tetrafluoroborate, or sodium 
acetate. Of all the different counterions evaluated, the 
hexafluorophosphoric acid was found to provide the opti-
mal FR properties. P,P-diphenyl-N-(3-(trithoxysilyl)pro-
pyl) phospinic amide and the hydrophobic finishing agent 
polydimethylsiloxane were combined on cotton.194 The so 
treated fabrics achieved a self-extinguishing behavior dur-
ing vertical flame testing (GB/T 5455–1997), while also 
displaying superhydrophobic, self-cleaning, and abrasion 
resistance properties.

14.4.2.2 � Other Substrates
Following the good results achieved on textiles, the sol-
gel approach has been extended to other substrates such as 
polymeric foam and wood. An early study by Bellayer et al. 
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designed a sol-gel formulation encompassing tetraethoxysi-
lane, methyltriethoxysilane, 3-aminopropyl triethoxysilane, 
and diethyl phosphite for flexible PU foam.195 The treated 
foam self-extinguishes the flame during UL-94 tests in a 
vertical configuration. In addition, a conspicuous reduc-
tion in pkHRR (-60%) was observed in cone calorimetry 
(at a flux of 50 kW/m2). The same authors evaluated the FR 
mechanism behind the achieved results, revealing a con-
densed phase effect involving an intumescing layer, com-
prising SiO2 and Si-O-P networks, as well as a gas phase 
effect related to the release of diethyl phosphite as a free 
radical scavenger.196 Shi et al. exploited TEOS in combina-
tion with a polyacrylate resin in order to deposit a protective 
coating filled with silica nanoparticles on the surface of a 
melamine-formaldehyde foam. The presence of the coating 
further improved upon the already good FR properties of 
the uncoated foam, as demonstrated by an increase of the 
LOI (up to 43.7%).197

Recently, a sol-gel approach combined with freeze-
drying has been employed to produce a silica aerogel to 
be exploited as either filler or surface coating for rigid PU 
foams.198 When employed as a coating, the aerogel achieves 
the best FR properties, with LOI up to 29.4%, V0 classi-
fication by UL-94, and considerably reduced pkHRR val-
ues. Similar to open cell PU foam, the sol-gel approach has 
also been exploited to coat wood substrates.199 An early 
study employed titanium(IV) isopropoxide on pine sap-
wood wood.200 The treatment penetrated inside the wood 
structure, achieving different results based on the precursor 
concentration. Within this context, it is important to note 
how the possibility to perform a sol-gel process by mixing 
different solvent might reduce the surface tension of the sol 
and thus improve wettability. The impregnated wood dis-
plays improved char forming ability and an increase in LOI 
up to 38% (as well as a decrease in the pkHRR in cone calo-
rimetry). The flammability, evaluated by UL-94 shows lim-
ited improvement with coated samples, achieving an HB 
classification while failing the test in a vertical configura-
tion. Recently, Bellayer et al. reported a sol-gel formulation 
encompassing tetraethoxysilicate, methyltriethoxysilicate, 
3-aminopropyl triethoxysilane, and diethyl phosphite that 
was either impregnated into the wood structure or depos-
ited as thick coating.201 The latter process was achieved by 
partially drying the solution in order to achieve a viscosity 
suitable for a doctor blade application. The adopted sol-gel 
formulation improved the FR properties of wood only when 
deposited as thick coating. The intumescing behavior of the 
coating also thermally insulated the underlying wood dur-
ing a small-scale furnace test (Figure 14.5c).

14.4.3 �O utlook and Future Research Directions

The sol-gel approach has been clearly demonstrated as a 
viable tool for conferring flame retardant properties to dif-
ferent substrates. The ease of design and the versatility of 
the sol-gel chemistry is a key factor in the successful devel-
opment of these kind of coatings in the FR field. The ability 

to tune the polarity of sol-gel precursors and the use of dif-
ferent solvents further allow adjusting the overall polarity 
of the sol based on the substrate choice. On the other hand, 
the need for additional solvents besides water might lead to 
waste management problems if large volumes are employed. 
Another drawback, mostly related to textiles, is represented 
by the durability of the coating to washing or abrasion. 
Although the use of different cross-linking strategies or the 
implementation of hydrophobic components might improve 
the wash-fastness of the coating, the literature shows that 
the FR efficiency of the coating is partially lost after few 
laundering cycles. A last problem to be addressed is related 
to scale-up. As discussed in the previous chapters, the best 
performing sol-gel solutions rely on the use of novel synthe-
sized precursors that will require cost-effective production 
for commercial use.

14.5 � PLASMA AND VAPOR 
BASED TREATMENTS

While layer-by-layer assembly, polyelectrolyte complex-
ation, and sol-gel coatings represent the most active areas 
for flame retardant coating research, other approaches are 
worth noting in the context of this subfield. Of particular 
note are plasma- and vapor-based treatments, which make 
use of vapor deposition and/or plasma assisted polymer-
ization to deposit or graft a flame retardant treatment to 
a substrate.2,202,203 These approaches not only yield highly 
conformal coatings but also modify the surface of the 
substrate to covalently attach the polymerized monomers 
onto the surface. A  chief advantage of this technique is 
the installation of the FR agent through a covalent bond. 
Covalent attachment generally yields treatments which are 
more durable to washing, which is especially important for 
textile finishes.

Plasma, the so-called fourth state of matter, is a quasi-
neutral gas with a high degree of free ionic and radical 
species. Exposure of gaseous monomers to a plasma envi-
ronment can lead to polymerization, yielding networked 
polymers of irregular topology due to the incidence of 
molecular rearrangement in the plasma environment.204 The 
plasma can cause radical propagation in the gas state as well 
as on the surface of a material through adsorption and subse-
quent reaction of “activated” species. After decades of study, 
this once-challenging state of matter has been made signifi-
cantly more available to researchers and industry through 
the advent of atmospheric plasmas.205,206 The network- 
forming and surface-grafting tendencies of plasma polymer-
ization are conceptually appealing because of the durability 
of networks to dissolution, which can impart wash resistance.

Plasma-driven polymerization for flame protection has 
been studied for many decades, with the earliest work 
polymerizing polysiloxanes onto the surface of polyacry-
lonitrile and polyamides.207–209 The plasma process is espe-
cially amenable to utilizing mixed or sequential treatments 
of gases to deposit a coating. The modularity of the plasma 
treatment process has been used to deposit multifunctional 
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FIGURE 14.6  (a) Schematic of the activation of surface functional groups from a plasma treatment, followed by the surface-initiated 
polymerization after exposure to a generic acrylate monomer. Most radically-polymerizable groups can be substituted for or incor-
porated with the acrylate shown. (b) Electron microscopy along with (c) energy dispersive spectroscopy (EDS) of phosphate-acrylate 
coated polyester fibers. The coating is clearly highly conformal to the fibers along with a uniform distribution of constituent elements 
along the fibers. Parts (b) and (c) reproduced from Ref. 216 with permission.

(typically flame retardant and hydrophobic) treatments 
through either the use of two monomers (e.g., a phospho-
nated acrylate and a fluorinated acrylate, see Figure 14.6a) 
or through sequential treatment by a flame retardant mono-
mer followed by SF6 to add a water-repellant layer.210,211 
Plasma treatment has also been used historically to improve 
the adhesion of nanoparticles, such as clays or vapor-depos-
ited carbon to textile fibers, that improve coating durabil-
ity.212–214 Recently, efforts have been made to afford the 
ability for plasma treatments for textile processing, offering 
hope for widespread adoption of these technologies.205

Plasma-assisted treatments have continued to be an 
active research area in recent years. An especially useful 
development has been the unique crosslinking network 
topologies. Recent work in plasma coatings has focused on 
multiplexing the capabilities of UV curing for rapid coating 
deposition along with plasma activation for covalent surface 
grafting by the photopolymerized species. This motif has 
led to wash-durable treatments for cotton and pure polyes-
ter fabric (Figure  14.6b,c).215,216 Success in these research 
efforts could lead to more overlap between plasma treat-
ments and other popular forms of flame retardant coating 
research (e.g., LbL, PEC, sol-gel, etc.) to improve durability. 
Plasma treatments have to this point focused primarily on 
textile treatment, owing to the volume of that market and 
the relative ease of implementation on commercially rele-
vant scales. There have been promising results with plasma 
treatments on polyurethane foams,217 but more work needs 
to be done to make this technology viable for commercial 
production.

An important advantage of plasma treatments, as com-
pared to the other techniques discussed in this chapter, is 
that the gaseous nature of the polymerized species removes 
the need for any immersions of the substrate. By eliminating 

solution immersion steps, coating processes can be faster 
and avoid time and energy intensive rinsing and drying 
steps. As plasma treatment technologies become cheaper 
and more widespread, they will continue to represent an 
important segment of FR-application technologies. Future 
research to develop multifunctional (e.g., antimicrobial/
FR or hydrophobic/FR) treatments from the same mono-
mer feedstock will further improve the utility of plasma 
treatments. Considerable work remains to be done for non- 
textile substrates. Foam and wood in particular could 
achieve significant improvements in fire safety, albeit while 
facing scaling issues owing to how plasmas are formed.

14.6 � CONCLUSIONS

In this chapter we have described the most active current 
research areas in conformal flame retardant treatments: 
layer-by-layer assembly, polyelectrolyte complexation, sol-
gel coatings, and plasma treatments. Layer-by-layer and 
polyelectrolyte complex treatments are the most active 
research areas in this subfield of fire protection currently, 
owing to their modularity, advantageous environmental 
profile, and high efficacy on a variety of substrates. Each 
of the described methodologies have significant hurdles to 
overcome prior to widespread commercialization and use. 
A  chief concern for most of the described techniques is 
durability to laundering and weathering. Furthermore, the 
environmental ramifications of both the materials used and 
the process of deposition must be carefully considered if 
the global effort towards a circular economy is to be real-
ized. Continued research and investment in these technolo-
gies promises to yield highly effective and environmentally 
benign fire protection for nearly any flammable material 
encountered in everyday life.
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