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Abstract: Over the past decade, inorganic fillers and sol-gel-based flame-retardant technologies
for textile treatments have gained increasing research interest as useful alternatives to hazardous
chemicals previously employed in textile coating and finishing. This review presents the current
state of the art of inorganic flame-retardant technology for cotton fabrics to scientists and researchers.
Combustion mechanism and flammability, as well as the thermal behavior of neat cotton samples,
are first introduced. The main section is focused on assessing the effect of inorganic and sol-gel-
based systems on the final flame-retardant properties of cotton fabrics, emphasizing their fire safety
characteristics. When compared to organic flame-retardant solutions, inorganic functional fillers
have been shown to be more environmentally friendly and pollution-free since they do not emit
compounds that are hazardous to ecosystems and humans when burned. Finally, some perspectives
and recent advanced research addressing the potential synergism derived from the use of inorganic
flame retardants with other environmentally suitable molecules toward a sustainable flame-retardant
technological approach are reviewed.

Keywords: inorganic flame retardants; sol-gel technology; nanoclays; functional nanofillers;
functional coatings; cotton fabrics

1. Introduction

In the last decades, continuous improvements in people’s living standards, together
with environmental problems and population growth, have generated a demand for ad-
vanced materials, thus resulting in ever-accelerating scientific progress and research. In
this regard, a special place is covered by textiles, which are present in everyday human
life, not only for conventional clothes and accessories, but also as decoration and comfort
elements in homes, and public and private buildings, as components in transportation,
and as structural elements for buildings. As a matter of fact, besides the conventional
textiles sector, more complex fabric manufacturing is growing, aiming to a high level of
product innovation and cutting-edge process technologies, continuously searching for
specific textiles aesthetics and high-quality characteristics, as well as new functionalities
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(i.e., resulting from hybrid material additives capable of providing protection, comfort, and
performance to the final textile products). At this stage, it appears very clear that textile
fabrics must be treated not only as artistic surfaces for fashion but as materials between
the wearers and the surroundings for all intents and purposes, with their tunable intrinsic
structures and performances.

Today, the so-called technical textiles, designed for their functional properties rather
than their aesthetic features, have become a revolutionary product category, providing the
foundation for an entirely new variety of applications [1]. They can be utilized for various
industrial sectors, also thanks to the possibility of introducing many functionalizations
during the finishing step, such as water-repellent, antibacterial, or flame-retardant proper-
ties, among others [1,2]. Keeping an eye on nature and human health protection, stringent
environmental restrictions and greater interest in natural resource usage have recently led
to an increasing trend toward the exploitation of natural fibers in technological applications
as eco-friendly options to synthetic counterparts [3].

Among others, cotton fabric represents one of the most widely employed natural fibers
in the textile industry. Indeed, the average global production of cotton fibers reached about
25 million tonnes during recent years, representing 28% of all fibers” global production [4].
Cotton fiber structure consists of a polysaccharide component of 3-d-glucopyranose units
linked together by 3-1,4 bonds (Figure 1); non-reducing and reducing sugar units stabi-
lize the end terminal of cellulose polymer chains [5]. Chemical modifications and fiber
behavior are mainly attributable to the -OH groups on positions C-2, C-3, and C-6 of the
D-glucopyranosyl units [5,6].

OH

—4n

Figure 1. Cellulose structure with carbon atoms numbering. Numbers (1 and 4) were used in the text
to explain the link between monomers (Cotfon fiber structure consists of a polysaccharide component of
B-d-glucopyranose units linked together by B-1,4 bonds).

Due to these superior characteristics (i.e., fast moisture absorption, mechanical prop-
erties, breathability, softness, comfort, biodegradability, and good thermal conductivity),
cotton is used extensively in clothing, bedding, furniture, and wall hangings, as well as
in apparel manufacturing, home furnishings, medical textiles, and other industrial prod-
ucts [7]. Moreover, cotton-based textiles have been used as protective clothing for workers
and, more generally, as uniforms employed in workplaces where there is a chance of
accidental contact with flames [8]. However, its disadvantage is represented by the easy
ignition and aptitude to burn in the air (its limiting oxygen index, LOI, is around 18%) [9] as
well as the quick flammability propensity, which have restricted its application in particular
fields requiring textiles with enhanced flame retardancy [10]. As a significant component in
a range of everyday textiles, most of the research efforts have been addressed to investigate
the flammability of cotton fabrics [11].

Currently, the research on flame-retardant treatments for fabrics has become a neces-
sary pathway, and many countries have created relevant testing standards and legislation to
standardize the market [12]. As reported in the scientific literature [13], the estimated costs
from fire losses are approximately 1% of the global gross domestic product. Only in the
United States, home fires are the most frequent type of fire accidents [14]: the single most
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significant cause of civilian deaths refers to home fires (about 24%), due to the presence of
residential upholstered furniture, with a yearly estimated average of 8900 fires, 610 deaths,
and 1120 injuries, resulting in $566 million in direct damage [15]. Furthermore, the annual
United Kingdom fire statistics demonstrate that most of the fire accidents that occur in
houses involve upholstering furniture, bedding, and nightwear [16]. According to statistics
from the International Association of Fire and Rescue Services [17], in the period 20162020,
several fires involving textiles as a major fuel element have driven the research toward the
development of new fire precautionary and preventative procedures.

The most common flame-retardant (hereafter, FR) finishes for cotton fabrics were
developed from 1950 to 1980, and were based on halogen derivatives, phosphorous, and/or
nitrogen [18]. In particular, during the combustion of halogen-containing flame-retardant
fabrics, toxic gases, such as hydrogen halide, are produced, causing harm to human health
and environmental pollution. Because of these concerns, halogenated finishes have been
rigorously restricted in textile finishing [19].

In this regard, the development of flame-retardant textile finishing able to provide
self-extinguishing properties and delay or inhibit the flame spread is relevant. Accordingly,
the flame-retardant effect is attained when at least one or more factors among fuel, heat,
and oxygen are reduced or eliminated, thus further enhancing the thermal stability of
the polymer fabric and quenching the formed high-energy free radicals. Generally, flame-
retardant mechanisms involve chemical, physical processes, or a combination of both.

Mainly, the action mechanism of flame retardants can be traced back as follows [20]:
a. Gas phase. FRs following this mechanism act by diluting the gas phase and/or

by chemical quenching of active radicals. The former effect is based on releasing
non-combustible gases (e.g., H,O and CO,) that can dilute the oxygen or the fuel
concentrations by lowering them under the flammability limit. Metal hydroxides
and carbonates are generally believed to follow this mode of action due to their
endothermic thermal decomposition and production of non-combustible gases. On
the other side, because of the occurrence of radical reactions during combustion, the
flame retardants decompose in radical species able to quench the high-energy free
radicals formed during cellulose combustion (e.g., He and #OH) by decreasing the
burning rate of the combustible materials and, finally, interrupting the exothermic
reactions of the combustion. However, the mechanism in the gas phase may be
slightly different, depending on the used chemicals [21];

b.  Condensed phase. The thermal cracking reaction process of cellulose can be modified
by flame retardants. Indeed, many reactions (e.g., dehydration, condensation, cross-
linking, and cyclization) take place at lower temperatures by producing coherent
carbon layers on the fabric surface, thus lowering both the evolution of combustible
gases and the decomposition rate of the fabric. For more in detail, the depolymeriza-
tion of fiber materials is observable under the action of the flame retardant, as well as
a decrease in the melting temperature that leads to a higher temperature difference
between the melting and ignition point [22]. According to the chemical structure of
the employed FR, an intumescent effect can also be observable. Moreover, a certain
amount of heat is absorbed by interrupting the feedback of the heat to the fibers and,
finally, the combustion process. Inorganic finishes containing phosphorus, boron,
sol-gel precursors, nanoclay, and metal-based finishes, as well as carbon nanotubes
and graphene, are believed to follow this mode of action.

However, combustion is a complex process, and the action of flame retardants may
occur across both gas and condensed phases or in just one of the two. Indeed, syner-
gistic flame-retardant actions can be obtained by combining different mechanisms that,
conversely, are barely assignable to a single flame-retardant system [23].

As an alternative to most common FR treatments, whose flame-retardant mechanism
mainly occurs in the gas phase, formulations acting in the condensed phase and containing
nitrogen and phosphorus have been developed, promoting the formation of a char during
thermal degradation, which provides an insulating layer to the underlying polymer. Indeed,
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organophosphate flame retardants containing synergistically active nitrogen may be more
effective than pure phosphate flame retardants. According to [24], in systems based on
the P-N synergism, the phosphoric acid undergoes the nucleophilic attack of the nitrogen,
resulting in the formation of P-N bonded polymers. This bond is more polar than the
already present P-O bonds, and the improved electrophilicity of the phosphorus atom
boosts its capacity to phosphorylate the C(6) primary hydroxyl group of cellulose [25].
This, in turn, prevents the intramolecular C(6)-C(1) rearrangement process that produces
levoglucosan. At the same time, the char formation derived by the action of the same flame
retardants is promoted and consolidated by the auto-cross-linking of cellulose. Although
several research works on P-N synergy in cotton have been published, to the best of
our knowledge, only qualitative observations of this phenomenon are often discussed.
Lewin [26] and Horrocks [27] have shown that the actual synergy between two species
(i.e., phosphorus and nitrogen) can only be determined by calculating synergy parameters,
according to which the effects of these two species may be additive or even antagonistic.

In this scenario, among others, organophosphorus compounds, such as tetrakis (hy-
droxymethyl) phosphonium chloride (THPC), hydroxyl functional organophosphorus
oligomer (HFPO), as well as N-alkyl-substituted phosphono-propionamide derivatives,
have been largely used on the market, dramatically increasing the number of applications
for cellulose-based flame-retardant textiles [8,28].

A common FR process for cotton fabrics exhibiting washing fastness is provided by
Proban® (Rhodia, La Défense, France), consisting of tetrakis-hydroxymethyl-phosphonium
chloride (THPC) cross-linked with gaseous ammonia. The durability of this FR is explained
by its resistance on textiles even after 70 washing cycles performed at temperatures beyond
70 °C in contrast with some drawbacks such as the formaldehyde release and the stiffness
of treated fabrics. On the other side, Pyrovatex® (Huntsman, Woodlands, TX, USA), based
on dimethyl-N-dydroxymethylcarbamoyl-ethylphosphonate, is another commercial FR
with slightly lower durability than Proban® (Rhodia). This FR treatment is based on the
acid-catalyzed N-methylol moiety chemical bonding of phosphorous-based compounds to
cotton surfaces, but it has the problem of formaldehyde release both during the process
and the use of the treated fabrics.

However, all these finishes need high loading of chemicals on the textile surface,
requiring more synthetic substances in the treatments [29], which can alter the physical
qualities and “hand” (i.e., soft touch) of the treated textiles. Moreover, according to recent
research, some phosphorus-containing substances emit much smoke, may be toxic or
potentially mutagenic, or pose other risks to the environment and human health [30].
Furthermore, as previously stated, most of them have an adverse environmental profile for
producing free formaldehyde during application or use due to active hydroxymethyl units
in their chemical structure [23].

The need to replace the above-mentioned fire-retardant finishes with eco-friendly,
halogen- and formaldehyde-free formulations is an environmental progression according
to the European directives and REACH regulation [31,32]. Moreover, internationally active
private programs, such as Bluesign, Global Organic Textile Standard (GOTS), and Zero
Discharge of Hazardous Chemicals (ZDHC), and major textile trading companies have
defined guidelines limiting hazardous substances, which are usually even more restrictive
than the government laws [33]. The design of alternative FRs to the conventional ones
that are often banned due to their health and environmental concerns must fulfill several
characteristics, including ease of application, maintenance of the main textile properties
(e.g., comfort, appearance, aesthetics, tensile properties, and air permeability), durability,
relatively low cost/performance value, no release of toxic substances (e.g., formaldehyde),
no toxicity, and low environmental impact during application or use. Furthermore, innova-
tive approaches focus not only on the selection of non-hazardous molecules but also on
processes and methods exhibiting low environmental impact [16].

Recent advances in flame-retardant strategies have proposed the treatment of cotton
textiles with insulating inorganic materials to mimic the formation of a char layer onto
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cellulose-based fabrics due to the presence of finishes containing zinc sulfide or oxide [19],
Lewis acids, and aluminum sulphate, among others. Compared with organic counter-
parts, inorganic flame retardants are relatively green and pollution-free because they do
not generate harmful chemicals to ecosystems and humans when they are burnt [34]. At
low temperatures, they work by reducing the decomposition temperature by dehydra-
tion, decarboxylation, gradual depolymerization, and recombination of the breakdown
products to form carbonaceous char. This prevents reactions that occur at high tempera-
tures through the breakdown of the macromolecule by intramolecular transglycosylation
to anhydroglucose units and their subsequent degradation to lower molecular weight
flammable volatiles.

Following this overview of FR conventional solutions, this review aims to discuss
the recent developments in the inorganic flame retardation of cotton fabrics. Accord-
ing to Ling et al. [23], several classifications are available for flame retardants: among
them, the one based on the chemical element is often exploited. Furthermore, taking into
consideration other relevant aspects, such as sustainability and performance, the flame
retardants discussed in this review have been classified as follows: inorganic FRs (includ-
ing phosphorous- or boron-based), sol-gel-derived FRs, and inorganic FR nanoparticles
(including nanoclays, carbon nanotubes, graphene, and metal-based structures). First of
all, a special emphasis is placed on the flammability and thermal behavior of untreated
cotton fabrics with the aim of providing a detailed overview of the finishing processes,
their optimization, and the related mechanism to researchers interested in the study of
the influence of sol-gel- and inorganic-based flame-retardant finishes and coatings on
cellulose-based textiles. Then, the comprehensive properties of inorganic sol-gel precursors
and fillers as flame-retardant coatings and finishes for cotton are presented. Finally, an
outline of the mentioned flame-retardant methods and materials, together with future
challenges toward sustainability, is provided.

2. Mechanism of Cotton Combustion

As a cellulose-based polymer, the combustion of cotton is an exothermic oxidation
process that takes place upon heating, consuming flammable gases, liquids, and solid
residues produced during the pyrolysis of the textile material, thus generating heat. The
process is considered to involve mainly four stages: heating, pyrolysis, ignition, and
flame spread. During the heating step, the temperature of the cotton is raised by external
ignition to a level that depends on the intensity of the ignition source and the thermal
properties of the textile. When cellulose is heated at temperatures not exceeding 150 °C,
water desorption occurs.

Once the cellulosic material exceeds 250 °C, pyrolysis occurs as an endothermic
process [35,36], resulting in the irreversible polymer decomposition by producing tar (of
which levoglucosan is the main component), flammable gases (methane, ethane, and carbon
monoxide), non-flammable gases (carbon dioxide and formaldehyde), other by-products
(water, alcohols, organic acids, aldehydes, and ketones), and char. If the combustion process
generates sufficient heat, the heat is further transferred to the textile substrate, further
accelerating the degradation processes and leading to a “self-sustaining” combustion cycle
(Figure 2). The thermal decomposition of cotton fabrics generates approximately 51% water
and gases, 47% tar, and 2% char [37].

More specifically, the depolymerization of cellulose can be mainly divided into three

stages as a function of the temperature range:
- afirst stage (between 300 and 400 °C), corresponding to the pyrolysis that takes place

through two competing decomposition reactions: dehydration and depolymeriza-
tion [38]. The former produces anhydro-cellulose (dehydro-cellulose), which further
decomposes at higher temperatures and produces various volatile products such as
alcohols, alkanes, aldehydes, fuel gases, carbon monoxide, methane, ethylene, and
non-flammable gases (carbon dioxide and water vapor), and an aliphatic char (char
I). Otherwise, depolymerization by breaking of glycosidic linkages results in the for-



Inorganics 2023, 11, 306 6 of 55

mation of tar (condensed phase), which is mostly composed of levoglucosan and
glycolaldehyde (hydrogen acetaldehyde);

- asecond stage (between 400 and 600 °C), corresponding to the competitive conversion
of aliphatic char to aromatic and char oxidation [38]. In this stage, tar is further
decomposed into small volatile flammable molecules and aromatic char (char II, stable
up to 800 °C), while volatile compounds from Stage 1 are also oxidized to produce
similar oxidized char and aromatic molecules;

- athird stage (between 600 and 800 °C), corresponding to the further char decomposi-
tion to acetylene, CO, and CO, (beyond 800 °C), as well as other cellulose pyrolytic
products [39-42].

Stage 1 Stage 2 Stage 3
(300-400°C) . | (400-600°C) (600-800°C)

e IE Flammable
" ° LTI N :
Ko d ) Gases ! :
) L Dehydration 1 Oxidated

on
Non Flammable
Water Anhydro-cellulose char
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1 CO,

B " Char | (aliphatic) == ga

W o W \K\ >1 ]

el { } H ° Dy e ] Hzo
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Figure 2. Schematic process of thermal degradation of cellulose.

The heating rate has been proven to influence the concentration of fuel products during
the overall combustion steps: in particular, low heating rates promote dehydration and
subsequent char formation, whereas high heating rates lead to depolymerization and fast
volatilization by forming levoglucosan (whose yield can be reduced by dehydration, thus
resulting in the formation of fewer volatile species), as well as higher gaseous flammable
products. The formed char acts as an insulating layer on the surface of the cellulosic material,
reducing the heat transfer, and as a diffusion barrier for combustible gases. Moreover,
the level of material protection is strictly affected by its structure: a char, featuring an
open channel structure, promotes the transfer of combustible gases to the flame, while a
char with a closed structure hinders volatile species to reach the flame. Furthermore, the
formation of char leads to condensed water that dilutes the flammable gases [17].

Generally, neat cellulose fibers lead to the formation of around 13% char, an amount
that can be significantly enhanced by using FRs, thus reaching 30-60% [43]. Moreover, the
presence of FRs on textile surfaces slows down the combustion due to the low heat involved,
which is required to maintain pyrolysis. As a result of the highly flammable nature of
cellulose-based materials, as a consequence of their chemical composition, a fire-hindering
mechanism integrated into textiles is needed to decrease or eliminate possible fire dangers.

3. Flame Retardancy of Cotton Fabrics

Among the wide panorama of textile fibers, most of them are highly flammable, mak-
ing exceptions only for protein fibers (e.g., wool and silk) and leather. Therefore, the term
“combustible fibers” is intended to include readily and freely combustible fibers commonly
found on the market, which are stored in relatively large quantities and pose a considerable
fire hazard when stored. The leading causes of fires can be ascribed to faulty electrical equip-
ment, friction between fibers, presence of foreign materials in the stored fibers (e.g., metals),
fiber fermentation in the presence of high humidity that raises the temperature, possible
spontaneous heating (oxidation reactions occur), as well as smoking [44].
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Different fibers have varying flammability levels depending on their chemical composition
and structure. Table 1 shows the thermal properties in terms of glass transition (Tg), melting
temperature (Tr,), degradation or pyrolysis temperature (Tq4 or Tp), and ignition combustion
(T¢) values, as well as the limiting oxygen index (LOI), which are crucial parameters for
evaluating the thermal stability and flame retardancy of some natural and synthetic fibers.

Table 1. Significant temperature values and LOI (%) of the most commonly used fibers.

Fiber Tg (°C) Tm (°O) Tq (O T (°O) LOI (%)
Cotton - - 350 350 18.4
Viscose - - 350 420 18.9

Wool - - 245 600 25

Polyamide 6 50 215 431 450 20-21.5
Polyester 80-90 255 420447 480 20-21.5

In general, for natural cellulosic fibers, the lower the T, the hotter the flame, and the
more flammable the fibers. As known, the primary component of mature cotton fibers is
cellulose (from 88% to 96.5%). All the rest consists of non-cellulosic materials found in the
outer layer and lumen.

These components include protein (1-1.9%), wax (0.4-1.2%), pectin (0.4-1.2%), and other
substances [45]. Moreover, as evident from data reported in Table 1, cotton fabrics exhibit the
lowest LOI value concerning other fibers, hence confirming high inherent flammability.

The expression “flame retardancy of textiles” concerns the possibility of making these
materials less likely to ignite and, once they are ignited, to burn much less efficiently.
Finishes used with this aim act to break the self-sustaining polymer combustion cycle
and, thus, extinguish the flame or reduce the burning rate and flame propagation. Flame
retardancy in cellulose-based textiles may be achieved in the followings ways and means,

either by individual or combined mode (from a to f) as follows:
(a) by using fire-retardant materials that thermally decompose through strongly en-

dothermic reactions to not easily achieve the heat required for thermal decomposition
(temperature of pyrolysis (Tp) of the fiber should not be reached);

(b) by applying a material that forms an insulating layer around a temperature below the
fiber Tp;

(¢) by using phosphorous-containing fire retardants that modify the pyrolysis reaction
(‘condensed phase’ mechanism) according to two mechanisms: (i) production of phos-
phoric acid through thermal decomposition, and cross-link with hydroxyl-containing
polymers altering the pyrolysis pattern and yielding less-flammable byproducts;
(ii) blocking of the primary hydroxyl group in the C-6 position of the cellulose units,
preventing the formation of flammable byproducts (levoglucosan), and catalyzing the
dehydration and char formation [46];

(d) by preventing combustion through scavenging the generated free radicals (e.g., Br®* /Cl®
halogen-containing fire-retardant compounds), thus reducing the available heat (‘gas
phase” mechanism);

(e) by enhancing the T, (combustion temperature) [47];

(f) by raising the initial decomposition temperature (i.e., Tp) for preventing/reducing
the formation of flammable volatile species and increasing the formation of char and
non-flammable gas.

For more in detail, the mechanism of FRs through the breaking the self-sustaining
combustion cycle of cellulose is schematized in Figure 3. As a result, FRs should be able to
(i) lower the heat, hence interrupting the combustion sustainability, (ii) modify the pyrolysis
by lowering the formation of flammable volatile species and increasing the amount of char
or intumescent coating (that acts as a barrier between the flame and the polymer), (iii) isolate
the flame from oxygen, and (iv) decrease the heat flow back to the polymer to prevent
further pyrolysis.
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Figure 3. Combustion mechanism of cotton, together with the flame-retardant effect.

Therefore, all species that can acid-catalyze the dehydration and, subsequently, act as char
formers in the condensed phase, are the best candidates for the flame retardation of cotton.

Thus, when textile fabrics are exposed to a heat source, a temperature increase occurs,
and, if the temperature of the heat source (radiation or gas flame) is high enough and the
net rate of heat transfer to the cellulosic substrate is high, only pyrolytic degradation of the
fibrous matrix will occur.

The same reasoning applies to manufacturing flame-retardant fabric items, by em-
ploying a flame-retardant coating or laminate to any textile substrate to limit direct contact
with free oxygen in the air, which actually helps any substance to burn. Such coatings
or laminations of various agents, such as metal oxides, inorganic halides, organic com-
pounds, and nanomaterials, are suitable for flame retardancy. Flame propagation rate,
flame-retardant effectiveness, and combustion behavior depend on different materials and
process parameters [2].

Although FRs can be classified by several methods, a simple method is based on their
elemental compositions, according to which FRs are halogen-, phosphorous-, nitrogen-,
and silicon-based, as well as metal hydroxides [23,48]. Furthermore, they can be classified
as a function of their action mechanism, thus resulting in nano-FRs, co-effective FRs, or
biological macromolecular FRs [23,49]. Another classification is based on the durability
characteristics of the finishing applied to the fabrics, which represents another challenge.
Persistent flame retardancy is, generally, obtained through chemical modification, which
involves a chemical reaction of cellulose hydroxyl groups with reactive flame retardants.
Accordingly, FRs can be classified as non-durable, semi-durable, and durable. Since
non-durable FRs are easily removed by water, they are very often used for disposable
goods (e.g., medical gowns) or, when used for work clothes, their application should be
periodically performed.

Common examples of non-durable FRs are represented by water-soluble inorganic
salts of phosphoric acid, zinc chloride, boric acid and borates, bases such as sodium
hydroxide and potassium carbonate, as well as mono- or di-ammonium phosphates or
water-soluble short-chain ammonium polyphosphate. Semidurable FRs are often used for
textiles, which do not require frequent washings and can withstand a limited number of
cleaning cycles, i.e., between 1-20. Some examples are provided by phosphates or borates
of tin, aluminum, zinc, aluminates, stannates, and tungstates.

Moreover, metal oxides and hydroxides that are easily reducible can also catalytically
alter cellulose’s thermal decomposition path by combining water-insolubility with flame-
retardant properties. Generally, FRs that withstand more than 50 laundry cycles are
defined as durable and mainly represented by phosphorous- or halogen-based molecules
(e.g., Tetrakis-(hydroxymethyl)phosphonium chloride).

Moreover, the difference between additive and reactive flame retardants is to be
pointed out in the framework of FR classifications. The main difference is based on the
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means of their incorporation into the textile polymer chain. Usually, additives are repre-
sented by mineral fillers, organic or hybrid molecules physically deposited or incorporated
into the textile polymer.

On the other side, reactive FRs are involved in the chemical modification of polymers
by coating, chemical grafting, or copolymerization. As already introduced, since many
available fire-retardant additives (e.g., halogen-based) are considered environmentally
unacceptable [50], during the second half of the last century, several efforts have been made
to develop novel flame-retardant treatments for textiles, meeting fire safety regulations.

4. Assessment of the Thermal Behavior and Flammability of Cotton Fabrics

With the development of innovative and performing flame-retardant chemical coatings
and finishings, great attention has also been recently focused on the characterization
techniques available to describe a realistic fire scenario. In this regard, to correctly interpret
the results of flame-retardant treatments on cotton fabrics, it is essential to understand the
flammability and thermal behavior of untreated (pristine) cotton.

However, the comprehensive characterization of the flammability properties of a poly-
meric material is not straightforward since the material behavior in a real fire scenario can be
quite different from experimental conditions. Therefore, several analytical techniques and
other prescriptive tests (small-, medium-, and large-scale) were developed over the years.

With the aim of providing fundamental knowledge for understanding and adequately
comparing combustion data of untreated cotton with results obtained after flame-retardant
treatments, the main techniques for characterizing flammability properties and thermal
behavior of cotton samples are reported in this paragraph, indicating the measurable
parameters and the most significant values reported in the literature for pure cotton, used
as a reference for research in flame-retardant finishes.

Accordingly, common tests for determining the flame behavior of polymers such as
the flammability tests (i.e., UL-94 and limiting oxygen index (LOI)), cone calorimetry, mi-
croscale combustion calorimetry (MCC), thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) are briefly described.

4.1. Flammability Tests

With the aim of depicting realistic fire scenarios, it is crucial to test the flammability of a
sample under fire-propagation conditions, in terms of flammability by vertical /horizontal
flame-spread tests (according to ASTM D-6413-11, ASTM D1230-22, and ISO 3795 standards).

Following UL-94 procedure, similar to those of the standard for fabrics (ISO 6940
(2003). Textile fabrics—Burning behaviour—Determination of ease of ignition of vertically
oriented specimens), a textile sample with dimensions 50 mm x 150 mm is tested in vertical
configuration by applying a methane flame for 5 s at the bottom of the specimen. As
an index of flame-propagation resistance and combustion behavior of the material, some
parameters can be evaluated, such as the total burning time(s), kinetics after the flame
applications (total burning rate, mm/s), the final residue (%), as well as the time for flaming
combustion (after-flame) and flameless combustion (after-glow) [51]. In particular, the
flaming combustion corresponds to cellulose pyrolysis (production of volatile species and
combustible gases). Otherwise, the after-glow combustion is due to the interaction between
oxygen and residual carbon. Moreover, flameless combustion requires higher temperatures
than those for flaming combustion [23,52]. To test the flammability of textile fabrics, a
modified version of ASTM D3801 is performed by taking into account the actual flame
height used, according to which the test method can be classified as being between the
UL-V0 (ASTM D3801) and UL-94 5 V (ASTM D5048) tests in severity [53]. Depending on
the dripping behavior and the self-extinguishing time, according to these test methods,
materials could be rated as V-0, V-1, or V-2. However, since the method was developed for
plastic materials, the above ratings should be used carefully when applied to textile fabrics.

For the 45° configuration, a special apparatus is used, in which a strip of fabric is held
in a frame. A standard flame is applied to the surface near the lower edge for 10 s. The time
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is taken for the flame to penetrate the fabric and break the trigger thread and the physical
reaction of the fabric at the ignition point is recorded. The data obtained from the 45° test in
various laboratories show that the flame-spread rate is inversely proportional to the fabric
weight per unit area for a given fabric [54]. This suggests that the rate of heat release from
a given type of fabric, for example, cotton, is independent of the fabric weight. However,
the total amount of heat released per unit area for any given fabric will be dependent on
fabric weight, showing that the total heat transferred to a vertical surface from a burning
fabric is proportional to the fabric weight [55].

The flammability performance index (FlaPl, %/s) is another parameter for the evalua-
tion of flame-retardancy performance, and it is defined as the ratio of the final residue to
the total burning time. Accordingly, better flame-retardancy performance is expected for
higher FlaPI [56].

Using the horizontal configuration, according to which the flame is applied on the short
side of the specimen, Rosace et al. [57] measured the time (t; and t,) necessary for the flame
to reach two horizontal lines drawn on the specimens (at 25 and 75 mm from the side on
which the flame was applied, respectively). The findings confirmed that, immediately after
ignition, on the untreated cotton a vigorous flame appears, the duration of which is about
23 s, followed by a prolonged after-glow (139 s); no residue was found at the end of the test.

In Table 2, and in the following ones in this section, data on the flammability prop-
erties of cotton fabrics when used as technical textiles (mass per unit area in the range of
110-300 g/m?) are reported.

The presence of an FR treatment on the cotton surfaces results in a significant variation
in its flammability. Indeed, FR-treated fabrics highlight a noticeable reduction in the total
burning time, as well as a high final residue as a consequence of the formation of narrow
char. In this regard, in [58] the authors measured an enhanced total burning time of up to
35 s, a total burning rate decreased to 4.2 mm/s and a final residue increased up to 46% for
cotton treated with a silica phase containing nano-alumina particles.

On the other side, LOI is widely used to evaluate the flame retardancy of materials
and is defined as the minimum oxygen percentage required to maintain the flame state
when the sample is burned in oxygen and nitrogen atmosphere [59], by an oxygen index
apparatus according to the ASTM D2863-10 standard method. Although it is not relevant
for precisely determining mutual differences in FR properties, this parameter is a valuable
method for the rapid characterization of samples with respect to flame resistance.

Table 2. Flammability tests performed on untreated cotton fabrics.

Mass Per Unit Configuration of Total Burning Total Burning After-Flame After-Glow Residue (%) FlaPI Ref
Area (g/m?) Flammability Test Time (s) Rate (mm/s) Time (s) Time (s) esidue Lo (%ls) et
145 horizontal 34 - - - 3.1 - [51]

237 horizontal 149 0.67 - - 0 - [60]

331 horizontal 23 - - 139 0 0 [57]

122 Vertical - - 15.8 20.7 - - [12]

129 Vertical - - 15 21 - - [61]

150 Vertical - - 15 26 0 - [62]

184 Vertical - - 14.3 314 0 - [63]

200 Vertical 45 22 - 27 <2 - [64]

210 Vertical 38 - - - 14 0.37 [56]

220 Vertical - - 7 21 0 - [65]

237 Vertical 35 7.50 - - - - [38]

LQOI value is calculated as the maximum percentage of oxygen ([O;]) in an oxygen-
nitrogen gas mixture ([O,] + [N3]), able to sustain burning a standard sample for a specific
time, according to the following equation:

_ O] 0
LOI = o NG 100 [%] )

Untreated cotton fabrics show an LOI value in the range of 17-19.8% [62,66—69],
exhibiting high flammability as materials with an LOI value below 21.0%. When LOI
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is between 21.0 and 25.0%, cotton samples turn to be moderately flammable and show
flame retardancy when LOIl is beyond 25.0%. However, to consider as complete and safe
fire-retardant materials, it is better to have values of LOI nearly 35-36% at least [46]. In
general, heavier fabrics experienced slower flame-spread rates [70].

The differences in the results given in the publications can be attributable to the
amount of non-cellulosic components and crystallinity of the untreated cotton samples,
as well as their mass per unit area values and fabric structural properties. Indeed, due to
less air presence and less oxygen among fibers, heavier-weight and structured materials
ignite less easily and burn more slowly than lighter-weight fabrics. Thus, the burning rate
decreases as the fabric weight increases. At the same time, increasing the fabric weight, the
flame temperature increases, indicating that heavy fabrics provide more fuel, sustaining
the burning process. This results in a slower burn of heavier fabrics than light fabrics due
to the high flame temperature during burning [71]. When the cotton sample is heated, the
thermal decomposition occurs in multiple stages with different transition temperatures,
which can affect the final burnability.

However, flammability is not entirely reliable and, as already noted in the litera-
ture [72,73], can only measure the ability of materials to burn when directly exposed to a
small flame. For this purpose, more sophisticated instruments, such as the conical oxygen
consumption calorimeter, are considered very useful tools [74,75]. These flammability tests
can give surprising results, as products marketed as being constructed of flame-retardant
materials are ineffective in inhibiting or preventing the combustion of polymers under a
given heat flux [76,77]. Indeed, LOI values and combustion data collected by cone calorime-
try often do not match. Although high LOI values have been accepted as an indication
of the flame resistance of a product, this criterion is not sufficient to guarantee a high
level of safety and it has never been used as an official test criterion for textiles. Indeed,
new standards for transport, automotive, furniture, and protective clothing are required,
in addition to high LOI values, high performance of fabrics against radiation, and cone
thermometry [78-80].

4.2. Cone Calorimetry Test

Cone calorimetry is used for investigating the dynamic combustion behavior of poly-
meric materials in a forced-combustion scenario, providing information on time to ignition
(TTI), peak of heat-release rate (PHRR) and total heat release (THR) as crucial param-
eters for assessing the flammability of polymers because they are reliable indicators of
the size and fire-growth rate [81-83]. Moreover, reaction parameters, such as mass loss,
smoke production, and generated gas composition (CO and CO, yields), are measured
for the quantitative assessment of combustion phenomena. In addition, cone calorimetry
allows assessing the flame-retardant behavior of polymer composites in the presence of
different FRs, as well as the development of burning and pyrolysis models in gas and
condensed phases, and the estimation of the potential hazards in fire scenarios [84]. The
test is standardized in North America as ASTM E1354, “Standard Test Method for Heat and
Visible Smoke Release Rates for Materials and Products Using an Oxygen Consumption
Calorimeter”, and internationally as ISO 5660-1:2015, “Reaction-to-fire tests—Heat release,
smoke production and mass loss rate—Part 1: Heat release rate (cone calorimeter method)
and smoke production rate (dynamic measurement)”. The test is performed by applying
an external irradiative heat flux on the textile surface able to generate a rapid increase in
the surface temperature that, in a steady state before ignition, reaches a fixed value. In
the cone calorimetry simulated fire scenario, the fabric surface temperature is higher than
its decomposition temperature. Then, the increased temperature is responsible for the
endothermic decomposition of the material and diffusion of reactive components toward
the gas phase. Finally, pyrolysis and combustion processes are initiated within the cone
calorimeter when it is reached the critical energy required for ignition [84].

Time to ignition (TTI) defines how quickly flaming combustion of material will occur
when exposed to a heat source: accordingly, the shorter TTI, the easier the fabric ignition and
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spread as a threat to the surrounding materials. Peak of heat-release rate for the tested sample
occurred after ignition and just before the flame went out. PHRR is the point where the material
is burning most intensely and is, therefore, also crucial for estimating the fire cascading effect.

Among several parameters, heat-release rate (HRR), which is based on the oxygen
consumption in the gas phase, is the most relevant for describing material flammability
and related fire hazard [84]. In the HRR curve of cellulose-based samples, four significant
points of interest can be observed [38]. The first point is the initial peak of heat-release rate
(PHRR) that occurs when the sample surface ignites, causing great heat production and
increasing HRR (heat-release rate). The second point of interest is the great decrease in
HRR soon after the first PHRR. This is due to char formation, which acts as a protective
barrier, preventing the exchange of volatile gases and oxygen. The third point of interest
is a second PHRR close to the end of the combustion that occurs as a response to sample
burn-through, which means that the heat gradient reaches the rear side of the sample. The
second PHRR is highly dependent on the boundary condition defined by the rear material,
which determines the heat losses at the rear side of the specimen, and, consequently, the
temperature of the sample. The pyrolysis rate and, therefore, the second PHRR, increase in
relation to the specimen temperature. High moisture content further prolongs the period
until the second PHRR occurs because more water must go through a phase transition,
requiring a high amount of energy. The fourth point of interest is the final decrease in HRR
due to fuel depletion, leading to the sample smoldering or the fire being extinguished. The
heat-release rate decreases down to the flame out (FO).

Furthermore, through the HRR curve generated by cone calorimetry is possible to
calculate the slope of the FIGRA (fire-growth rate) line, extending from the origin to the
earliest, highest peak, providing an estimation of both the spread rate and the size of the
fire, thus estimating the contribution to fire growth of materials. Accordingly, the higher
the FIGRA, the greater the fire hazard, suggesting a very low PHRR value with a high time
to ignition, thus representing a thermal acceleration parameter.

Moreover, since fire deaths are caused more by toxic fumes than burns [85], the anal-
ysis of smoke and toxic fumes is very useful for predicting the fire toxicity of polymeric
materials. As reported by Horrocks and co-workers, the evaluation of CO and CO, species
in conjunction with smoke is significant for two reasons: first of all, CO and CO, are the
main constituents of fire gases and high CO concentrations can be lethal; second, the analy-
sis of these species can provide helpful information on the mechanism of decomposition of
such polymer, as cotton [86]. Low CO,/CO ratios suggest the inefficiency of combustion,
inhibiting the conversion of CO to COs,.

Alongi et al. [38] investigated the combustion behavior of square cotton samples
(50 x 50 x 0.5 mm?) using cone calorimetry under a 35 kW/ m? irradiative heat flow in
horizontal configuration. Such parameters as time to ignition (TTI, s), flame out time (FO, s),
total heat release (THR, kW /m?2), peak of heat-release rate (PHRR, kW/ m?) were measured,
as well as total smoke release (TSR, m?/m?), peak of rate of smoke release (PRSR, 1/s),
smoke factor (SF, calculated as PHRR x TSR, MW/ mz), and CO, as well as CO; release
(ppm and %, respectively). Time of production (s) of both CO and CO, gases generated
during the oxidation of the char are also reported.

Some of these combustion data by cone calorimetry of pure cotton fabrics (under 35 kW /m?
heat flow), selected in a range of mass per unit area 110-330 g/m?, reported in the literature are
summarized in Table 3. According to [87], the areal density values of samples significantly affect
some flammability parameters, such as TTL, PHRR, or FIGRA, after ignition.
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Table 3. Combustion data by cone calorimetry of neat cotton samples, selected with an areal density
in the range 110-330 g/mz.

Mass per Unit Area  TTI THR HRR FIGRA TSR CO,/CO Residue Ref

of the Sample (g/m?) (s) (MJ/m?) Peak (kW/m2)  Time (s) (kW/m? s) (m2/m?) Peak (%) €
110 - 235 179.2 15 11.94 - 715 26 [88]
115 6 2.84 196 20 10 - 77 75 [89]
118 7 2.68 181.55 25 7.26 - 77.05 0.93 [90]
122 2 6.3 232.1 35 6.6 - 22.1 43 [12]
129 7 2.8 181.5 22 8.3 53 88.7 0.9 [61]
145 48 2.1 147 - - - - 2 [51]
150 8 1.2 97 23 42 - - 34 [62]
200 22 2.0 83 - - 43 - 0.01 [91]
220 4 46 269 7.7 34.9 - - 0 [92]
237 18 46 143 58 - 26 0.024 4 [38]
280 45 19.2 223 55 4.05 - - 0.6 [93]
290 18 3.8 131 - - 24 - <1 [94]
331 43 3.9 154.2 - - - 142.86 1 [57]

As observable from data reported in Table 3, the mass per unit area of cotton fabrics
significantly affects the flame rate: the heavier the fabric, the slower the flame-spread
rates. Moreover, no residue of cotton fabrics was observed at the end of the experiments.
As reported in literature [95], cone calorimetry parameters are affected by the cotton
grammage regardless of the heat flux set. According to data reported in Table 3, fabric with
low mass per unit area provide high TTI and low THR, while just PHRR should be taken
into consideration as an intrinsic characteristic of the material.

The presence of an inorganic FR coating on the cotton surface should affect the cone
calorimetry parameters listed in Table 3. Generally, a delay is observed in TTI values,
together with a decrease in THR and PHRR. Additionally, the coating has a significant
impact on average TSR, which is a measure of how much smoke is produced during a
full-scale fire. This is because the coating encourages the formation of char by preventing
the generation of volatile species that can fuel thermal degradation, which results in a
reduction in smoke production. Accordingly, Alongi et al. measured lower TSR peaks for Si
and Si-ZnO treated cotton (11 m?/m? and 9 m?/m?, respectively) with respect to untreated
cotton (24 m?/m?).

4.3. Microscale Combustion Calorimetry (MCC)

The combustion behavior of a small amount of cotton samples can be monitored
by microscale combustion calorimetry (MCC), also known as pyrolysis combustion flow
calorimetry (PCFC), obtaining flammability parameters such as heat-release combustion
(HRC), temperature at the maximum pyrolysis rate (Tmax), heat-release rate (HRR), peak of
heat-release rate (PHRR), total heat release (THR) values and temperature at peak release
(TPHRR) [96].

The PCFC measurement is performed using an MCC-2 micro-scale combustion calorime-
ter, according to ASTM D7309-2007. The sample (about 5 mg) is heated to a selected tem-
perature using a linear heating rate of 1 °C/s in a stream of nitrogen, with a flow rate of
80 cm?/min. The thermal degradation products are mixed with a 20 cm®/min stream of
oxygen. The HRR vs. temperature curve indicates that the untreated cotton starts to de-
compose and to form fuel gases at less than 300 °C and presents the peak of heat-release
rate (PHRR = 235 W/g) at about 384 °C (Tmax), with an estimated value of about 12 kJ /g in
THR. Moreover, Yang et al. [97] demonstrated that the MCC technique can be utilized as a
trustworthy analytical methodology in determining the flammability of textile materials by
providing good agreement between calculated and experimental LOI data.

Table 4 collects some significant MCC data of untreated cotton reported in the literature.
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Table 4. MCC data of untreated cotton samples, selected with an areal density in the range
110-350 g/m?.

Mass per Unit Tpurr (or PHRR (or HRC (or nc)

Area (g/m?) Tmax) °C) Oumax) (W/g) (/g-K) THR (kJ/g) Ref.
119 381 285 : 12.8 [98]
121 379.2 343.5 341.1 14.9 [99]
156 371 183.0 181.0 8.8 [100]
180 377.92 241.8 520.7 15.2 [101]
184 - 224.3 235.6 14.1 [63]
240 383.9 253.7 250.3 12.0 [96]
258 390.0 269.4 270.0 12.0 [102]
347 314.1 62.5 61.0 - [103]

Contrary to the parameters of cone calorimetry, it was found that Tj,j,1, THR, and
PHRR decreased with increasing the cotton mass per unit area [95]. These differences can
be explained considering the nature of the cellulose that forms char in cotton fabrics. In
particular, by thermogravimetry, heavy cotton fabrics (around 400 g/m?) lead to more char
(35% and 23% in O, and Ny, respectively) compared to cotton at half or quarter weight
(25% and 17%), thus indicating that a lower number of volatile molecules are released from
heavier than lighter cotton fabrics. Accordingly, the higher volatile species generated from
the lightest cotton (100 g/m?) lead to more pyrolysis products that are further oxidized in
PCFC, thus providing higher THR (11.7 k] /g) than that of heavier cotton (8.8 k] /g).

PHRR values assed with PCFC also differ from those obtained from cone calorimetry.
Indeed, these values are a function of cotton weight and are directly related to the char
formation characteristics.

In conclusion, PCFC provided the lowest THR and PHRR values for the largest cotton
weights, which led to the maximum thermogravimetric char production [95].

On the other hand, the presence of FR coating on cotton surfaces accounts for a
significant decrease in the main MCC parameters listed in Table 4 (THR, PHRR and Tmax)
as well as an increase in the final residue.

4.4. Pyrolysis Behavior of Cotton Fibers by Thermogravimetric Analysis

As already described, the generation of volatile fuel gas when a polymer or textile is
heated may be roughly represented by the scission of the macromolecular chains, which
results in a reduction of the molecular mass and the removal of monomers or oligomers, as
well as the formation of non-saturated species.

The thermal stability of a sample is investigated by thermogravimetric analysis (TGA),
which allows for measuring the changes in the sample weight, either as a function of time
(isothermally) or with increasing temperature, in an atmosphere of air, nitrogen, helium,
or other gases [104]. The thermogravimetric parameters are strictly related to the type of
fibers and, for this reason, the thermal stability of natural-based fibers is measured by the
decomposition of their constituents (i.e., cellulose, hemicellulose, lignin, and others) [105].

Generally, the oxidation resistance and the thermal stability of samples are investigated,
respectively, under air and nitrogen atmosphere, in the temperature range of 30-700 °C,
setting a heating rate of 10 °C/min. Similarly, the derivative thermogravimetric curve
(DTG) shows the maximum rate of thermal decomposition, and fiber constituents are
indicated by the appearance of peaks in each degradation range.

In nitrogen atmosphere, cotton samples follow a one-step thermal degradation, during
which the maximum weight loss is observed [11]. According to literature [106,107], the
pyrolysis of cotton in N, follows two alternative pathways involving the dehydration and
polymerization of cellulose polymeric chain by forming stable aromatic char and volatile
products. As demonstrated by Wang et al. [12], cotton samples rapidly degrade in the range
of 331-391 °C, with a mass loss of about 85% due to flammable substances (e.g., L-glucose)
produced by cellulose pyrolysis. As the temperature rises, the weight-loss rate is lowered,
achieving a final residual weight of only 4% of the original sample, measured at 700 °C.
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Since these two pathways concurrently occur, the two different weight losses as a function
of temperature cannot be distinguished using thermogravimetric analysis.

Otherwise, the thermal degradation process of cotton textiles in air is more complicated,
and proceeds according to three steps. The loss of bound water occurs in the first stage,
resulting in a modest drop in the weight of cotton fabrics. During the first step of cellulose
degradation in Oy (Tax1 =~ 300400 °C), the two competitive dehydration and depolymer-
ization pathways take place by providing the main and faster weight loss [51]. Further
increasing the temperature, a second peak of maximum weight-loss rate appears (Tmax2 ~
400-500 °C): it can be ascribed to the conversion of some aliphatic char in aromatic, and
the simultaneous carbonization and char oxidation [108]. In particular, in the temperature
range of 500-600 °C, the mass retention rate of treated cotton tends to be stable, aromatic
carbon decomposes into ethylene, and a competitive relationship between aliphatic carbon
and volatile substances produced by cellulose dehydration and depolymerization process is
established [65]. As the temperature continues to rise, the thermal degradation rate decreases,
thus resulting in a slight mass decrease, while further char decomposition leads to CO, CO,,
H,0, and CHy4 [65]. Another relevant parameter concerning thermal degradation is related
to the maximum degradation rate of a sample, Tqeg [109].

According to this mechanism, in [38], two decomposition peaks at 340 and 470 °C were
found for cotton. Moreover, Wang et al. [110] observed during the first degradation stage
in O, that neat cotton fabrics start dehydration at 268 °C (Topset: the initial decomposing
temperature), thus reaching the maximum rate degradation temperature at 346 °C (Tmax).
At Tmax, almost 62.3% carbon layer can be measured, which is the result of the mass loss
due to the volatiles produced from the cellulose decomposition, while a final residual
weight of only 1.6% of the original sample was measured at 700 °C. It was demonstrated
that materials having a high Tonset do not feed the combustion reaction and, as a result,
possess better flame-retardant features [111]. In another work, Simkovic et al. [112] found
for bleached cotton one endotherm at 259 °C, probably ascribed to the dehydration of
hydroxyls and carboxyls introduced by bleaching. Moreover, the three exotherms observed
at 327, 351, and 482 °C might be related to random oxidation on the surface, ignition
temperature [113], and residual glowing [114], respectively. No residue was observed at
500 °C, thus indicating that the process is completed before this temperature.

Some thermal degradation parameters by TGA of neat cotton fabrics, selected in a range
of mass per unit area 110-330 g/m?, reported in the literature are summarized in Table 5.

Table 5. TGA data of untreated cotton samples, selected with a mass per unit area between 110 and
300 g/m?.
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In principle, a flame-retardant coating acts by strongly anticipating the cellulose
decomposition, as observable from the temperature at which 10% weight loss occurs
(Tonset 10%) and maximum weight-loss rate temperature Timax [115].

In another study, the main thermal oxidative degradation process of control cotton was
found between 250 and 440 °C, with the Tmax at 327.5 °C and a weight loss of 90.4%. Finally,
cotton fabrics led to a carbon residue of only 1.2% at 600 °C, ascribed to the instability
of the aliphatic carbon residue in the O, atmosphere undergoing further oxidation at
high temperatures. Conversely, FR-treated cotton fabrics started decomposing at low
temperatures since T59, and Tqge, were found at 73.1 and 122.4 °C, respectively. Moreover,
treated samples led to a Trmax of 265.5 °C and a carbon residue of 12.5% at 600 °C, which
are lower and higher than those of control cotton, respectively [116]. The decomposition
of FR generates phosphoric acid by promoting the formation of carbon residue, which
can effectively protect the underlying cellulose polymer from the action of heat flow and
O,, thus inhibiting the decomposition of treated cotton and highlighting its high thermal
oxidation stability.

4.5. Differential Scanning Calorimetry

The thermal behavior of untreated cotton is also studied by differential scanning
calorimetry (DSC). In DSC, analyses are performed in a temperature range of 30-600 °C
with a flow rate range of nitrogen of 20-50 mL/min; the heating rate is 10 °C/min. Gener-
ally, due to the low heat conduction properties of cotton, the sample is cut into small pieces
(in the range of 2-20 mg) to achieve uniform heat transfer from one point to another [70].

A typical DSC curve of untreated cotton is characterized by two endothermic peaks,
corresponding to the water evaporation (100 °C) [117] and to the heat absorbed by the
thermal decomposition of cellulose (350 °C) [118]. It was demonstrated [70] that the thermal
degradation of hemicellulose starts above 200 °C with the breakage of bonds at 250 °C and
the formation of volatile species.

At high temperatures, cellulose decomposes into L-glucose that further originates
CO, other small molecules and char able to absorb a great amount of heat [119]. As
the thermal degradation process goes on and more volatile species are generated, more
energy is produced, which favors the breaking of the more resistant cellulosic chains and
the formation of further volatile molecules. The volatilization of these molecules can be
observed through the corresponding endothermic peaks above 360 °C. Overall, the thermal
reaction from 220 °C and up to 370 °C can be considered a continuous reaction involving
the decomposition of hemicellulosic and cellulosic components and volatilization of the
resulting degradation products. Since the main endothermic peak is at 360-370 °C, it can
be stated that the predominant reaction over 300 °C is related to cellulosic degradation that
leads to the formation of less char and more tar.

Furthermore, since the dehydration rate of untreated cotton to char is significantly
small, the exothermic peak at around 400 °C is very low and not immediately noticeable in
the thermogram [61].

However, for untreated cotton, the decomposition of hemicellulose and cellulose, as
well as the volatilization of formed compounds, are complete at 370 °C.

For more in detail, Teli et al. studied the peak temperature and corresponding heat
release of cellulose and its components. The authors found a dehydration peak temperature
at 92.2 °C that corresponds to a heat release of 127.3 J/g. Furthermore, the peak of cellulose
and hemicellulose combustions were measured at 339.1 and 368.1 °C corresponding to
189.96 and 9.9 J /g heat release, respectively [120].

In another study [121], both untreated and FR-treated cotton samples provided an
endothermic peak related to the dehydration phenomenon in the range of 100-160 °C.
Moreover, for untreated cotton samples, AH of 155 ] /g was measured. This value decreased
to 125.48 and 113.08 ] /g for FR-treated cotton samples resulting in higher intensity with
respect to untreated cotton, thus highlighting the action of the FR applied. Moreover, the
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exothermic peak occurred for treated cotton at 250 °C, due to the high temperature of the
cross-linking reaction, while at 380 °C the formation of levoglucosan was observed [121].

4.6. Study of Pyrolysis Products of Cellulose

The flammability of cellulose polymer is significantly affected by the pyrolysis; thus,
the resulting products of FR and control fabric provide relevant information about the FR
mechanism. In this regard, the pyrolysis and pyrolysis product of FR-cotton materials can
be investigated by pyrolysis—gas chromatography—mass spectroscopy (PY-GC-MS) [122].

As reported in the literature [123-125], several flammable fragments are generated
from the thermal decomposition of cellulose, such as levoglucosan, furfural, furans, ketones,
and aldehydes. In this regard, the characterization of cotton fabrics by PY-GC-MS revealed
more than 40 chromatographic peaks and more than 20 kinds of thermally decomposed
products [122]. Similarly, in [125], fewer gas products as a consequence of a gas scavenging
effect were detected for flame-retardant cotton fiber.

Accordingly, it was demonstrated that more peaks or more products are produced by
the pyrolysis of the untreated cotton fibers than that of the flame-retardant cotton. Moreover,
PY-GC-MS spectra of cotton fibers revealed a significant reduction in the numbers of peaks
of the flame-retarded fiber, due to a reduction in the thermal degradation products. Indeed,
the intensity of the peaks is strictly related to the amount of pyrolyzed products. Among the
pyrolysis products, the incombustible ones (e.g., water and CO,) play a key role in reducing
the material flammability, contrary to the combustible ones (e.g., alcohol, aldehyde, ketone,
furan, benzene ring, ester, and ether), whose amount is significantly different when they
are released from thermal decomposition of FR-cotton or control cotton.

Furthermore, the pyrolyzed pure cotton can be characterized by Fourier transform
infrared spectroscopy (FTIR) to assess the chemical composition of char. Spectra of cotton
fabric char residue revealed some absorption bands at 3400, 2900, 1740, 1700, 1600, and
1444 cm 1, assigned to OH, CH, CO stretching of aldehyde and unsaturated aldehyde,
C-C stretching of alkenes, and aromatic C=C stretching vibration, respectively, as result of
dehydration and loss of hydroxyl groups [126,127]. Moreover, another peak at 1032 cm ™!
was assigned to the C-O-C bond, thus revealing the formation of ether molecules in the
char [127].

5. Inorganic Chemicals Currently Used as Flame Retardants for Cotton

The use of flame retardants for developing protective cotton-based clothing has at-
tracted increasing interest in recent years, owing to the unique properties of obtained
materials that find numerous applications in many technical fields. According to their
chemical composition, the broad field of finishes can be divided into two main categories:
inorganic and organic compounds. Typically, the former may also be of natural origin but
generally do not contain any carbon atoms, while the latter specifically includes carbon
atoms. The exception to this rule refers to carbon nanotubes and graphene, which are arbi-
trarily categorized as inorganic fillers despite only being made of carbon atoms. Although
many papers have been published on this topic, to the best of our knowledge, a detailed
review of the effectiveness of inorganic-based formulations applied to cotton fabrics has
not been published yet.

In the following sections, the most widely used inorganic products to enhance flame-
retardant properties of cotton fabrics will be summarized. For each example, selected
materials and their application to cellulose-based samples will be illustrated, emphasiz-
ing the structure—property relationships that enhance thermal behavior and fire-resistant
properties of textiles.

The use and performance of phosphorus-containing inorganic molecules and salts,
as well as the use of clays with other layered minerals of interest, will be discussed.
Furthermore, FR finishing treatments on cotton fabrics by inorganic sol-gel precursors,
as well as the use of metallic nanoparticles, will also be discussed. At the same time, a
section will be dedicated to the rise of carbon-based finishes, such as carbon nanotubes and
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graphene, as promising candidates for developing new advanced materials with flame-
retardant properties. A summary of the action mechanism and effect of each flame retardant

discussed in the next paragraphs is reported in Table 6.

Table 6. Summary of the action mechanism and effect of the different flame retardants.

Inorganic Flame

Action Mechanism Mode of Action Effect
Retardant
Decrease the formation of combustible
Condensed .
Phase Char-forming agent gases/mass loss
Red Phosphorous Gas Reduce heat combustion Production of H3POy (dehydration agent)
enhancing the char formation
Phase . .
Radical quenching
Enhance thermal insulation
Condensed Inhibit pyrolysis
Boron-based FRs Char-forming agent Prevent heat transfer to the textile
Phase .
Reduce the generation of smoke and
toxic gases
Condensed Block O, transfer
Sol-gel-based FRs Char-forming agent Block heat exchange
Phase C . ..
Block oxidative decompositions
Slow the evolution of combustible gases
Condensed . Block the entry of O,
Nanoclays Phase Char-forming agent Prevent heat transfer to the textile

Reduce polymer degradation

Table 6. Cont.

Inorganic Flame

Action Mechanism Mode of Action Effect
Retardant
Act as a heat barrier
Condensed . Act as a thermal insulator
CNTs Phase Char-forming agent Prevent heat transfer to the textile
Reduce polymer degradation
Graphene Condensed Char-f i Retard th d h £
p Phase ar-forming agent etard the mass- and heat-transter processes
Promote the dehydration of cotton
Condensed .
Phase Char-forming agent Reduce heat release
Metal-based NPs Gas Catalytic role in the Absorb active species (e.g., free radicals)
Phase redox reactions Reduce O, concentration through

redox mechanisms

5.1. Inorganic Phosphorus-Based Flame Retardants

Over the past 50 years, phosphates, phosphonates, phosphoramides, and phospho-
nium salts, as phosphorus-based flame retardants, have been used in flame-retardant
finishing for cellulosic fabrics [118]. Among these phosphorus compounds, red phosphorus
is one of the ecologically and physically most harmless alternative fire retardants, although
its use was deterred by problems of handling safety, stability, and color. It is one of the
primary allotropes of phosphorus, which includes white phosphorus and black phospho-
rus, and is the most concentrated source of phosphorus-containing flame retardant. A
red phosphorus emits highly toxic PH3 gas when exposed to air for an extended period
of time, much progress has been achieved in its encapsulation, thanks to the commercial
availability of masterbatches in a wide range of polymer precursors [128]. Therefore, the
most significant disadvantage for its widespread application as a flame retardant is the
reddish-brown color of treated polymeric materials. Red phosphorus can act in both the
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condensed and the gas phases [129]. In the former case, favored by the presence of water in
the polymer, it acts as a char-forming agent, decreasing the formation of combustible gases
and the mass loss. When red phosphorus burns, it produces phosphorus (V) oxide, which
can absorb water vapor from the air, producing phosphoric acids that act as a dehydration
agent, enhancing the formation of char. In the second case, in the gas phase, red phosphorus
reduces the heat of combustion.

The flame-retardant effect of red phosphorus applied to a pure cotton fabric was
confirmed by Mostashari et al. [130]. The optimum concentration of red phosphorus
to impart flame retardancy onto cotton was around 4% (w/w). At this concentration,
the comparative TG/DTG curves of the untreated and treated samples in air displayed
the weight loss for the treated cotton around 290 °C, about 60 °C lower than that of the
untreated fabric. At this temperature, the presence of red phosphorus promoted the thermal
dehydration of the substrate and the formation of carbon residue.

Similarly, the combined effect between red phosphorus and calcium chloride on the
flame-retardant behavior of cotton samples has also been studied [131]. According to the
results of thermogravimetric analyses, a synergistic effect to promote the formation of
non-volatile char residues and less flammable gases in the finished samples was observed.
The authors proposed that the presence of phosphorous, with a mechanism similar to
halogenated flame retardants but only in the condensed phase, could scavenge the free
radicals produced during the thermal degradation of the polymer, delaying the non-
oxidative pyrolysis of cotton samples. Furthermore, red phosphorous was found to show
a synergistic effect in combination with zinc chloride due to their respective abilities to
increase char formation and reduce the formation of combustible gases during the thermal
decomposition of cotton [132]. After the deposition of 5.6% (w/w) anhydrous additives,
vertical flame-spread tests on treated samples showed a flame-retardant effect, with a char
length of 2 cm. Unfortunately, the authors admitted no uniformity in the observation
during the burning process due to uneven fabric impregnation.

Furthermore, several inorganic phosphorus salts, such as urea phosphate, diammo-
nium and ammonium phosphates, and ammonium sulfamate were studied to confer
flame-retardant properties to cellulose-containing fabrics. When heated, these salts break
down into acids, catalysing the dehydration and char-forming reactions that occur during
the cellulose breakdown process.

A typical example of inorganic phosphate salt is ammonium polyphosphate (hereafter,
APP), which is obtained by heating ammonium phosphate with urea. It is a branched or
linear polymer compound with varying chain lengths (n). APP with short linear chains
(where n is less than 100, crystal form I) is more sensitive to water and less thermally
stable, while APP with long chains (n > 1000, crystal form II) has very low water solubility
(<0.1 g/100 mL). APP is a stable and non-volatile compound. The long chains start to
decompose at temperatures above 300 °C, producing polyphosphates and ammonia, while
the short chains decompose at 150 °C. Therefore, it is important to change the crystal
form of APP to match the polymer decomposition temperature. Incorporating APP into
polymers containing oxygen and/or nitrogen atoms results in the charring of the polymer.
The thermal decomposition of APP produces free acidic hydroxyl groups, which condense
through thermal dehydration and produce highly cross-linked structures. Polyphosphoric
acid reacts with polymers containing oxygen and nitrogen, catalyzing dehydration and
charring formation. However, the effect of APP depends on its loading [133]. A simple treat-
ment with an inorganic phosphorus aqueous solution also improves the flame resistance of
cotton fabrics [134]. Cotton fabric treated with H3PO3 was not burnable and the residue
increased by almost 50% at 800 °C. After treatment, the fibers became brittle with some
disconnection, but the cellulose crystal structure suffered little damage. Some of H3PO3
reacts with the hydroxyl groups and is phosphorylated, which can promote dehydration
and carbonization of cellulose and enhance its flame-retardant performance.

Recent findings by Lin et al. [135] confirmed the flame-retardancy properties of APP-
coated cotton. Indeed, when exposed to heat, APP pyrolyzed earlier than cellulose to
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generate polyphosphoric acid and some inert gases, such as CO; and H;O, boosting the
pyrolysis of cellulose mostly toward the generation of intumescent char layers. Accordingly,
the char residue of the APP-treated samples showed a significant rising trend, reaching
32.1 wt%. Moreover, due to the lower degradation temperature of APP, the temperature at
5 wt% mass loss (T59,) of the treated samples decreased accordingly.

Additionally, Wang et al. [136] reported an interlayer-confined approach for intercalat-
ing two-dimensional zirconium phosphate (ZrP) within reduced graphene oxide (RGO)
interlayers, yielding a hierarchical ZrP-RGO product. This latter was combined with APP
particles to create an intumescent flame-retardant coating on cotton fabrics via automatic
screen printing. The treated samples exhibited excellent self-extinguishing performance
after the withdrawal of flame. Moreover, compared to untreated cotton, its PHRR and THR
values were significantly reduced by 92.1% and 61.8%, respectively.

5.2. Boron-Based Flame Retardant

Boron-based inorganic flame retardants have been used for more than 200 years [137].
When undergoing endothermic decomposition, the boron-based flame retardant shows a
mechanism in the condensed phase forming a protective layer that enhances the thermal
insulation barrier of treated samples, thus inhibiting pyrolysis processes and preventing
heat transfer to the textile. At the same time, this layer prevents the exchange of organic
volatiles in a fire and reduces the generation of smoke and toxic gases [138]. However,
since boron-based FRs easily hydrolyzed, their washing fastness performance has been
challenging for application on cotton and other cellulose fibers [139]. Some authors reported
the use of hydrated sodium metaborate (SMB), as an example of an inexpensive and non-
toxic flame retardant for cellulose-based materials, also exploiting its ability to release water
molecules during combustion, in addition to the glassy charring effect of boron-hydroxyl
compounds [140]. First, Mostashari et al. [141] demonstrated that impregnating sodium
borate decahydrate onto cotton fabric resulted in better flame retardancy. The comparative
TG curves of untreated and treated cotton fabric, with the salt at its optimum loading,
displayed a main mass loss for the treated fabric around 275-325 °C, corresponding to a
characteristic range of cotton thermal degradation. TG curves showed that the pure salt
does not break down into oxide at the decomposition range of the pyrolyzing material.

Due to the removal of its crystallization water, the mass loss occurs at around 100 °C,
thus permitting the remaining products to act as a barrier to absorb and dissipate the heat
from the combustion zone. Then, Tawiah et al. [142] treated cotton fabrics with hydrated
sodium metaborate (SMB) crystallized in situ in the pore spaces and on the surface of
the impregnated cotton fabric. TGA results showed that SMB treatment improved the
thermal stability of cotton fabric and enhanced the char yield. The treated cotton also
had an LOI value of 28.5% with an after-glow time below 1 s in the UL-94 test (V-0
rating). Considerable reductions in peak heat-release rate (PHRR ~91.8%), total heat release
(THR ~47.2%), peak carbon monoxide, and carbon dioxide produced (PCOP ~28.6, PCO,P
~85.5%) were observed. The post-burn residues examined by SEM and Raman spectroscopy
demonstrated a maintained fabric structure with high graphite content. SMB-treated cotton
fabrics showed negligible changes in tensile strength and elongation at break values.

Furthermore, Akarslan [143] investigated the application of boric acid (BA) to cotton
fabrics for flame-retardant purposes. Different concentrations of boric acid nanoparticles
were tested to optimize the flame-retardant effect. The results showed increased flame-
spreading times of the coated fabrics with increasing boric acid content. Compared to
neat cotton (2.5 s and 2.4 s in weft and warp direction, respectively), the best result was
observed by adding 30 g/L of BA, increasing the flame-spreading time by about 40% in the
two directions. Unfortunately, an inevitable decrease in tensile strength was demonstrated
for the treated samples.

Moreover, Liu et al. [144] used boron nitride nanosheets modified with hexachlorocy-
clotriphosphazene to develop a flame-retardant finishing by impregnation-drying method
for cotton. Compared to the untreated fabric, the combustion rate of the treated counterpart
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decreased in vertical and horizontal flame-spread tests, and the limiting oxygen-index
value increased to 24.1%, thus becoming less flammable than the reference.

On the other hand, zinc borate plays a leading role in delaying the thermal oxidation
of the fabric. Indeed, over 300 °C, it loses crystal water diluting the oxygen in the air,
significantly lowering the combustion surface temperature, and absorbing a lot of heat.
High temperatures cause some of the zinc borate to break down into B,O3 and hydrolyze
to produce boric acid, which is then chemically and physically adsorbed onto the surface
of the fabrics to form a coating.

Diboron trioxide inhibits the oxidation reaction of carbon compounds, reducing the
production of free radicals and promoting the termination of chain reactions. In addition,
when zinc borate is hydrolyzed, a tiny amount of boric acid will be created and utilized as
an acid source to promote the creation of char layers, giving rise to synergistic effects with
silica sol, and lowering the amount of smoke produced during combustion. Additionally,
under the same conditions, roughly 38.0% of the zinc in zinc borate transforms into zinc
oxide or zinc hydroxide, which dilutes the combustible gas and slows down its combustion
rate. Microscale combustion calorimetry showed THR and PHRR values of zinc borate-
treated fabrics decreased by 34% and 3.1% (9.2 k] /g and 300.8 W/g) when compared to the
pristine textile, respectively [66].

In another study, Durrani et al. [29] investigated the flame-retardant effect of nano-zinc
borate (ZnB) on cotton fabrics. Compared to untreated cotton, the fabrics treated with
12 wt% of ZnB exhibited increased LOI values (+12%), accelerated char formation accelera-
tion, decreased PHRR (21 vs. 90 kW /m? for treated and untreated cotton, respectively), and
THE values (1.6 vs. 3.8 MJ/m? for treated and untreated cotton, respectively). Moreover,
the TG curve of the synthesized zinc borate showed thermal stability up to 700 °C.

Further, cotton fabrics were treated with boric acid doped with TiO, obtained by
titanium (IV) butoxide precursor [145], showing good flame resistance.

Compared to untreated cotton, as assessed by thermogravimetric analysis, the treated
samples showed lower degradation temperature (250 °C), the formation of a thermally
stable char at high temperatures, and a residue that was significantly more important than
that of the reference. In particular, the best results in terms of thermal stability and flame
retardancy were obtained for textiles finished with the sol doped with a 2.5 molar ratio of
boric acid.

Moreover, the flammability behavior of the treated sample in vertical configuration,
after 10 s of flame application, showed no full ignition after the flame was removed and a
residue of more than 90%. The burned area was approximately 16 cm?, and a higher FPI
value of 45.46% demonstrated increased flame resistance of cellulose-based samples, due
to the protective char layer and heat absorption introduced by the finishing treatment.

However, although boron-containing compounds are cited in several scientific papers
as less toxic and cheaper alternatives to traditional flame retardants [137,139,146], many of
them do not meet GOTS (global organic textile standard) compliance [147]. In particular, in
the FR formulations, GOTS has kept the limit for boric acid, biboron trioxide, disodium
octaborate, disodium tetraborate anhydrous, and tetraboron disodium heptaoxide hydrate
individually under 250 mg/kg, while the use of disodium octaborate is forbidden.

5.3. Flame-Retardant Finishing by Sol-Gel Technique

Over time, the meaning of the sol-gel technique has evolved differently in the def-
initions of authors [148-152]. However, it can be summarized as a two-step reaction
of hydrolysis and condensation, involving inorganic salts, (semi-) metal alkoxides and
organosilanes as the most common components to form inorganic or hybrid organic—
inorganic products [153-156]. The nature of precursors, pH, temperature, and reaction time
values can affect the hydrolysis and condensation rates and, thus, the nature of new materi-
als developed that show high homogeneity at the molecular level, and excellent physical
and chemical properties [157]. Due to its tunable properties, the sol-gel technique has been
extensively studied for textile applications to develop functional coatings on both natural



Inorganics 2023, 11, 306

22 of 55

and synthetic fabrics [158,159]. In textile finishing, colloidal solutions in aqueous media
are usually used to impregnate fabrics at room temperature by padding. Then, the treated
samples are cured at 130-160 °C to produce porous, fully inorganic, or hybrid organic—
inorganic coatings with structures depending on the nature of precursors, water/precursor
ratio, acidic or alkaline conditions of the medium, curing temperature, time of reaction,
and presence of solvents [160]. In the literature, several properties developed by the sol-gel
technique on textile materials are reported, such as water repellence [161,162], stimuli-
responsiveness [163], dyeability enhancement [164], anti-wrinkle finishing [165], drug
delivery [166], UV radiation protection [167], self-cleaning [168], stain-resistance [169,170],
antimicrobial [171], and flame retardancy [172], also assessing the phosphorus—nitrogen
synergism [25]. Due to the focus of this review, the thermal behavior and flammabil-
ity of cotton textiles exclusively treated with sol-gel and fully inorganic precursors and
dopants are described. The common inorganic precursors used are metal alkoxides, such
as tetraethoxysilane (TEOS), tetramethoxysilane (TMOS), tetrabuthylorthosilicate (TBOS),
tetraethylortho-titanate, zirconate, and aluminium isopropylate [173-176].

The first example of inorganic sol-gel-based coating to enhance flame-retardant prop-
erties on cotton was reported by Cireli et al. in 2007 [177]. The authors used TEOS as
a sol-gel precursor in combination with phosphoric acid, the latter used as the agent to
dehydrate cellulose samples. The TGA showed that P-doped silica-based powder has a
weight-loss percentage equal to 37%, while the mass-loss value for silica powder only was
23%. After exposing fabrics to a flame for 15 s, the phosphoric acid-containing sol-gel-based
finishing provided the production of nonflammable cotton fabrics. Moreover, the flame-
retardant property was not completely lost after 10 washing cycles. The proposed finishing
introduced a new approach to avoid additional post-treatment to improve washing fastness
on treated cotton samples.

After that, another research investigated the influence of different TEOS/H;O ratios
to explore the effect of the presence of inorganic silica-containing films on the thermal and
fire stability of cotton fabrics [178]. At a TEOS/H,O ratio of 3:1, these films decreased up
to 35% the peak of the heat-release rate (PHRR), and increased the time to ignition by up to
28%, as assessed by cone calorimetry tests. This behavior was attributed to the presence
of the silica-based coating able to form a protective layer on treated cotton samples, also
influencing their thermal stability in both nitrogen and air atmospheres. In the latter, the
presence of coatings was responsible for slightly anticipating the decomposition step in the
range between 300 and 400 °C and for an increase of about 20% of the final residue at 700 °C.
These findings showed that, compared with pure cotton, the presence of the silica coatings
did not improve in a remarkable way LOI values, though it changed the burning kinetics of
treated samples. Indeed, the reference textile burned very quickly with a sparkling flame,
while treated samples exhibited a very slow propagation of an incandescent front.

In 2012, Alongi et al. [94] developed sol-gel-based finishing of cotton fabrics using
tetramethylorthosilicate precursor in the presence of various smoke suppressants, such as
zinc oxide (Zn0O), zinc acetate dihydrate (ZnAc), and zinc borate (ZnB), or flame retardants,
such as ammonium pentaborate octahydrate (APB), boron phosphate (BP), and ammonium
polyphosphate (APP), or in the presence of barium sulphate (BaS), which possesses both
characteristics. According to TG studies, carried out both in nitrogen and air, the silica phase
and the smoke suppressants showed combined effects that resulted in a remarkable increase
in the residues at the various temperatures examined. As assessed by cone calorimetry, the
presence of zinc in the silica coatings reduced the release of CO and CO; significantly. In
particular, the joint effect of ZnO and silica promoted the most significant decrease in CO
and CO, yields. This finding was ascribed to ZnO complete solubility in the sol solution
that allows for the formation of a homogeneous coating, unlike ZnB, which formed macro
aggregates. At variance, the highest residues at the maximum weight loss were found for
BP and APP (69.3 and 69.0%, respectively).

In 2013, Colleoni et al. [179] focused on the sol-gel synthesis of silica thin films derived
from TEOS on cotton fabrics. For this purpose, a new multi-step process consisting of
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one to six subsequent depositions was set to obtain samples with different numbers of
silica layers, further testing the presence of dibutyltin diacetate (DBTA) as a condensation
catalyst. Vertical flame-spread tests were carried out, also after several laundry cycles, to
assess the washing fastness of the designed coatings. After removing the fire source, the
untreated cotton burns quickly in a few seconds, leaving a very poor residue. In contrast,
in 0.3 M TEOS six-layer finished fabrics, the flame spreads to the upper end of samples,
then extinguishes, leaving slightly shrunken burned specimens, with 17% final residue.
Again, the silica-containing coatings on cellulose-based fibers favored the char formation
rather than the evolution of volatile species that could lead to further burning, regardless
of the use of DBTA in the formulation. In addition, the authors highlighted the laundering
durability of applied inorganic coatings that exhibit the same residue (about 13%) after
combustion both after one and five laundry cycles.

However, it is interesting to consider one piece of evidence that emerges in the research
reported in the literature: TEOS has low solubility in water, and it is highly reactive, which
should be taken into account when used in sol-gel technology. The low solubility can be
easily addressed by using such co-solvents as ethanol or other alcohol. Conversely, the
high reactivity strongly affects the composition of the resulting coating [175]. In particular,
the higher the hydrolysis/condensation rate, the lower is the conversion of TEOS on the
fabric surface.

More recently, Zhang et al. used tetraethoxysilane precursor in combination with
ammonium pentaborate in order to enhance the flame retardancy of cotton fabrics [180].
Thermogravimetric analyses of treated fabrics showed increased T1gp9, Tmax values up
t0 288.3 °C and 357.6 °C, namely, 18.4 °C and 12.0 °C, higher than the untreated sample
(269.9 °C and 345.6 °C). Finally, the treated sample weight loss in primary pyrolysis stage
was 54.8%, lower than the reference (64.0%). Furthermore, the LOI value was almost
unchanged with respect to the untreated fabric (i.e., 20.2% vs. 18.3%, respectively), while
the residue at 700 °C was 31.3%. These results were attributed to the formation of an
inorganic coating that acts as a physical barrier, blocking oxygen transfer, heat exchange,
and oxidative decomposition, thus improving the overall thermal stability and flame
retardancy. According to TG results, the silica coating evolved during pyrolysis, producing
high-temperature-resistant Si-C compounds, which were further transformed into a char
layer on cotton samples, resulting in high final char residue. In particular, compared with
carbon layers formed by the thermal decomposition of other classes of FRs, the Si-based
stable adiabatic char is denser, thicker, and stronger, thus resulting in a higher isolating
effect toward heat and oxygen and further able to block the diffusion of flammable gases
and inhibit the combustion [23].

Furthermore, TEOS was combined with zinc borate, investigating its flame-retardant
properties on cotton fabrics [66]. It was confirmed that during the combustion the silica-
containing film acts as a barrier forming a carbon layer on the fibers’ surface due to the poly-
condensation of the silica network at high temperature, promoting a decrease in THR and
PHRR values of treated samples by 32.1% and 37.1% (9.5 k] /g and 195.4 W/g), respectively,
when compared to reference sample, as assessed by microscale combustion calorimetry.

In addition to TEOS, other silane sol-gel precursors were studied, investigating the
water molar ratios and the alkoxide chain length. To this aim, TEOS was replaced with
tetramethylorthosilicate (TMOS), an analogous silane bearing four methoxy groups [181].
Cone calorimetry tests showed that the best flame-retardant performance was achieved by
the sol-gel-treated cotton samples (performing the treatment at 80 °C for 15 h, and using
a 1:1 molar ratio of TMOS: H,O, without HCl as condensation catalyst). Compared to
the reference, TTI increased from 18 s to 28 s and PHRR decreased significantly (—20%),
according to the formation of a silica coating on cotton fibers, which acts as a barrier to
heat and oxygen diffusion on cellulose-based surfaces. The authors highlighted that the
obtained results strictly depended on the degree of distribution and dispersion of silica
on and within the fiber interstices. In fact, when the morphology of the coating is more
homogeneous, flame-retardant performance is better, as observed from the correlation
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between cone calorimeter tests and 2Si solid-state nuclear magnetic resonance results [181].
As confirmed by forced-combustion tests, the presence of the thermal barrier promoted
by silica coatings effectively reduced the maximum heat-release rate (by about 15%) al-
lowing for the formation of stable aromatic carbon [182]. Furthermore, the flammability
and combustion behavior of textile samples were significantly affected by the presence of
different alkoxide chain-length in the precursors [183]. To this aim, the flame retardancy
of cotton fabrics separately treated with tetramethyl orthosilicate (TMOS), tetraethyl or-
thosilicate (TEOS), and tetrabutyl orthosilicate (TBOS), bearing four methoxy, ethoxy, and
butoxy groups, respectively, was investigated and compared. Vertical flame-spread tests
showed that even a low amount of silica was enough to slow down the burning rate. The
final residue of untreated cotton was 10 wt%, while those of samples treated with TMOS,
TEOS and TBOS were 48, 35, and 33 wt%, respectively: the shorter the chain length of the
precursor, the lower the flammability of cotton. These findings were in agreement with the
cone calorimetry results, carried out with an irradiating heat flux of 35 kW/m?: the lowest
PHRR and THR values were observed in the case of TMOS-treated cotton samples.

In another research, TMOS was combined with o-Zirconium dihydrogen phosphate
(hereafter, ZrP) in order to enhance synergically the flame retardancy of cotton fabrics. ZrP
was added to the sol solution prepared in a hydroalcoholic solution (TMOS:H,O molar
ratio = 1:1), in the presence of dibutyltin diacetate as condensation catalyst (0.9 wt%) [56].
The results collected in Table 7 highlight the enhanced FR properties of TMOS with respect
to the untreated cotton and the synergistic effect of Si and P, that act, particularly, on the
kinetics of the burning process and thermo-oxidative stability of the fabric. Instead of silica-
based precursors, other oxidic phases that can improve the fire resistance of cotton through
the sol-gel technique were investigated [176]. In particular, the fire performance of cotton
fabrics treated with silica was compared with those with alumina, titania, and zirconia
derived from aluminium isopropylate, tetraethylorthotitanate, and tetraethylorthozirconate,
respectively. The results from vertical flame-spread tests showed a significant reduction
of the burning rate and an enhancement of the final residue after combustion for the
treated samples compared to the untreated cotton, regardless of the nature of the precursor.
Generally, the findings confirm once again the role of sol-gel-based coatings as thermal
insulators for protecting textiles from exposure to fire. The better performance of TEOS
compared to the other metal-containing precursors in producing a flame-retardant coating
on cotton samples was pointed out by cone calorimetry tests. Indeed, compared to the
reference, the silica-containing finishing increased TTI by 56% and decreased PHRR by
20%, significantly better than those containing zirconia, titania, and alumina. The authors
concluded that the thermal protection on cotton exerted by the sol-gel derived oxidic
species can be referred to two main reasons: the thermal insulating effect of the ceramic
layer and the presence of metal cations in the precursor. The results form TGA, and the
forced-combustion and flammability tests are summarized in Table 7.

In the latter scenario, the thermo-oxidation of cotton is influenced by metal cations,
also in combination with phosphorus-based flame retardants, which promote cellulose
dehydration and, as a result, the development of significant amounts of char.

These sol-gel-based coatings developed from different inorganic precursors were
responsible for an overall improvement of the thermal and fire stability of the treated
cotton samples. Based on these findings, in further research, silicon and aluminum as two
different ceramic film precursors were investigated to reach an optimal formulation for
conferring flame retardancy to cotton fabrics, exploiting the respective characteristics [58].
In detail, tetramethylorthosilicate sol-gel precursors were exploited for depositing coatings
consisting of silica added of micro- or nano-sized particles of alumina on cotton fabrics, thus
investigating their thermal stability and flame retardancy by thermogravimetry, flamma-
bility and combustion tests. As a result, compared to untreated cotton, 1% and 0.5% of
micro- and nano-sized alumina particles within the silica coating were able to decrease the
total burning rate by at least 70%, increasing the final residue of treated samples by more
than 40%.
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Table 7. Forced-combustion, flammability, and thermal behavior of cotton fabrics treated by inorganic sol-gel precursors.

Cone Calorimeter Tests

Thermal Behavior

Vertical Flame-Spread Tests

Weight per Precursor Y N
Un{st Area (Molar Ratio of TTI THR PHRR TGA in Air TGA in Nitrogen Total Total . o Ref.
(g/m?) Precursor:H,0) ) (MJ/m?) (kW/m?) T o) T €0 Residue at T To CC) Residue at B}lrmng Burning Residue (%)
max1 max2 > 600 °C (%) max >600 °C (%) Time (s) Rate (mm/s)

- TEOSI (1:1) 16 2 39 338 507 * 24 361 37 - - - [178]

- TEOS2 (2:1) 9 3 38 338 507 * 24 361 32 - - - [178]

- TEOS3 (3:1) 18 3 37 338 507 * 18 361 32 - - - [178]
200 TMOS 30 1.8 82 338 496 20 - - 70 143 48 [183]
200 TEOS 30 2.3 85 331 485 10 - - 57 1.75 35 [183]
200 TBOS 28 2.2 90 338 495 12 - - 57 1.75 33 [183]
200 TEOS 28 2.0 70 346 507 10 - - 25 11 30 [176]
200 Tetraethylortho titanate 22 2.3 84 326 445 9 - - 29 9 31 [176]
200 Tetraethylortho zirconate 22 27 82 340 498 7 - - 24 12 21 [176]
200 Aluminium isopropylate 20 19 106 339 511 9 - - 23 12 32 [176]
200 TMOS 24 3.5 114 346 484 24.0 362 34 26 5.8 23 [58]
200 TMOS + Micro-alumina 36 32 110 346 492 22.5 360 37 34 44 46 [58]
200 TMOS + Nano-alumina 22 34 101 346 486 27.0 361 38 35 42 46 [58]
210 TMOS 28 2.5 81 349 487 24 - - 41 - 34 [56]
210 TMOS (1:1) + ZrP 22 29 107 344 498 31 - - 110 - 62 [56]
290 TEOS 18 3.3 118 343 499 19.8 362 34.0 - - - [94]
290 TEOS + ZnO 18 3.6 124 346 492 26.0 356 38.7 - - - [94]
290 TEOS + ZnAc 18 3.6 135 345 498 18.5 356 30.7 - - - [94]
290 TEOS + ZnB 18 3.6 133 346 503 23.3 359 34.8 - - - [94]
290 TEOS + APB 22 3.4 116 341 501 26.0 349 35.5 - - - [94]
290 TEOS + BP 20 3.6 132 349 505 24.0 358 40.8 - - - [94]
290 TEOS + APP 20 3.6 130 347 498 24.1 358 41.8 - - - [94]
290 TEOS + BaS 22 3.3 118 346 505 24.0 361 37.0 - - - [94]

* Tmax3 .
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5.4. Flame-Retardant Finishing by Inorganic Nanoparticles

Nanotechnology has been largely investigated since it represents a tool for obtaining
non-toxic and high-performing flame-retardant systems of great scientific and industrial
interest [184-186]. These particles have a size of 1-100 nm at least in one dimension, and
they can be embedded in the fibers or coated on fabric surfaces to impart flame-retardant
properties and improve the mechanical strength or the thermal stability of treated textiles.
When uniformly dispersed, a small amount of inorganic filler (typically less than 5 wt%)
can slow down the diffusion of gas molecules through the polymer matrix and the burning
rate of materials [187].

According to the literature [75,175,188], nanoparticles can be applied to textiles by
layer-by-layer (LbL) technique or nanoparticle adsorption. During combustion, these
coatings give rise to intumescent barriers, the primary action of which is to form expanded
char structures on the surface of the burning fabrics, thus reducing both the heat transferred
by the flame and released flammable volatiles [189,190]. This mimics the FR of conventional
intumescent coatings, which are macroscopically bigger, as they reach hundreds of microns
in thickness [191].

The most common inorganic nanoparticles used to confer flame retardancy to cotton
fabrics are reviewed in the following paragraphs.

5.4.1. Nanoclays

Nanoclay composites have attracted great attention from researchers and manufac-
turers due to their outstanding properties, such as excellent mechanical and thermal
stability [192-195]. The term “clay” generally refers to a class of materials composed of
layered silicates or clay minerals with trace amounts of metal oxides and organics [196].

Clay minerals are usually crystalline, hydrous aluminum phyllosilicates and may
contain variable amounts of iron, magnesium, alkali metals, alkaline earth, and other
cations. As low-cost inorganic materials, they are commonly used as catalysts, decolorizers,
and adsorbents in different scientific fields. In contrast, for industrial uses, they are
employed in oil drilling, as well as in ceramics and paper productions [197-199].

Nanoclays occur naturally, but they can also be synthesized. Individual nanolayers in
nanoclays comprise SiOj tetrahedra or [AlO3(OH)3]4 octahedra [200-202]. In general, clay
particles have lateral dimensions in centimeters size, in-plane dimensions in the micron
size of individual clay layers, and the thickness of a single clay plate in nanometers size.
These layered clays are characterized by strong intralaminar covalent bonds within the
individual sheets that form the clay [6].

In nanoclays, the thickness of the layered silicate sheets is about 0.7 nm, whereas the
thickness of the bilayer is about 1.0 nm. The nanometric size of dispersed clays and the
extremely high surface area induces unique properties, such as high tensile strength, low
gas permeability, and a low coefficient of thermal expansion, without changing the optical
homogeneity of the material [203,204]. The interaction between nanoclays and polymer
chains is generally difficult because layered silicates are hydrophilic [205]. Therefore, to
improve the organophilicity of nanoclays, the interlayer spacing is typically modified
by organic molecules, surfactants, or exchangeable ions, such as Na*, K, Mg2+, and
Ca?* [193,194].

As shown in Table 8, clays can be classified according to the charge of their layers,
exhibiting neutral lattice structures, low charge structures (negatively charged layers), and
high charge structures (positively charged layers) [206,207].
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Table 8. Classification of clays by layers’ electrical charges.
Type of Layers
Neutral Negatively Charged Positively Charged
Phyllosilicates: e.g., bentonites Hydrotalcite (HT):
Type of clay Pyrophyllite, kaolinite, talc (main component: layered double hydroxides
montmorillonite) (HT-like family)
Neutral clays (layers joined Cationic clays Anionic clays
Main characteristic tog'ether b}{ van der Waals (the negative layelj charge is (the positive layer Cha}rge is
interactions and/or compensated by cations located compensated by anions
hydrogen bonds) in the interlayer space) located in the interlayer space)

SILICATES

Clays are also classified as phyllosilicates due to their layered structure, including
tetrahedral silicon (Si) sheet(s) and octahedral aluminum (Al) sheet(s) [208]. Moreover,
according to the literature [209], variable amounts of cations, such as Fe?*, Mg2+,and other
alkali metals, can be present in the space between layers or the lattice framework.

The layered silicates can be classified into three main groups: 1:1 (a), 2:1 (b), and
2:1:1 (c) (Figure 4).

TECTO KAOLINITE SUBGROUP SERPENTINE SUBGROUP
SILICATES i * Halloysite « Kaolinite » Chysotile
— - Zeolites > 1:1 PHYLLOSILICATES = | 1y, \ e - Antigorite
* Quartz * Nacrite » Lizardite
+ Feldspars ;
MICAS SMECTITES
Dioctahedral Trioctahedral Dioctahedral Trioctahedral
* Muscovite < Biotite * Montmorillonite « Saponite
> 2:1 PHYLLOSILICATES—>| * llite « Beidellite * Hectorite
» Phengite * N it . i
—PHYLLOSILICATES- o e
TALC-PYROPHYLLITE VERMICULITES
[ BLEL —|  CHLORITES
PHYLLOSILICATES
2:1 INVERTED
RIBBONS
OTHER « Sepiolite
SILICATES - Palygorskite (attapulgite)

Figure 4. Silicates classified according to their layered structure.

This classification is based on the number of building block sheets (silica tetrahedral
and alumina octahedral) involved in their structure. Type (a) 1:1 consists of one tetrahedral
silica sheet and one octahedral alumina sheet (including kaolinite, halloysite, and serpen-
tine). On the other hand, the 2:1 type consists of an octahedral alumina sheet sandwiched
between two silica tetrahedral sheets (examples include bentonite, hectorite, illite, laponite,
micas, montmorillonite, saponite, sepiolite, talc, and vermiculite). Finally, type (c) clay
minerals (2:1:1) are formed with a unique structure consisting of two layers of tetrahedral
silica, an octahedral alumina layer, and an octahedral magnesium hydroxide (brucite) layer
(e.g., chlorites) [210].

The clays display a hydrophilic nature in contrast to carbonaceous nanostructures.
The most-used clays in flame retardancy are layered materials [211], usually modified
through exchangeable ions, organic molecules, or surfactants [212]. The reason is that
well-dispersed clay tiles in the polymer matrix form a barrier layer during the combustion
process, slowing the evolution of combustible gases and blocking the entry of oxygen, thus
preventing heat transfer and reducing degradation [213,214].
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The following sections review the flame-retardant properties induced in cotton fabrics
treated by nanoclays without organic components. The most significant results are collected
in Figure 4.

Montmorillonite

Montmorillonite (MMT) is a natural clay mineral that has been used in polymer
nanocomposites for nearly three decades [215]. MMT nanoclay materials are a very soft
phyllosilicate mineral belonging to the smectite family with an enlarged 2:1 crystal lat-
tice [216]. The chemical structure of MMT is defined as My (Als_xMgy)SigOn0(OH)4, where
M is a univalent cation and x is an isomorphous substitution degree ranging from 0.5 to
1.3 [217]. It is a kind of smectite silicate, with a 2:1 layered structure about 1 nm thick and
several microns in lateral dimensions, consisting of two tetrahedral silica layers (hereafter,
T) separated by an octahedral alumina layer (hereafter, O), resulting in T:O:T structural
unit [37,216]. MMT is the most significant species employed in creating commercial clay—
polymer nanocomposites. It is important due to its swelling capabilities in water and other
polar molecules. Idealized MMT has a negative charge of 0.67 units, so it behaves like a
weak acid. MMT is usually characterized by a specific surface area of around 750-800 m?/g
(theoretical value 834 m?/g) and a cation exchange capacity (CEC) of around 0.915 meq/g
(corresponding to one ion per 1.36 nm? with anionic groups spaced about 1.2 nm) [218].
Moreover, the particle size of the commercially available MMT powder is around 8 um,
each containing approximately 3000 platelets with an aspect ratio of about 10-300. The
toxicity profile of MMT appears to be safe and unlikely to pass the biological barriers, such
as tissues and organs [218].

The required characteristics include a high aspect ratio, a large surface area, exceptional
modulus, and nano-scale dispersion, dramatically encouraging improvements in mechanical,
thermal, flammability, and barrier properties of polymers [219,220]. Figure 5 schematically
illustrates the behavior of the polymer/MMT nanocomposites during combustion.

Barrier of layered silicates

o /\
QN 2/\( }(\
Improved thermo-oxidative
/\\O,I Bl stability
—p = /

Chemical Physical < Mass Io§s rate of
Cross-linking the matrix
<HRR

Carbonaceous silicate coat-

Pol hai - like char
by Catalysis charring (barrier for heat ad volatiles)
Alkylammonium salts - .
Chemical cross-linking bond - Initial d i < Ignition time
9 nitial decomposition — Initial HRR

Physical cross-linking bond

Figure 5. Schematic diagram of the flame-retardant mechanism of polymer/clay nanocomposites
during combustion.

Due to the purpose of this review, only inorganic combinations were examined. In this
regard, Alongi et al. studied a new concept of a fully inorganic intumescent flame-retardant
nanocoating based on an inorganic expandable structure formed by montmorillonite (MMT)
nanoparticles and ammonium polyphosphate (APP) using cotton as a model substrate [186].
A simple multi-step adsorption procedure was exploited to deposit APP/MMT coatings
with the aim of improving the FR properties of cotton. Thermogravimetric analysis in
nitrogen and air showed that the coating effectively promoted char formation from the
cotton fibers and achieved self-extinction in horizontal flame-spread tests.
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Furthermore, the results from the cone calorimetry tests, carried out under an irradia-
tive heat flux of 35 kW /m?, showed that the unmodified cotton ignites rapidly after 36 s,
with an average PHRR of 61 kW /m? and burns without leaving residue at the end. Using
2.5% APP/MMT lowers the TTI to 22 s, indicating early ignition, whereas with the addition
of 5%, no ignition of the treated sample was observed. The analysis of the final residues
showed the formation of a swollen inorganic coating that could significantly enhance char
formation by providing a barrier function against volatile emissions and heat transfer.

Furthermore, Oliveira and co-workers investigated the combination of a polymeric for-
mulation containing different ratios of sodium montmorillonite (Na-MMT) and ammonium
polyphosphate for improving the thermal degradation resistance of cotton fabrics [221]. A
polymer paste containing the additive was mixed up and applied to one side of the fabric
using a direct coating method. The thermal stability and heat release of the treated samples
improved as a function of the Na-MMT/APP ratio loaded onto the fabric. At 800 °C
the peak of heat-release rate (PHRR) decreased by around 51.6% and the carbonaceous
residue increased.

In a further research effort, Furtana et al. assessed the possibility of using calcium-
hypophosphite (CaHP) as flame retardant for cotton fabrics and evaluated its interaction
with Na-MMT clay [222]. The TGA curves show that the Na-montmorillonite decomposes
in two steps at 94 °C (water evaporation) and 638 °C (ascribed to dehydroxylation of the
clay and the presence of CaHP), leaving 88% residue [223,224]. Indeed, at this temperature,
the acidic compound phosphorylates the primary hydroxyl groups of cellulose through an
esterification reaction that promotes the degradation of cellulose toward dehydration [225].
Accordingly, CaHP decomposes mainly in two steps corresponding to its decomposition
into Cap(HPOy), and PHj at 417 °C, and into calcium pyrophosphate and water at 650 °C,
thus yielding an inorganic residue of 87.4% [226]. When CaHP and clay were combined,
no significant change in the Ts9, value was observed. However, when the amount of clay
applied reached 10% mass of CaHP, a shoulder at about 380 °C appeared [222].

Bronsted and Lewis acid sites present in the clay lattice are believed to provide
a catalytic effect during the decomposition of CaHP [187]. The auxiliary effect of the
nanoparticles was observed at different concentrations. For instance, when the coating
CaHP:Clay was applied at the ratios of 1:99 and 10:90, the PHRR values increase from
72 kw/m? to 77 kw/m?2, respectively, and THE (total heat evolved) values remaining almost
unchanged. Conversely, when the CaHP:Clay was applied at the ratio of 5:95, a stronger
reduction in the PHRR (57 kW/m?) and THE (0.85 kW /m?) with respect to the untreated
cotton (PHRR of 101 kW / m?, and THE of 1.28 kW / mz) was observed.

This finding demonstrated that when CaHP and nanoclay were used together, the
fire performance of CaHP was further improved, with lower PHRR and THE values.
Furthermore, the effect of clays at low concentrations was considered inadequate to form a
continuous protective layer. At optimal concentration, the clay platelike structure acted as
a barrier on the burning surface, reducing heat-mass transfer between the condensed and
gas phases.

Hydrotalcite

Hydrotalcite (HT) is a white hydrous mineral of rhombohedral structure, with a
chemical formula given as MggAl,(CO3)(OH16)4(H0), showing low hardness (2.00) and
low density (2.06 g/cm?®) [227]. HT is a naturally occurring, but rare, anionic mineral that is
found on the earth’s surface and is often associated with serpentine and calcite [228]. It gets
its name from its similarity to talc and its high-water content. Indeed, hydrotalcite-type
anionic clays and layered double hydroxides (LDH) containing exchangeable anions are
materials that have attracted much attention in the last decade [228]. HT consists of stacked
layers of brucite type built up of cationic octahedral units with common edges. Each
octahedron consists of M(II) cations, some of which are replaced by M(III) cations. The
M(III) cation is surrounded by six OH ions [227].
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Alongi et al. [75] showed that a delay in TTI of the so-treated cotton fabrics might be
caused by the high water content in the structure of hydrotalcite. These nanoparticles can
partially protect the polymer from heat and oxygen since they form a ceramic layer during
combustion and release large amounts of water upon heating. This way, the decomposition
products released from the polymer are diluted, causing a significant delay in ignition.

The same research group investigated the influence of two impregnation times (namely,
30 and 60 min) on the thermal behavior of HT-treated cotton samples [229]. Comparing
untreated cotton and the treated samples, it is possible to observe that the TTI increased
from 14 s to 22 and 34 s and the PHRR decreased from 124 kW /m? to 87 and 94 kW /m?,
respectively. As a result, the FPI value of HT-treated fabric was higher than that of un-
treated cotton.

Furthermore, additional effects on thermal stability and combustion behavior may
result from the combination of HT lamellar nanoparticles characterized by layers arranged
parallel to each other [230] with spherical SiO, nanoparticles [229]. At both immersion
times, corresponding to 30 and 60 min, the combination of the two nanofillers improved
the fire resistance of cotton and significantly increased TTI (30 s and 37 s vs. 14 s) and the
corresponding FPI (0.32 and 0.43 vs. 0.11). This means that using a combination of SiO,
and HT nanoparticles allows for achieving better fire resistance than that observed after
performing treatments with single nanoparticles.

Vermiculite

Vermiculite (VMT) is a layered magnesia aluminosilicate clay mineral, with a 2:1
structure, composed of two Al for Si-substituted tetrahedral silicate sheets, which are
separated by Al-Fe for Mg substituted octahedral sheet [231], corresponding to the chemical
formula (Mg?*, Fe?*, Fe3*)3[(SiAl)4O10]OH,-4H,0 [232].

When heated to a temperature higher than 200 °C, the VMT structure exfoliates as
a result of water loss in the interlayer sheets and adaptation to the applied heat [233], in-
hibiting thermal transfer and imparting intumescent property to the treated materials [234].
Moreover, beyond 650 °C, vermiculite expands rapidly, showing excellent fire-retardant
properties [235]. It is often used as packaging material in cardboard boxes when transport-
ing chemical reagents [233].

Recent studies indicate that the concurrent use of VMT and nanoparticle structures
(TiO,/VMT) in LBL-based fire-retardant coatings plays an important role [236-240]. In this
regard, a system of vermiculite clay and TiO; nanoparticles (VMT/TiO;) in an aqueous
solution was exploited for creating flame-retardant nanocomposite thin layers on cotton
fabric as anionic species and cationized starch as cationic species [101]. The flame-retardant
properties of LBL assemblies up to 15 BL were studied using thermogravimetric analysis,
vertical flame-spread tests, and micro-combustion calorimetry. The after-burn surface
and chemical analyses were performed to investigate the weave structure of the fabric.
This is the first comprehensive investigation of the cationized starch (5t)-VMT /TiO,-based
LBL-deposited flame retardant.

The (St)-VMT-7 sample (i.e., coated with seven bilayers) showed the highest pyrolysis
inhibition, as assessed by microscale combustion calorimetry (~30% pyrolysis inhibition)
and thermogravimetric analysis (~21% inhibition). Furthermore, the use of MCC data
profiles confirmed that the thermal properties of StVMT-7 were significantly improved
compared to other samples (PHRR ~193 W/g, THR ~10 kJ /g, HRC ~390 J/gK, and a final
LOI value of ~22.2%).

In addition, the after-glow time and flame spread were significantly reduced for (St)-
VMT-7 but increased as the number of layers augmented. As a result of the lower intake of
the VMT/TiO, components and the selective deposition process, it was demonstrated that
layering the coatings with more than seven bi-layers might reduce their ability to provide
thermal protection (Table 9).
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Table 9. Combustion and pyrolysis parameters obtained from MMC analysis (0, 7, 10, and 15 refer to
the number of deposited bi-layers).

Sample THR TpHRR PHRR FIGRA Hc HRC LOI Char Yield
kJ/g) (W®) (w/g) (PHHR/tmax) (J g™ 1) (J/gK) (%) (%)
(St)-VMT-0 15.24 377.92 241.81 0.61 20.12 520.67 19.68 17.48
(St)-VMT-7 10.77 376.59 192.90 0.42 15.52 390.24 2224 30.60
(St)-VMT-10 12.60 375.24 206.29 0.54 15.92 381.70 22.47 20.8
(St)-VMT-15 12.77 373.48 210.16 0.55 14.73 383.80 22.42 7.4

FIGRA: fire-growth rates, Hc: heat of combustion, HRC: values for each coated sample.

5.4.2. Carbon Nanotubes

Carbon nanotubes (CNTs) are characterized by tubular structure consisting of one (single-
wall carbon nanotubes, SWCNTs), or more (multi-wall carbon nanotubes, MWCNTs) graphene
sheets usually characterized by nanometric diameter. Each carbon of graphene is fully bonded
to three adjacent carbon atoms through sp? hybridization, forming a seamless shell [241].

Since their discovery in 1991, carbon nanotubes have had a great impact on most fields of
science and engineering due to their distinctive physical and chemical properties [242]. There
is currently great interest in using CNTs as nanoscale modifiers to improve mechanical and
electronic properties of conventional polymeric materials as well as to add new functionalities
to these materials [243]. Due to their exceptional mechanical and electrical properties, as well
as excellent thermal conductivity, CNTs have found many exciting applications and they have
been used as additives to various polymer-based nanocomposites [244]. Given the unique
physical properties of carbon nanotubes, the functionalization of carbon nanotube fiber
materials is of great importance for fundamental research and practical applications [245].
Moreover, CNTs have been researched as a potential flame retardant for cotton by developing
anew generation of flame-retardant additives [245,246]. In polymer/CNT systems, the main
mechanisms of flame retardation rely on the formation of char layers that serve as a heat
barrier and thermal insulator, re-emitting the radiation back to the gas phase, which, in turn,
delays the degradation of the polymer. Additionally, CNTs enhance the thermal conductivity
of the polymer nanocomposites and increase the polymer melt viscosity increasing the
amount of carbon nanotubes [247]. The wide use of carbon-based nanomaterials, such as
graphene, carbon black, and carbon nanotubes, as fillers for various polymeric materials is
due to their excellent mechanical, thermal, and barrier properties [248-251]. This is mainly
ascribed to the formation of carbon layers by continuously and three-dimensionally bonded
carbon nanofillers in the polymer matrix [252,253]. It was reported that because of the fibrous
morphology of CNTs, their effect as a barrier requires a high concentration compared to
nanoclays. The majority of studies has been focused on the application of CNTs embedded
in a polymer matrix, while others have focused on the addition of other fillers, such as
clay, graphite, or intumescent compositions, into CNT/polymer compounds [254]. In this
regard, Goncalves et al. [255] oxidized and incorporated multiwalled carbon nanotubes
(MWCNTs) onto cotton fibers using a dyeing-like methodology. The authors evaluated the
hydrophobicity and flame retardancy of the novel functionalized textiles, as well as the
washing resistance of the MWCNTs-based coating. The incorporation of MWCNTs heat
treated under N; flow at 400 °C (i.e., MWCNTs featuring a strong acidic character) in the
cotton substrate slightly reduced the burning rate from 243 mm min~! (untreated cotton) to
229 mm min~! (treated cotton).

In this context, it appears that functionalizing textiles with oxidized MWCNTs in-
creases the flame-retardant properties. In a further study [256], carboxylated single-walled
carbon nanotubes (CSWCNT) were immobilized on cotton fabrics using citric acid as
cross-linker and sodium hypophosphite (SHP) as catalyst. As a dispersing agent, sodium
dodecyl sulfonate was employed. The flammability of cotton fabric modified by CSWCNT,
CA, and SHP was evaluated by measuring the percentage of char yield. The results were
discussed in relation to the experimental parameters adopted for treating the cotton fabrics
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(namely, different loading procedures of CSWCNTs, and the addition of citric acid and
sodium hypophosphate).

The higher the concentration of the CSWCNT, the greater the flame retardancy observed
on the treated samples. Indeed, considering the carbonization yield, compared to the un-
treated sample (1.72%), some treated samples increased significantly. Meanwhile, the cotton
samples pretreated with CA and SHP achieved 6.12%, which can be a measure to evaluate
the self-extinguish ability of the fabric. Recently, Xu et al. [257] investigated the potential of
a novel carbonaceous nanomaterials-single-walled carbon nanohorns (SWCNHs) coating
for improving the flame retardancy of cotton. The unique combination of SWCNHSs and
ammonium polyphosphate (APP) in a single halogen-free nanocoating showed a synergistic
effect that conferred significant fire resistance to cotton fabric. By analyzing the impact of
different SWCNHs concentrations on fabric flame retardancy, it was found that the optimum
SWCNHSs concentration was 0.15%, which provided cotton with self-extinction.

Furthermore, its LOI value reached 27.5% and the damage length was reduced to
6.5 cm (from 30 cm for cotton), preserving its original morphology apart from a partial
carbonization. As assessed by cone calorimetry tests, APP/SWCNHSs (0.15%)-treated
cotton samples show a remarkable decrease in PHRR and THR, by 92.22% and 58.44%,
respectively. The char residues of cotton, cotton-SWCNHs, and cotton-APP/SWCNHs (0.15)
following vertical flammability tests were studied by FTIR and XPS spectroscopy in order
to investigate the flame-retardant mechanism. The char layers of cotton-APP/SWCNHs
(0.15) revealed the formation of complex cross-link structures spanned by C-C, C-O/C-O,
C-N, and C-O-P bands [257]. Analyzing the gas products and char residues suggested
the flame-retardant mechanism of APP/SWCNHs on cotton fabrics. Table 10 summarizes
different examples of combustion and flammability tests for clay-based treated cotton, also
previously described in montmorillonite and hydrotalcite sub-paragraphs.

The unique combination of SWCNHSs and APP resulted in a thicker film and a more
protective layer, showing a synergistic flame-retardant effect that promoted the creation of
a char layer, reducing heat and oxygen diffusion. Indeed, the char layer containing carbon-
nitrogen heterocycles acted as a barrier, preventing the release of volatile combustibles,
such as hydrocarbons, ethers, and carbonyls.

5.4.3. Graphene

The unique graphene lamellar structure provides interesting flame-retardant proper-
ties to treated materials. Indeed, it forms protective char layers, which act as an efficient
shield toward the polymer degradation, retarding the mass- and heat-transfer process.
Recently, Liu et al. [258] fabricated phosphorus-(PGO) and nitrogen-(NGO) containing
graphene, with which they finished cotton samples. The LOI values of PGO-treated
cotton fabrics increased from 18.7% to 21.7%, exhibiting some smoke suppression and
flame-retardant effects. Cotton fabrics treated with NGO showed a 20.4% LOI value, with
significant smoke-suppression performance.

5.4.4. Metal-Based Nanoparticles

Metal-based nanoparticles have been used in textiles to improve flame resistance
as they can act as heat and mass transfer barriers, altering the degradation pathways of
polymers, limiting the mobility of polymer chains, and absorbing active species, such as
free radicals [259]. In addition, they can enhance heat transfer within the material, slow the
migration of air bubbles, and reduce heat release and local oxygen concentration through
redox mechanisms [259-261].

Accordingly, in nanocomposites containing metal-based nanoparticles, improvements
in many flame-retardancy parameters are evident. The following section presents more
details on metal-based nanoparticles without organic components used as flame retardants
in cotton fabrics.
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Table 10. Combustion tests, flammability, and thermal behavior of cotton treated with clay additives.

Cone Calorimeter Tests

Thermal Behavior

Vertical Flame-Spread Tests

Weight per TGA in Air TGA in Nitrogen

Ur(ujrﬁzr)e a Additive TTI THR2 P HRRZ T T Residue T T Residue Burning Residue (%) Ref.
g (s) (MJ/m*?) (KkW/m?) o:gset n% C)max atT > 600°C On% Omax >600 °C Rate (mm/s)
O ({@) o (@) (@) o
(%) (%)

100 2.5%APP/MMT 22 0.38 38 26301 508 4 266 ™M 301 31.0 1.6 78 [186]
100 5%APP/MMT NA* NA* NA* 280 01 607 5 276 ™ 310 34.0 1.3 85 [186]
- CaHP/1 MMT 15 0.9 72 - - - 276 ™ 344 28.0 - - [222]
- CaHP/5 MMT 13 0.85 57 - - - 277 ™ 343 26.6 - - [222]
- CaHP/10 MMT 12 0.88 77 - - - 278 1l 341 30.0 - - [222]
170 SWCNHs 8 9.17 248.95 309 n2 547 0.85 313 m2 647 14 - - [257]
170 APP/SWCNHs (0.1) - 3.59 26.17 266 M2 533 16.11 267 2 599 293 - - [257]
170 APP/SWCNHs (0.15) - 3.35 22.14 264 2 542 18.51 26412 598 30.2 - - [257]
170 APP/SWCNHs (0.2) - 3.52 26.66 264 n2 549 15.36 268 12 608 284 [257]
214 SiOy+ HT (30 + 30 min) 30 - 93 - - - - - - - - [229]
214 SiO,+ HT (60 + 60 min) 37 - 86 - - - - - - - - [229]
214 HT (30 min) 34 - 87 300 478 23 - - - - - [229]
214 HT (60 min) 22 - 94 302 480 23 - - - - - [229]

* Parameters related to combustion are not available, as samples did not ignite during the test. n1: Tse, (°C), n2: T1g, (°C).
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Metal Oxides

Instead of nanotechnology, a new approach to nanomaterials has attracted researchers
and worldwide textile finishers [262,263]. Due to cost considerations, nanometal oxide-
coated woven fabrics play an important role in developing functional properties that are
more desirable than metal nanoparticles [264]. Various metal oxide nanoparticles can
produce fire-resistant nanoscale networks, surrounded by char structures and surface
defensive materials in the fibers. Metal oxides (for example, TiO,, MgO, SiO;, CuO,
71Oy, and ZnO) have been used in a variety of ways to functionalize textile fabrics such as
cotton [176,265]. The inclusion of nanoparticles in such fabric materials improves functional
properties such as UV protection, antibacterial activity, flame retardancy, thermal stability,
and physicochemical properties [266-269]. Nanoparticles can be easily incorporated into
fabrics using a sol-gel technique followed by the pad-dry-cure method [270].

The optimum conditions for achieving high flame retardancy have been determined,
and numerous mechanisms have been proposed [259]. The degradation pathway of the
polymer can be changed, the mobility of the polymer chains is restricted, and active species,
such as free radicals, can be absorbed by metal-based nanoparticles in addition to their
barrier effect toward heat and mass transfer. Additionally, they may enhance the heat
transfer within the material, which delays bubble migration and lowers the heat release
and the concentration of local oxygen because of the oxidation-reduction mechanisms of
the oxides [260,261]. The enhancement of significant flame-retardant parameters is evident
in nanocomposites containing metallic nanoparticles. Some reports on the application of
metal nanoparticles with only inorganic combinations are presented below. Silica spherical
nanoparticles (SiO;) have been widely used to improve the flame retardation of cotton. For
instance, Alongi et al. [229] impregnated cotton fabrics in nanometric silica suspensions at
different times to enhance the thermal stability and flame retardancy of the cotton. Cone
calorimetry test shows that the silica accounted for effectively decreasing the PHRR of cotton
(124 KW/ m? for the untreated cotton vs. 95 and 99 kW /m? for the silica-treated cotton).

Titania (anatase crystalline form) is another globular form of metal oxide widely used
as a flame retardant for cotton. In this regard, nano-sized titanium dioxide (TiO,) particles
were successfully synthesized and deposited on cellulose fibers using the sol-gel process by
Moafi et al. [271]. The authors investigated the effect of these nanoparticles as flame retardants
and as a semiconductor photocatalyst for self-cleaning, in order to create a flame-retardant
cellulose photoreactive fabric. Vertical flame-spread tests showed that the effective amount of
titanium dioxide as a flame retardant for cellulosic fabrics is about 4.8%, expressed in g per
100 g of dry fabric. In addition, this added value is an effective amount for providing flame
retardancy to cellulose fabrics. It should be noted from the TGA curve that the untreated
fibers lost about 70% of their mass at 350 °C. However, the treated sample lost only 50%
of its mass at the same temperature. Therefore, it can be concluded that the application of
titanium dioxide as a flame-retardant delays the formation of volatile products when the polymer
undergoes pyrolysis. As assessed by TG analyses carried out in nitrogen atmosphere, the lower
decomposition temperature of TiO,-treated cotton with respect to the untreated fabric is due to
catalytic dehydration of the fabric exerted by these nanoparticles. However, TiO; in the remaining
residue appears to act as dust or a wall for heat absorption and dissipation in the combustion zone,
as stated in Jolles” wall effect theory [272], according to which no flame propagation can occur in
the presence of a sufficient concentration of dust in the air. Recently, Shen et al. [273] investigated
a new biomineralization technique to produce thin and homogenous TiO, coatings on the
surface of cotton. The fire behavior of the TiO,-treated fibers was thoroughly evaluated using
various methods ranging from micro-scale to macro-scale. Based on the surface morphology
and chemical composition analysis, a uniform TiO, coating was successfully created. The results
from TGA and PCFC (pyrolysis combustion flow calorimetry) tests show that this TiO, coating
acts as a protective barrier in the condensed phase, directly slowing down the decomposition of
cotton fibers and the release of flammable volatile pyrolysis products, protecting the char from
thermal decomposition at low temperatures and reducing the intensity of combustion in the
gas phase. Conversely, as assessed by cone calorimetry tests, the deposited protective coatings
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showed a limited protective effect on the underlying cotton fibers exposed to the irradiative heat
flux. However, due to incomplete combustion and the flame-retardant mechanisms occurring in
the condensed phase, the combustion propensity of the cotton fabric was significantly reduced by
the TiO, coating. After one, three, and seven treatment cycles, the PHRR for TiO,-coated cotton
decreased by 5.5%, 27.1%, and 32.6%, respectively. It also showed the potential to slow down
the rate of fire spread and the propensity of fire development. It can be concluded that under
these experimental conditions, the flame-retardant performance is limited because a uniform
TiO, coating cannot be formed on the cotton fiber surface after a single treatment cycle. Once
a uniform TiO, coating is formed by biomineralization, the flammability of the cotton fabric is
significantly reduced: after seven treatment cycles at a mass loading of 14.6 wt%, the LOI reaches
21.0% (LOI of pure cotton = 18.4%).

Additionally, in [274], the authors successfully prepared photoactive flame-retarded
fibers by synthesizing nano-sized ZnO on cellulosic fabric through a sol-gel technique
performed at low temperatures. From the experimental results of vertical flame-spread tests,
it can be concluded that the effective amount of zinc oxide added as a flame retardant to
cellulosic fabrics, expressed in grams per 100 g of dry fabric, is about 15.24%. Furthermore,
the flame-retardant outcomes of the ZnO coating are consistent with the Wall effect theory
and the coating theory [272]. Moreover, Prilla et al. [275] investigated the effects of copper
(II) oxide nanoparticles (CuO-NPs) on the flame-retardant properties of cotton fabrics.
CuO-NPs were prepared from Copper (II) chloride through a standard procedure carried
out under alkaline conditions. The resulting powder was annealed separately at 200 °C
and 600 °C to obtain two products with different sizes, increasing, consequently, the
functionality and adhesiveness of CuO-NPs. Indeed, the higher the temperature, the
smaller the size of copper (II) oxide nanoparticles. Consequently, the smaller the size,
the higher their attachment to the surface of the cotton samples. Tetraethyl orthosilicate
was used to immobilize CuO-NPs on textile fabrics by the pad-dry curing method. These
experimental findings showed that the smallest CuO-NPs, as obtained at the highest
temperature, increased the thermal stability of cotton fabrics. Moreover, compared to the
untreated sample, an increase in the burning time of the treated fabrics was observed (27 s
or 54 s, depending on the sample sizes).

Most researchers have investigated the synergistic effect of the blending of metal oxides
to improve the flame-retardant attributes of nanocomposites and textiles. To this aim, Alongi
et al. [94] studied the effect of the combination of ZnO and silica in cotton fabrics. Indeed, in
the presence of zinc-based smoke retardants, the release of smoke, and CO, emissions were
significantly reduced compared to fabrics treated with silica-coated fabrics alone. In particular,
the combined effect of ZnO and silica led to the largest decrease in TSR and CO, emissions
(by 62% and 35%, respectively). The recent scientific literature [276] also reports that SiO, and
ZnO nanoparticles can provide fire resistance to cotton fabrics by the sol-gel method. The flame
spread and ignition times of the untreated samples were much shorter than those of the treated
samples. The cotton fabric samples (COT) treated with SiO, and ZnO nanosols showed flame
resistance. The overall burn time as well as the ignition time were significantly improved. In
addition, samples COT-1 (0.25% SiO,, 0.25% Zn0O), COT-2 (0.5% SiO,, 0.25% ZnO), and COT-3
(0.25% SiO,, 0.5% ZnO) effectively withstood the application of a flame and took, respectively, 17,
21, and 14 s to burn completely, unlike untreated cotton that showed a total burning time of just
8 s. The TGA curves showed that the presence of SiO, and ZnO in the nanosols causes thermal
degradation of the COT samples. Silica and zinc oxide (acting as a physical barrier) protected the
cotton from heat and oxygen, and promoted the formation of carbonaceous residues. As a result,
silica degraded more efficiently than the silica/zinc combination; COT-2 provided the highest
thermal stability to the cellulosic substrate. It can be concluded that the SiO, nanoparticles
had a greater effect on the thermal properties of cotton fabrics than ZnO and the combination
of the two metal oxides shows better fire resistance than when used separately. Furthermore,
Dhineshbabu and co-workers [277] investigated the influence of ZrO,/SiO, coating on the
flammability of cotton fabrics. The finishes were prepared by the sol-gel technique and coated
by the pad-dry method. Before and after washing, the burning performance of coated fabrics
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was in the order: ZrO, /SiO; (19.5 s) > SiO; (11.3 s). According to this finding, the fire resistance
of the ZrO, /SiO,-coated fabric was better than that of the SiO,-coated fabric.

Furthermore Wang et al. [19] used seeding and secondary growth to generate ZnO
and ZnS microparticles on cotton fabric. A dip coating approach was used to deposit a seed
layer of ZnO, ZnS, or both, on cotton. After that, the seeded cotton fabric was immersed in a
secondary growth solution to promote and direct crystal growth in a certain crystallographic
direction, resulting in rod-like shaped particles. ZnO and ZnO/ZnS combinations on cotton
fabric reduced HRR and TSR by 41% and 68%, respectively. Despite a considerable decrease
in HRR, the coating did not achieve self-extinction, as evidenced by small changes in after-
flame and after-glow time. In addition, the authors found that burning ZnO or ZnS-coated
fabric produced higher CO and SO, amounts, both harmful to human health. It should
also be stated that the attachment of ZnO and ZnS microparticles to the cotton surface was
solely physical (i.e., physisorption), resulting in weakly bound particles. After repeated
uses, the surface-finished cotton fabric may lose its flame-retardant efficiency.

Pursuing this research, Alongi et al. [58] also show the importance of combining alumina
and silica regardless of the size of the employed Al,O3 particles by comparing pure silica,
alumina, and alumina-doped silica coatings on cotton, and alumina-doped silica coatings on
cotton. In particular, the best results in terms of decreased combustion rate and increased
final residue (about 46%) were achieved by the concurrent presence of both ceramic particles,
compared with the coating containing only alumina (about 32% final residue) or silica (about
23%). In another study [91], silica bilayer-based coatings were deposited on cotton fibers
by layer-by-layer assembly using three different deposition methods (dipping, vertical, and
horizontal spray). SEM observations showed that only horizontal spraying achieved a very
homogeneous deposition of silica coating compared to vertical spraying or dipping. As a
result, the horizontal spray proved to provide the best flame-retardant properties, with a
significant increase in total burning time and final residue as evaluated in flammability tests.
In addition, cone calorimetry measurements showed that fabrics treated with the horizontal
spray had a 40% increase in time to ignition (TTI), a 30% decrease in heat-release rate (PHRR)
and a significant 20% decrease in total smoke release (TSR).

Another possibility to exploit the benefit of the combination of metal oxides has been
demonstrated by Rajendran et al. [278]. In this investigation, various metal oxide nanoparticles
(namely, ZrO,, MgO, and TiO,) were prepared by hot air spray pyrolysis. The composite mixture
of nanoparticles and sol (TEOS) was prepared by the sol-gel method and used to impregnate
cotton fabrics. The addition of metal oxide nanoparticles significantly improved the thermal
stability and flame resistance of the uncoated cotton fabric. Indeed, as far as the thermal stability
is considered, the metal oxide composites obtained from the combination of silica hydrosol
and metal oxide applied onto textile samples (hereafter, Zr-, Ti-, and Mg-based finishes) led
to a significant decrease in initial decomposition temperature (Tonget 5%: 293, 284, and 299 °C,
respectively) compared to the silica-coated fabric and the uncoated cotton fabric (319 °C and
315 °C, respectively). In addition, the synergistic effect of silica and metal oxide also led to a
remarkable increase in the final residue at (Tmax) 400 °C (52% for the Zr- based finish, 45% for
the Mg-based finish and 44% for the Ti-based finish) with respect to silica-coated fabric 40%) and
uncoated cotton fabric 38%. Therefore, according to these results, Zr-based sol-coated fabrics
provide a larger amount of char than Si-based sol, Ti-based sol, and Mg-based sol-coated fabrics.
Further, the flame-spread tests revealed that the char length of Zr-based sol-coated fabrics was
less than 45% of those of untreated cotton and Ti-based sol, Mg-based sol, and Si-based sol-coated
fabrics; besides, metal oxalate salts have been frequently utilized as precursors in producing
high-purity oxides [261,279-286]. They decompose with the loss of carbon oxides at temperatures
similar to many polymers (e.g., 200400 °C) [261,280,282-286] and are water-insoluble [279].

Recently, they have received attention in this field [261,287], making them an interesting
starting point for an investigation into potential new flame-retardant compounds either alone
or as synergists. To this aim, Holdsworth et al. [288] reported the synthesis of six divalent metal
oxalates, evaluating their potential flame-retardant properties on cotton fabrics, in combination
with phosphorus- and bromine-containing flame retardants. In the presence of oxalates alone,
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none of the metal oxalates promoted the disappearance of the cotton substrate; only manganese
(MnOy) and iron (FeO) oxalates reduced the burning rate at 2.49 and 2.46 mm/s, compared
to pure cotton (2.66 mm/s), while stannous oxalate (SnOy) increased the burning rate to 3.04
mm/s. In contrast, in the presence of ammonium bromide (AB), all oxalates decreased the
burning rate compared to untreated cotton, especially with calcium oxalate (CaOx) and iron
(FeOy), which showed the lowest value (1.59 and 2.08 mm/s, respectively).

The effects of the application of AB or diammonium phosphate (DAP) alone on cotton
samples were also found to be very different at relatively low concentrations (about 2.5 wt%).

Due to highly varied loadings achieved after impregnation compared to the pure
cotton, only two oxalates (CaOx and MnOy) were evaluated with DAP: they showed a
reduction in the burning rate (2.18 and 2.78 mm/s, respectively) compared to untreated
cotton (3.02 mm/s). However, adding ammonium bromide decreased the burning rate for
all oxalates. Although all combinations of flame retardants and oxalates were char-forming,
oxalates alone did not promote the char formation, and samples containing SnOy were
observed to produce a qualitatively higher degree of smoke than other oxalates (Table 11).
According to Horrocks et al. [27], the synergistic properties of flame retardants can be
compared by calculating the synergistic effectiveness (Eg). In particular, Eg > 1 indicates a
synergistic effect, while Eg < 0 is ascribed to antagonistic systems.

Table 11. Burning rates (mm/s) of cotton fabrics treated with different metal oxalates alone or in
combination with ammonium bromide (AB) or diammonium phosphate (DAP) and calculated Eg of
AB/metal oxalate systems.

Cotton Samples Unfinished Sample Metal Oxalates Metal Oxalate + AB Metal Oxalate + DAP (AB /MetaElSOxalates)
Cotton 2.66 - 2.50 3.02 -
COT_FeOx - 2.46 2.08 - 0.801
COT_MnOy 2.49 2.22 2.78 0.741
COT_CuOy 2.73 2.56 - 0.360
COT_ZnOy 2.83 2.15 - 0.774
COT_CaOy 2.90 1.59 2.18 0.907
COT_SnOx 3.04 241 - 0.600

Moreover, Eg values equal to 1 are referred to as additive systems, while values below
1 to less-than-additive systems. Following this classification, Eg calculated values for
ammonium bromide combined with different oxalates (Table 11) highlight their less-than-
additive effect (Eg < 1).

Metal Hydroxides

Metal hydroxides have the advantages of good thermal stability, non-toxicity, low emission
of smoke during processing and burning, and low cost, among others. For their use as
flame retardants, metal hydroxides must ensure their endothermic decomposition and water
release at temperatures higher than the polymer processing temperature range and around the
polymer decomposition temperature. Among the metal hydroxides, magnesium di-hydroxide
(Mg(OH),) and aluminum tri-hydroxide AI(OH)3) are the most common FR fillers [40]. They
have a high specific heat capacity, which allows for absorbing a significant amount of heat
prior to decomposition; besides the crystallized water produced during decomposition can
also absorb heat when evaporating, at the same time diluting the concentration of combustible
gases. The metal oxides formed by thermal decomposition have a high melting point, and
they cover the surface of cotton fibers to form an effective physical barrier, promoting the
dehydration of cotton fibers into char, while separating the cotton fiber from the outside
and preventing the spread of flame. The produced metal oxides also act as catalysts in the
redox and cross-linking reactions of cotton fibers, which can promote the conversion of carbon
monoxide (CO) to carbon dioxide (CO,) and reduce the generation of hazardous CO [289].
Aluminum hydroxide is only employed in polymers with low processing temperatures, such
as polypropylene (PP) [290] and linear low-density polyethylene (LDPE) [291], due to the fact
that it breaks down at about 200 °C. Magnesium hydroxide thermally decomposes at about



Inorganics 2023, 11, 306

38 of 55

300 °C, making it suitable for usage in polymers that require higher processing temperatures.
However, due to the low flame-retardant activity of inorganic hydroxides and the large amount
added, they exert various effects on the physical performance of substrates, such as cotton
fabrics, and are often used in combination with other FRs [23]. Ji et al. [289] investigated a novel
and simple method for the preparation of flame-retarded cotton fabrics by using magnesium
hydroxide (Mg(OH);) nanoparticles. A pad-dry-cure method was used to deposit Mg(OH),
nanoparticles on the surface of cotton fabrics. Thermogravimetric analysis in N, atmosphere
revealed an increased final residue at 800 °C for the treated fabrics (28%) with respect to the
untreated counterparts (13.3%). These results clearly show that the addition of this metal
hydroxide effectively suppresses cracking and dramatically reduces the weight loss of the
fabric. The reasons for the high thermal stability of Mg(OH),-coated cotton fabrics can be
ascribed to the decomposition of magnesium hydroxide crystals into magnesium oxide (MgO)
and water vapor. In addition, the precipitation of MgO acts as an insulator and prevents the
transfer of heat. Vertical flame-spread tests revealed that the pristine cotton fabric ignited
immediately and burned completely without any residue. Conversely, the cotton fabric treated
with Mg(OH); can self-ignite after 48 s, followed by glowing for 52 s, indicating that it has
excellent flame-retardant properties.

Metal (Oxide/Hydroxide)

Bohemite nanoparticles (AIOOH) are aluminum oxide-hydroxides; they can be thought
of as a two-dimensional nanomaterial and a mineral with a lamellar structure with {010}b
(side pinacoid) on the particles [292]. Theoretically, these nanoparticles are inherently flame
retardant, as they are hydroxide of aluminum oxide: y-AlIO(OH), dehydrates in the range
of 100-300 °C to release water and then transforms into the crystalline y-Al,O3 phase at
about 420 °C [293]. This allows the volatile products generated from the polymer under
irradiation to be diluted during the initial decomposition step, leading to ignition after a long
time compared to unfilled polymer materials. In addition, the ceramic barrier due to the
presence of freshly generated alumina inhibits further combustion. Bohemite nanoparticles
are thought to behave like efficient flame retardants because of the cooling and dilution
effects caused by the endothermic decomposition associated with the release of water [294].
The most important and also previously described experimental results, related to metallic
nanoparticle-based flame-retardant cotton finishings, are summarized in Table 12.

Aiming to develop a new environmentally friendly flame retardant, a comparison
of the performance of halogen-free finishing agents using sulfonate-modified boehmite
nanoparticles (OS1) was reported [295]. The thermal stability and flame retardancy of the
finished fabrics were compared with those of untreated cotton using thermogravimetric
analysis (TGA) and cone calorimetry. Moreover, nanoparticles were found to exert a protec-
tive role in the thermal oxidation of cotton, modifying its degradation profile. Nanoparticles
increased the thermal stability of cotton in air, facilitated the char formation, increased the
final residue at high temperatures, and decreased the overall thermal oxidation rate.

The main outcome in the use of Bohemite nanoparticles is the development of a
carbonaceous surface char that serves as a physical barrier to heat and oxygen transfer
from the flaming zone to the polymer and vice versa. As revealed by cone calorimetry
tests, compared to untreated cotton, the treated fabric showed increased TTI (22 s vs. 14 s,
respectively) and decreased PHRR (57 vs. 50 kW /m? g, respectively, Table 12).

Zinc Carbonate

In comparison to nanoparticles, needle-like zinc carbonate has a high surface area and
aspect ratio, allowing it to provide flame retardancy at low loadings. For the first time, Sharma
et al. [296] synthesized and integrated zinc carbonate (ZnCQOs) into cotton fabrics. The treated
cotton fabrics had self-extinguishing properties with a specific char length of 40 mm and a LOI
value as high as 30%. As assessed by thermogravimetric analyses, the treated fabrics showed a
significant mass-loss peak at low temperatures and an increased residue at high temperatures
(500 °C) compared to untreated cotton.
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Table 12. Results from forced-combustion, flammability, and thermogravimetric analyses for cotton treated with metal-based nanoparticle additives.

Cone Calorimetry Tests

Thermal Behavior

Vertical Flame-Spread Tests

Weight per A N
Unit Area Additive TTI FPI PHRR TGA in Air TGA in Nitrogen Time to Flame-Spread Ref.
(g/m?) (s) (sm2/kW)  (kW/m?)  Tonsets% Tmax Residue Tonsets% Tmax Residue Ignite Time
(e Je) (%) [Je) (ge) (%) ) )
98 TiO, (1 cycle) 23 - 171 - - - 304 346 23 - - [273]
98 TiO, (3 cycles) 20 - 132 - - - 292 339 8.0 - - [273]
98 TiO, (7 cycles) 19 - 122 - - - 271 336 14.4 - - [273]
117 MgO - - - 276 343 18.9 at800°C 324 422 28,0 at800°C - - [289]
200 SiO; (by dipping) 20 - 75 - - - - - - 22 - [91]
200 SiO; (by vertical spray) 20 - 73 - - - - - - 30 - [91]
200 SiO; (by horizontal spray) 28 - 66 - - - - - - 30 - [91]
139 SiO, - - - 224 541 4( at400°C - - - - 13.6 [278]
139 ZrO, - - - 235 537 57 at400°C - - - - 19.4 [278]
139 MgO - - - 222 562 45 at400°C - - - - 18.4 [278]
139 TiO, - - - 239 549 44 2t400°C - - - - 18.9 [278]
) _ _ - _ _ _ 330]3 410b 8.9 b, at 600 °C 4b l7b
155 0.25% SiO5 + 0.25% ZnO - - - - - - P REE EPPTE: > 5 [276]
_ _ _ _ _ _ 350 b 428 b 8.5 b, at 600 °C 5 b 21 b
155 0.5% SiO, + 0.25% ZnO - [276]
- - - - - - 3412 4182 7.9 a,at600°C 4a 192
- - - _ _ _ 340b 420b 8.6 b, at 600 °C 5b 14b
155 0.25% SiO; + 0.5% ZnO [276]
- - _ - _ _ 3362 4152 78 at 600 °C 42 132
210 0s1 22 0.44 50 278 239 1 at800°C - - - - - [295]
214 SiO, (30 min) 17 0.17 99 296 500 25 at400°C - - - - - [229]
214 SiO, (60 min) 20 0.21 95 299 479 25 at400°C - - - - - [229]
- TiO, - - - - - - 314 - 26.36 - 296 [297]
400 ZnO microparticles 13.0 - - 340 - 350 - - - - [19]
400 ZnO + ZnS microparticles 14.7 - - 290 - - - - - - [19]

2 Nanosol-treated sample after washing. ® Nanosol-treated sample before washing.
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6. Conclusions and Future Challenges

The unique properties of cotton, such as biocompatibility, breathability, hydrophilicity,
softness, and comfortability, rendered this renewable resource to be largely used in daily
life and different application fields. However, this cellulosic material is characterized by
a limiting oxygen index (LOI) of about 18%, thus resulting in a high propensity to burn
as demonstrated by the elevated proportion of fire accidents caused by cotton textiles
with respect to other fibers. This drawback has limited the range of applications of cotton
and required the need to improve its flame resistance. To this aim, several attempts
were performed using flame-retardant finishes that have been identified as hazardous
materials, and whose use was recently banned or restricted. In this regard, recent health
and environmental awareness has prompted scientific research to develop environmentally
friendly flame retardants without toxic components or byproducts, able to replace the
hazardous conventional flame-retardant molecules.

Replacing flame retardants requires a variety of approaches, from fire chemistry to
physics, and that must be non-toxic and environmentally friendly, i.e., sustainable. Over the
last two decades, nanotechnology has attracted the interest of both academic and industrial
researchers since the use of nano-sized coatings can improve the fire resistance of cotton.
The surface modification of cellulose structures was performed through several imple-
mented green approaches involving inorganic molecules (e.g., silanization, esterification,
oxidation, polymer grafting, LbL, and sol-gel) for improving flame retardancy and thermal
resistance of cotton.

Due to the increasing demand for technological innovation in the field of composite
materials with improved flame retardancy, this review aimed to provide an overview of
the inorganic coatings prepared by the use of sol—gel, LbL, and nanoparticle absorption as
an effective strategy toward the development of sustainable and environmentally friendly
flame-retardant treatments.

To better understand the relevance and the efficacy of the proposed technologies
to impart flame retardancy to cotton fabrics, a throughout overview of the flammability
and thermal behavior of neat cotton as a function of its weight per unit area was first
proposed. Then, the most relevant scientific research conducted in the field of inorganic
flame-retardant finishes for cotton fabrics was described.

According to the literature, the efficacy of inorganic- and sol-gel-based coatings on
textile surfaces is ascribed to the protection action exerted by these inorganic coatings, which
limits the heat- and mass-transfer phenomena involved during a fire occasion. In the wide
panorama of inorganic molecules employed to impart flame retardancy to cotton fabrics, the
most relevant study on the use and performance of phosphorous, boron-based chemicals,
sol-gel precursors and inorganic nanoparticles (e.g., nanoclays, carbon nanotubes, and
metal-based nanoparticles) were detailed, describing their physical barrier effect as well as
fire-resistance mechanism and optimization conditions. The performance of each reported
research was defined by experimental findings from the most relevant characterization
techniques employed for assessing flame retardancy, such as vertical or horizontal flame-
spread tests, cone calorimetry, and thermogravimetric analyses among others. Moreover,
some studies reported the chemical analysis of the formed char residue after combustion
performed by FTIR as an interesting tool for investigating the combustion behavior of the
developed flame-retardant finishes and the fire-retardant mechanisms behind.

For a better understanding, Table 13 provides a summary of the most recent and
relevant findings concerning the use of inorganic molecules for improving sustainable
flame retardancy for cotton fabrics.
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Table 13. Relevant inorganic finishings and their performances in providing flame retardancy to cotton fabrics.

Textile

e s Inorganic Main
Classification Finishing Chemicals Outcomes Ref.
Process

Red phosphorus Lowering of the temperature of weight loss [130]
Synergistic effect that promotes the formation of non-volatile char residue and less

Red phosphorus + CaCl, flammable gases [131]
Delay of the non-oxidative pyrolysis of cotton

Inorganic Phosphorus Impregnation Synergistic ability to increase char formation and

Red phosphorus + ZnCl, combustible gas during thermal decomposition of cotton [132]
TGA, char formation increased by 40% compared to untreated cotton

APP + TEOS Damage length decreased as assessed by vertical flame-spread tests [155]

APP + zirconium phosphate + graphene oxide Self-extinction following the withdrawal of the flame [136]
Improved thermal stability
Enhanced char yield

Hydrate sodium metaborate (SMB) Increased LOI (28.5%) [142]
After-glow time < 1's (UL-94)
Considerable reduction of PHRR (~—92%), THR (~—43%), CO peak, CO, peak
Transformed in ZnO or ZnOH that dilutes the combustible gases and slow down the

Zinc borate combustion rate [66]
Decrease in THR (~34%) and PHRR (~3%)
Lower degradation onset

- . Formation of a thermally stable char at high temperatures )

Boric acid + TiO, Residue > 90% (vertical flame-spread test) [145]
Increased FPI (~46%)
Improvement in LOI value

Nano-zinc borate (ZnB) Enhanced char formation [29]

Boron-based FRs Impregnation Reduced PHRR and THE values

Boron nitride (BN)

BN nanosheets . o . . o "

BN modified with The modified BN exhibited the highest flame retardancy with a LOI value of 24.1% [144]

hexachlorocyclotriphosphazene

- Reduction in the flame-spread rate ,

Boric acid (BA) Decreased tensile strength [143]

Sodium borate decahydrate Reduction in the flame-spread rate [141]

TEOS

Zinc oxide (ZnO)

Zinc acetate dihydrate (ZnAc) Maximum residues are obtained in the presence of APP and ZnO (30%) compared to sample

Zinc borate (ZnB) coated with silica alone (20%) [94]

Ammonium pentaborate octahydrate (APB)
Boron phosphate (BP)

Ammonium polyphosphate (APP)

Barium sulphate (BaS)

The release of CO and CO, has been significantly reduced with respect to the fabric treated

with the silica coating alone due to the presence of ZnO




Inorganics 2023, 11, 306

Table 13. Cont.

Textile

P AR Inorganic Main
Classification Fi)mshmg Chemicals Outcomes Ref.
rocess
- Significant decrease in PHRR
- Increased TTI
- Anticipation of the decomposition temperature
TEOS - Increase in the final residue (~20%) [178,179]
- Laundering durability
- Promoting char formation (regardless of the use of DBTA)
Regardless of the nature of the precursor:
TEOS . - Significant reduction of the burning rate
Tetraethylortho titanate - Enhancement of the final residue after combustion (vertical flame-spread test) [176]
Tetrae'thylor’Fho zirconate - Best performance observed for TEOS:
Aluminium isopropylate - Increased TTI (~56%)
- Decreased PHRR (~20%)
Sol-gel Impregnation TEOS + zinc borate - Decrease in THR and PHRR (microscale combustion calorimetry) [66]
- Synergistic effect of phosphoric acid and silica coating: cotton does not burn (vertical
TEOS + HsPO4 fl};me—gspread test) phosp 8 ( (1771
- Increased TTI
TMOS - Significant decrease in PHRR (—20%) [181]
TMOS - The shorter the chain length of the precursor the lower the flammability of cotton
TEOS - Increased final residue (TMOS = 48%, TEOS = 35%, TBOS = 33%) [183]
TBOS - TMOS showed the lowest PHRR and THR values (cone calorimetry)
. - Decreased total burning rate (~70%,
TMOS + AL,Os (micro and nano) - Increased final residue%>40%() ) 58]
- Promotion of char formation
- Self-extinction on the horizontal flame-spread test
s . - Lowering of TTI
M(lmh}rllorll}l‘lortute SE’AIEVI T) + (ammonium - Swollen inorganic coating [186,221]
polyphosphate) - Thermal stability and heat release improved as a function of MMT/ APP ratio
- Reduction in PHRR (~51.6%)
Impregnation - Increase in char formation
Nanoclay Calcium-hypophosphite (CaHP) + MMT clay - Strong reduction in PHRR (~50%) and THE (~44%) [222]
- Increase in TTI (almost doubled)
Hydrotalcite (HT) + SiO, i E‘eccrreeafefidFI;}IIRR (~30%) [229]
- Better performance when combined with SiO,
Optimal conditions: seven layers
LbL Vermiculite + TiO, - Improved thermal properties [101]
- Reduction of after-glow time and flame spread
MWCNTs - Reduction of the burning rate [255]
Carbon nanotubes Impregnation - Synergistic flame-retardant effect
SWCNTs + APP - Increased LOI (27.5%) [257]

- Significant reduction of PHRR and THR
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Table 13. Cont.

Textile

g e PR Inorganic Main
Classification Fi)mshmg Chemicals Outcomes Ref.
rocess
Graph I G Phosphorus-(PGO) The LOI values of PGO-treated cotton fabrics increased from 18.7% to 21.7% 258
raphene mpregnation Nitrogen-(NGO) The LOI values of NGO-treated cotton was 20.4%, with significant smoke-suppression performance [258]
. - TTI increased by 40% )
LbL Alumina-coated silica PHRR and TSR decreased by 30% and 20%, respectively (011
SiO; nanoparticles Reduction of PHRR [229]
Effective FR concentration of 4.8% (g per 100 g of fabric)
TiO, nanoparticles Delay in the formation of volatile pyrolysis products [271]
Lowering decomposition temperature (TGA in N3)
TGA and PCFC shows that TiO; coating provide a strong effect acting as the protective barrier
in the condensed phase
TO il Reduction of PHRR by 5.5%, 27.1%, and 32.6%, respectively, for the cotton coated with TiO, 73
10, nanoparticles with one, three, and seven cycles of treatment (273]
After seven processing cycles at a mass loading of 14.6 wt%, the LOI reaches 21.0% (LOI of
pristine cotton = 18.4%)
Zn0/SiO ticl The combined effect of ZnO/SiO, provided the largest reduction in TSR and CO, emissions o4
= 102 nanoparticles ZnO significantly decreased the release of smoke and CO, emissions than SiO, [94]
The combined effect of ZnO/SiO; led to flame spread and ignition time much shorter than
Zn0O/SiO; nanoparticles those of untreated cotton and better fire resistance than when used separately [276]
SiO, showed greater effect on thermal properties of cotton than ZnO alone
Metal-based Zr0, /510, Flammability of ZrO, /SiO; is better than SiO, providing the highest burning times [277]
nanoparticles ZnO and ZnS microparticles Reduction in HRR and TSR by ~41% and ~68% [19]
Impregnation - - - - - - -
ALO- and SiO Best reduction of combustible rate and increase in the final residue (46%) than coating 58
23 and o1z containing only Al,O3 (32%) or SiO; (23%) (58]
Each metal oxide combined with silica sol significantly decrease initial decomposition
temperature compared to silica sol
. . . Zr-based sol provided:
ZrO,, MgO, TiO, combined with TEOS sol . . [278]
. the large amount of char than Si-based sol, Ti-based sol, and Mg-based sol
. char below 45% with respect to untreated cotton and Ti-based sol-, Mg-based sol-, and
Si-based sol-coated fabrics
Increased char yields (TGA in N)
Mg(OH), Increased ignition and glowing times [289]
Metal lat When applied alone only two metal oxalates (MnOx and FeOx) reduced the burning rate of
A ctal oxala is ide (AB cotton at.49 and 2.46 mm/s 288
Dmmonlum ro}rln . eh( & )D AB When the metal oxalates combined with ammonium bromide, CaOx, and FeOx oxalates show an [288]
iammonium phosphate ( ) apparent possible additional effect in lowering the burning rate at 1.59 and 2.08 mm/s, respectively
Increased thermal stability of cotton (TGA in air)
Enhanced char-forming character
Sulfonate modified boehmite nanoparticles Increased final residue at high temperature [295]

Decreased overall thermal oxidation rate
Increased TTI
Decreased PHRR

Zinc carbonate

Cotton fabrics achieved self-extinction and a LOI value of 30%

[296]
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As aresult of the differences in the mutual interface contacts and multi-functional com-
bined benefits, good synergistic effects may be obtained between inorganic, intumescent,
and nanoparticle flame retardants. However, further investigations on the synergistic effect
of interfacial compatibility between flame retardants, as well as methods for improving the
interface compatibility between matrix and filler are important to better enhance the flame
retardancy of materials. Indeed, most of the reported techniques are still in the stage of
laboratory research and significant improvements in cost, process, and method are needed
to ensure their continuous automatic production and commercialization. Furthermore,
besides higher performance, an ideal flame retardant should ensure easy application, low
cost, and environmentally friendliness. Indeed, although researchers are putting great ef-
forts in the design of halogen-free, synergistic, multifunctional, and nanotechnology-based
flame retardants, the topic has not yet been fully explored. Indeed, although many of the
flame retardants described in this review present high performance and low environmen-
tal impact, the academic community is still working on solving some challenging issues.
Indeed, designing new FRs requires large investments both for toxicity evaluation and pro-
duction on at least a pre-industrial scale to maximize yields and reduce costs. In particular,
the possibility of adopting green technology approaches at a pre-industrial scale is still a
challenge, and whether it can be successfully tried will depend on the cost-effectiveness of
the designed FR systems. A further challenge in implementing sustainable FRs concerns
their durability to several washing cycles, often not at the level of conventional FRs yet,
currently limiting their applications.

In conclusion, future efforts from both the academic and industrial communities
should be focused on continuous implementation of even greener technologies for replacing
hazardous conventional flame retardants, as well as on the design of more economical and
environmentally friendly approaches for the surface modification of textiles, thus making
possible the application of these methods also at the industrial scale.
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