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Abstract: The enormous potential of renewable bioresources is expected to play a key role in the
development of the EU’s sustainable circular economy. In this context, inexhaustible, biodegradable,
non-toxic, and carbon-neutral forest-origin resources are very attractive for the development of
novel sustainable products. The main structural component of wood is cellulose, which, in turn, is
the feedstock of nanocellulose, one of the most explored nanomaterials. Different applications of
nanocellulose have been proposed, including packaging, functional coatings, insulating materials,
nanocomposites and nanohybrids manufacturing, among others. However, the intrinsic flammability
of nanocellulose restricts its use in some areas where fire risk is a concern. This paper overviews
the most recent studies of the fire resistance of nanocellulose-based materials, focusing on thin films,
coatings, and aerogels. Along with effectiveness, increased attention to sustainable approaches is
considered in developing novel fire-resistant coatings. The great potential of bio-based fire-resistant
materials, combined with conventional non-halogenated fire retardants (FRs), has been established.
The formulation methods, types of FRs and their action modes, and methods used for analysing
fireproof are discussed in the frame of this overview.
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1. Introduction

Developing a “green” circular economy is highly dependent on the quality and avail-
ability of raw sustainable materials. In this regard, lignocellulose (LC), the most abundant
renewable biomass in the biosphere with a global annual production of 181.5 billion tons [1],
is of great interest as a natural raw material for producing value-added products. Lignocel-
lulosic material is typically derived from agro-waste, forest trees, and grasses. LCs consist
mainly of the polymers that form plant cell walls, celluloses (40–45 wt%), hemicelluloses
(15–35 wt%), and lignin (20–40 wt%) [1]. Two approaches to LC biomass conversion into
value-added products are used: lignocellulosic biorefining and syngas production [1].
Syngas produced by LC biomass gasification can be used as feedstock for fuel and chemical
manufacturing. In lignocellulosic biorefining, the biomass is separated into its constituents,
cellulose, hemicelluloses, and lignin, followed by their conversion into bio-based chemicals
and materials. The cellulose-derived nanomaterials, nanocrystalline and nanofibrillated
cellulose, are of particular interest. Nanocelluloses combining unique properties, such
as outstanding mechanical stability, low density, large specific surface area, high aspect
ratio, and biocompatibility, are a material of increasing interest in packaging and pro-
tective coating fields, the implant industry, separation technology, adhesives, and many
others [2,3]. Significant progress in cellulose-based nanocomposites, including aerogels,
has been reported [4].

Depending on the technique used, cellulose pulp can be processed into nanocrystalline
cellulose (NCC) and nanofibrillated cellulose (NFC). NCCs, rod-like particles 3–5 nm in
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diameter and 50–500 nm in length [5], are obtained via hydrolysis of the amorphous region
of the cellulose backbone using a mineral acid, typically sulfuric acid [3,6,7]. Partial chain
hydrolysis yields microcrystalline cellulose (MCC), with a particle diameter of 10–50 µm [5]
and degree polymerization (DP) between 150 and 300 [8]. NFCs, typically 4–20 nm in
diameter and 0.5–2 µm in length [5], are produced through the mechanical treatment of
the cellulose fibres. However, NFC slurry can contain micro-sized fibres, referred to as
microfibrillated cellulose (MFC), the particle size of which ranges between 10–100 nm
in diameter and 0.5–10’s µm in length [5]. The mechanical treatment can be performed
using a grinder, microfluidizer, high-pressure homogeniser, twin-screw extruder (TSE), or
high-speed blender [9–14].

Because the fibrils are combined and kept together by extensive hydrogen bonding,
significant energy input is required to disintegrate them. In this respect, an enzymatic
or chemical pre-treatment is used to easily dismantle the fibrils. The functionalisation of
cellulose fibres by charged moieties facilitates the delamination process due to the swelling
of the fibres from increased osmotic pressure inside the fibre wall and electrostatic repul-
sion [10]. TEMPO (2,2,6,6-Tetramethylpiperidine 1-oxyl) oxidation is the most common
method used to pre-treat cellulose fibres [15]. Other methods have also been reported, such
as etherification [16], periodate oxidation [9], enzymatic hydrolysis [17], and phosphoryla-
tion [10,18,19]. Notably, the crystalline structure of cellulose is retained after mechanical
treatment even when combined with chemical modification [14].

The combination of outstanding mechanical performance (tensile modulus at about
143 GPa) [20], biocompatibility, high surface area, transparency, and reactivity makes NC
suitable for use as a reinforcing material and as a substrate for the production of thin
films, coatings, and aerogels. The basic approaches to fabricating NC-derived films and
nanopapers are casting, coating, papermaking, and extrusion [2]. Recently, a novel layer-
by-layer (lbl) deposition for coating processing has been applied. The lbl assembly process
predominantly relies on electrostatic interactions between polyelectrolytes and charged
nanoparticles [21]. Bio-based aerogels are commonly formed by a novel freeze-drying
procedure, also known as lyophilisation [4]. Unlike the supercritical drying process used
for aerogels made from silica and other conventional materials, freeze-drying results in a
highly aligned, honeycomb-like pore structure, yielding higher mechanical performance
than conventional foams [22].

One of the critical limitations of cellulose is its intrinsic flammability, which restricts
the exploitation of cellulose-based materials. Fire protection technology offers various
treatments and fire retardants to minimise the fire risk of materials and products. Efficiency,
applicability, and cost are parameters normally considered in fire retardant selection, but
increasingly demanding ecological requirements [23] have encouraged researchers and
manufacturers to design sustainable FR systems without a toxic footprint.

Three factors are required for combustible material burning: fuel, heat, and oxygen,
which form the well-known “fire triangle” [24]. At least one of these components must be
removed to suppress the fire. When FRs are incorporated, the combustion process becomes
controlled in condensed or vapour phases through FR action by chemical or physical means.
Based on their chemistry, FRs are divided into phosphorous- and nitrogen-containing,
halogenated, metal hydroxides and oxides, borates, and nanometric particles [24].

Inorganic metal hydroxides, particularly Al(OH)3, are the most used FR, followed by
halogen-containing [25]. Metal hydroxides physically dilute combustible matter, as well
as release water vapor at high temperatures, which dilutes the flaming gases and sinks
the heat [24,26]. To achieve a significant effect, up to 60% by weight of metal hydroxides
is required, which can negatively influence the mechanical performance of the material.
Halogen-containing FRs work in the vapour phase, scavenging reactive radicals, H•, and
OH•, thereby inhibiting flame. They are recognised as effective, but their use is prohibited
due to their high toxicity, low degradability, and tendency to accumulate in the biotic and
abiotic systems of the environment [23]. The phosphorus-based FRs (P-FRs) are the third
most used FRs, and the number of applications for them is growing. The advantage of
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P-FRs is that they work in both condensed and gas phases. Thus, similarly, to halogenated
FRs, P-FRs trap reactive radicals, and their effectiveness is five times higher than that of
bromide and ten times higher than chlorine [24,27]. In the condensed phase, P-FRs act
through the barrier effect, facilitating char synthesis, particularly in oxygen-containing
polymers, such as cellulose, polyester, and polyamides [24,27]. Nitrogen-based FRs, which
can be ammonia- or melamine-based, endothermically vaporise to ammonia or N2 to
dilute heat and flammable gases. N- and P-based FRs are often combined due to their
synergistic effect [27]. Here, nitrogen catalyses the phosphorylation of cellulose, facilitating
crosslinking of FR within the polymer network, which promotes char formation [28]. Yet, N-
and P-containing FRs are common components in the intumescent FR system, a special case
of fireproofing. Three components make up the intumescent formulation, (i) dehydrating
agent or acid source (e.g., phosphoric acid and ammonium polyphosphate APP), which
reacts with (ii) char-forming ingredients (e.g., polyols, cellulose), and (iii) a blowing agent
(e.g., melamine) that generates inert gas, which, in turn, expands the char [29]. Intumescent
coatings swell when a critical temperature is reached, typically around 200 ◦C, to form a
dense charred layer, which is an effective barrier against the transfer of combustible gases
as well as a shield for the substrate against heat and flame [24]. An intumescent system
based on expandable graphite (EG) works in the same way [30,31]. EG is a partly oxidised
form of graphite, where an oxidising agent, commonly sulfuric acid, is intercalated between
the graphite layers. Upon heating, the acid evaporates, causing irreversible expansion of
the graphite, up to 300 times its initial volume [30].

Boron-based chemicals, boric acid, and its salts are widely used commercial flame
retardants for wood and wooden products. At elevated temperatures, they decompose
endothermically, evolving water and forming a glassy melt on the surface of the substrate.
In addition, boric acid esterifies the OH groups of cellulose, promoting carbonaceous
char formation [32]. However, due to ecological issues, boric acid is a candidate for the
registration, evaluation, authorisation and restriction of chemicals (REACH) list, being a
substance of very high concern (SVHC) due to its negative impact on the reproductive
system [23].

Nanotechnology is one of the fastest-growing fields in science and materials engi-
neering. Nanotechnology represents a great opportunity for designing novel materials
with better mechanical, physical, and barrier performance, including fire resistance. The
nanoclays (e.g., montmorillonite (MMT) and sepiolite (Sep)) are most frequently used nano-
additives to improve the thermal stability of polymers [33,34] and wooden materials [35–38].
Other nanofillers, such as carbon-based, carbon nanotubes (CNT) [39,40], EG [30,31,41],
and graphene [42,43], the metal oxides, TiO2, ZnO [40,44–47], SiO2 [45,48], MoS2 [49], and
recently explored MXene [50–52] and metal-organic frameworks (MOFs) [53–56], also show
potential as FR additives in coatings, aerogels, polymer, and wooden materials.

During the search for novel “green” fire safety materials, significant attention has been
paid to bio-inspired FR additives, such as desoxyribonucleic acid (DNA) [57], proteins [58],
starch [59], chitosan [60,61], lignin [62], and phytic acid [63]. The fire retardancy mechanism
of these additives is commonly related to char-forming ability. Thus, the aromatic structure
of lignin ensures the formation of stable carbonised residue during combustion, especially
the phosphorylated form of lignin [62]. Starch and chitosan are natural polyols that form
a carbonaceous layer when burned [59,61]. In addition, amino polysaccharide chitosan
releases ammonia, causing the exfoliation of the residue [61]. Proteins containing sulfur
and nitrogen (e.g., hydrophobins) and phosphate groups (e.g., casein) catalyse charring
during cellulose burning [57,60]. In a DNA molecule, the presence of phosphoric acid
(acts as acid catalyst), a nitrogen-containing moiety which releases ammonia (acts as a
blowing agent), and deoxyribose (char source) make it an intrinsically intumescent FR
compound [57]. Plant seed-derived phytic acid (PA) is a natural catalyst of charring due to
its high phosphorus content, 28 wt%, from phosphoric acid residues [63].

The growing interest in applications of nano/microcellulose and recent achievements
in nanocellulose materials manufacturing also facilitate research interest in cellulosic ma-
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terial modification in terms of reaching the desired functionality. The present work aims
to summarise the main methods for improving the fire resistance of thin films, coatings,
and aerogels prepared from cellulose sub-sized derivates, MFC, NFC, MCC, and NCC, by
reviewing the research published during the last decade. The first part discusses different
approaches towards phosphorylating cellulosic materials to induce intrinsic fireproofing.
The following sections outline the application of nanosized additives alone or in combina-
tion with non-halogenated conventional and biobased FRs. The modes of action of FRs and
the techniques used for thermal properties and fire retardancy analysis are also reported.

2. Methods of Nanocellulose Phosphorylation and Their Effects on FR Properties

Charring is a crucial mechanism for the fire retardancy of synthetic and natural
polymers. Generally, char is formed at the expense of flammable gases and acts as a
physical barrier that lowers the transfer of flame-supporting sources in and out of the
burning underlayer. Due to its chemical structure (C6H10O5)n, cellulose can produce
carbonaceous residue (char) 44.4% of the initial mass [64]. However, cellulose combustion
at favourable conditions, e.g., dry, hot, and energetic environments, generates levoglucosan,
which in turn readily decomposes to flammable gases. In practice, the maximum char
yield is 12–15%, depending on the peak temperature reached [64]. Another route is the
dehydration and decomposition of glycosidic units to form aromatic char, Figure 1.

One way to enhance the intrinsic fire retardancy of cellulose is by directly incorporating
phosphorus-containing components into the cellulose structure. The cellulose molecule
is abundant in hydroxyl groups, which makes it highly reactive and easy to functionalize.
Each glycosidic unit of cellulose has three OH groups at C2, C3, and C6. Comparing their
reactivity, the OH group at C6 is ten times more reactive than the other two [65], so it has
an important role in cellulose modification, including phosphorylation. In this scenario,
the undesired levoglucosan that forms due to C1 and C6 intramolecular cyclisation can
be inhibited by blocking the C6 hydroxyl by the formation of a phosphorus ester, thereby
redirecting the burning route to char formation, Figure 1.
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from [66,67]).

Furthermore, phosphoric acid, initially released at elevated temperatures, catalyses
the dehydration of cellulose and char formation [10]. The phosphorylation reactions
of cellulose can be triggered by phosphorus acid, H3PO3 [68,69], orthophosphoric acid,
H3PO4 [70,71], or their salts [10,14,18,72], phosphorus pentoxide P5O10 [73–75], periodate
oxidation [9], phytic acid [76,77], enzymes [78], and through the grafting of phosphorus-
containing polymers [60,70]. Cellulose-rich fibres are typically phosphorylated in presence
of urea or less commonly used solvents such as N,N-dimethylformamide (DMF) and
pyridine [10,60,70,76]. Urea prevents the degradation of the cellulose during curing, assists
in the disruption of the hydrogen bonds between the cellulose nanocrystals, preventing
their aggregation, and increases the penetration of phosphate moieties into the core of the
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fibres [10,18,70,73,76]. The extent of the phosphorylation or degree of substitution (DS) is
defined as the average number of P atoms per cellulose monosaccharide unit [79]. The
DS depends on many factors, such as the type of modifying agent, reagent-to-substrate
ratio, assisting additives, and ambient conditions [10,71–73,79]. Typically, phosphorylation
efficiency can be evaluated by potentiometric titration, Fourier transform infrared (FTIR)
spectroscopy, and nuclear magnetic resonance (NMR) techniques [71]. The results of various
methods of nanocelluloses pre- and post-phosphorylation, under different conditions and
methods, are presented in Table 1.

Table 1. Selected examples of pre- and post-phosphorylation of cellulosic materials.

Cellulose
Grade

Reagent
Charge/DS,

µeq/µmol g−1,
(0–1)

UL-94
TGA/Air

Source
Residue, wt% Tmax2, ◦C

NFC
Control/unmodified - - ~0 (800 ◦C) 422

[10]
AGU/(NH4)2HPO4/urea = 1/1.2/4.9 a 912/0.15 self-exting. c 9 539

NFC
(post-P)

Control/unmodified - - 15 (600 ◦C) -
[78]

Hexokinase (EC2.7.1.1.)/ATP/MgCl2 DS: 0.43 - 57 -

NFC
Control/unmodified - - 0 - [19]

AGU/(NH4)2HPO4/urea = 1/1.2/4.9 a 2930 V-0 ~25 (800 ◦C)

NFC
Control - - 0.6 (800 ◦C) -

[75]
P2O5/cellulose = 1:1 and 2:1 b; (+melamine) DS: 0.15–0.16 - 9.2 -

NCC
(post-P)

Control/unmodified - - 3 (500 ◦C)
[73]P2O5/urea 3300/0.26 - 30

P2O5 950/0.08
NFC/MFC AGU/(NH4)2HPO4/urea = 1/1.5/10 a 1900/0.39 self-exting. c - - [11]

NFC
Control/unmodofoed 0 - 0 (700 ◦C) 379

[9]
Periodate oxidation 320 self-exting. c 27 389

NFC/MFC
Control/unmodified - - 0.6 (800 ◦C) 513

[80]
AGU/(NH4)2HPO4/urea = 1/0.5/2 a 1540 self-exting. c 20 625

NCC/NFC (post-P)

Control/unmodified - - ~14 (600 ◦C) -

[71]

NC/H3PO4/water NFC: 19 ~30 -
NCC: 435 - ~45 -

-
NC/H3PO4/molten urea NFC: 1173 - ~45 -

NCC: 1038 - ~40 -

a molar ratio; b mass ratio; c standard does not define.

The use of phosphorous-based media for facilitating nanofibrillation of cellulose and
inducing fireproofing properties to the end product was first proposed by Ghanadpour
et al. [10]. In this research, the pulp cellulose was pre-treated with a (NH4)2HPO4/urea
mixture, with the molar ratio of AGU/(NH4)2HPO4/urea equal to 1/1.2/4.9. The modified
pulp was dried at 70 ◦C and cured at a temperature of 150 ◦C (10–90 min); the fibres
were then disintegrated using a high-pressure microfluidizer. The maximal total charge of
912 µeq g−1 was achieved after a 1 h curing period, then declined after extended curing time
due to fibres delamination. P-NFC-based film prepared by membrane filtration showed
a self-extinguishing property leaving 92 wt% of residue in the flame test and increased
mass residue in TGA. Notably, the thermal stability of the formed char was increased
which indicated the second Tmax2 value, Table 1. More recently, Hou et al. used a similar
phosphorylation protocol, high-speed blender and membrane filtration technique to pre-
pare a nano/microfibrillated cellulose-based film with significant fireproof, transparency,
and mechanical performance [11]. Authors proposed that synthesised high-quality film
could replace synthetic plastic in demanding applications, such as light management layers
of photoelectronic devices. The lbl self-assembly technique was utilized in creating an
ultrastrong and flame-resistant film by combining phosphorylated (anionic) and aminated
(cationic) NFC in reference [81]. The fireproofing of the film was achieved through close
contact and strong interaction between layers induced by lbl structuring as well as N-P
synergistic FR effect. Moreover, the composite material’s tightly packed structure played
a significant role in its exceptional mechanical properties. Sirviö et al. used periodate
oxidation to produce thermally stable NFC grade [9]. Thermo-oxidative TGA measure-
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ments showed that modified NFC left up to 27 wt% thermally stable residue whereas
non-modified NFC almost completely burned.

Reducing processing costs is crucial for scaling the production and application of
nanocellulose-based products. In conventional processes, nanofibrillated products have a
low consistency, typically 2 wt%, and are characterised by high energy consumption, mak-
ing these processes unsustainable. In this context, Rol and co-workers have proposed the
nanofibrillation of chemically (TEMPO-oxidised) or enzymatically treated cellulose using
twin-screw extrusion (TSE), which allowed processing at high solid contents, 20–25 wt%,
while reducing the energy input by 60% compared to the conventional technique [82]. Later,
Rol et al. used pre-phosphorylated pulp cellulose and energy-effective TSE for processing
FR NFC grade [19]. The phosphorylation was performed following the protocol of Ghanad-
pour et al. [10], resulting in phosphate loading up to 2930 µmol g−1 (Table 1). Notably, the
phosphorylation degree did not change after the nanofibrillation step. The nanopaper from
P-NFC achieved the class of V-0 in the UL-94 test [83].

The synergistic effect of phosphorus-based FR and lignin on the fire retardancy of NFC
film has been demonstrated by Zhang et al. [14]. In this research, bamboo pulp cellulose,
with or without lignin, was pre-phosphorylated with (NH4)2HPO3/urea. Next, the cellu-
losic fibres were exfoliated to nanofibrils in a Masuko Sangyo MKCA6-2 grinder. The flame
retardancy of the films produced by the solvent casting method was studied with micro-
scale combustion calorimetry (MCC), and the results are shown in Table 2. Phosphorylation
or the presence of lignin facilitated the fireproofing of the cellulose; however, samples
prepared from lignin-containing phosphorylated pulp had the best performance. The high
fire retardancy was due to double protection: (i) a PxOy-composed layer originating from
the P-moiety of grafted NFC, (ii) the diluting effect of non-combustible gases (H2O, CO,
CO2) release, and (iii) a barrier carbon layer due to carbonation of P-NFC with further
enrichment through lignin involvement.

Table 2. Micro-scale combustion calorimetry test results. BNFC denotes bamboo NFC, P denotes
phosphorylation, and L denotes lignin [14].

Sample HRC, J g−1 K−1 pHRR, W g−1 TpHRR, ◦C THR, kJ g−1

BNFC 168.9 166.2 356.1 9.7
P-BNFC 43.2 42.7 293 1.8
BNFC-L 135.6 134.2 339.3 8.3
P-BNFC-L 22.8 21.1 281.2 1.3

HRC—heat release combustion; pHRR—peak of heat release rate; THR—total heat release.

Wu et al. used a mechanochemical approach to process the phosphorylated grade
of NFC from corn cellulose [75]. The cellulose powder was ball-milled in an agitate jar
in the presence of phosphorus pentoxide, P4O10, achieving a DS of 0.16 (Table 1). The
fire retardancy was additionally stimulated by modifying the P-NFC with melamine. The
melamine and P-NFC were combined through ionic bonding, which was confirmed by FTIR
spectroscopic analysis. Incorporating 30 wt% of fire-retarded NFC into the bamboo paper
induced self-extinguishing properties, and the limiting oxygen index (LOI) increased to
30%. Besides, the calorimeter test showed that the (pHRR) of the modified paper decreased
by ca. 63% and the (THR) by more than 70% compared to the control. In another work, Fiss
et al. used a ball milling method for NCC post-phosphorylation with P4O10 crystals [73]. In
this case, the phosphorylation was performed with and without the assistance of additives,
such as urea, tetramethylurea, 2-imidazolidone, or salt urea phosphate. The best result
was obtained in the presence of urea, where the phosphate amount reached 3300 µmol
g−1, whereas, without urea, the phosphorylation value was only 950 µmol g−1. Notably,
mechanochemical phosphorylation resulted in higher phosphorylation than that reported
by Kokol et al., 1038 µmol g−1, who used liquid-phase phosphorylation [71]. However, the
TGA showed that NCC liquid-phase phosphorylation (in molten urea) resulted in lower
mass loss, ca. 60 wt%, than the sample in solid-state conditions, which had a mass loss of
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70 wt%, obtained by Fiss et al. [73]. The positive role of urea has been demonstrated by
Kokol et al., who compared the phosphorylation of the nanocelluloses NCC and NFC in
heterogeneous (H3PO4/water) and homogeneous (H3PO4/molten urea) conditions [71].
According to the results obtained, the charge density for samples modified in a homo-
geneous environment was significantly higher than those modified in the H3PO4/water
solution (Table 1).

More recently, Khakalo et al. have proposed an effective fibrillation method for
fireproof MFC production in which enzymatically aided pulp fibres, denoted as high
consistency enzymatically fibrillated cellulose (HefCel), are impregnated with a phospho-
rylation agent, (NH4)2HPO4/urea [80]. This protocol obtained a nano(micro)fibrillated
(NMFC) cellulose with high solid content, 25 wt%, and low energy consumption. The
thermo-oxidative TGA demonstrated that the functionalised samples were more sensi-
tive to heating, resulting in significant early degradation due to phosphoric acid release;
however, there was significant increased char residue, as seen in Table 3. Moreover, the
remarkably increased the second Tmax2 indicated the high thermal stability of formed
char. A vertical flame test showed that the burning rate of the P-HefCel film decreased
with increasing degree of phosphorylation; the sample with the highest charge content,
1540 µmol g−1, was self-extinguishing, leaving ca. 89% residue by weight.

Table 3. Two-step degradation of HefCel and P-HefCel samples at various AGU/(NH4)2HPO4 molar
ratios [80].

Sample T10%, ◦C T50%, ◦C Tmax1, ◦C Tmax2, ◦C Char, wt%

HefCel 285.2 347.2 346.8 512.5 0.6
P-HefCel_0.125 * 226.4 330.4 268.2 529.2 2.2
P-HefCel_0.25 * 232.4 361.2 284.5 552.2 9.2
P-HefCel_0.5 * 210.6 401.4 280.4 624.8 20.0

* Number denotes an AGU/(NH4)2HPO4 molar ratio.

The phosphorus for phosphorus-based FRs is currently obtained from phosphate rock,
and due to the limited amounts available, the EU Commission included phosphate rock in
its list of critical materials in 2014 and added elemental phosphorus in 2017 [84]. In this
background, biobased phytic acid, typically found in beans and grains, is a sustainable
alternative for P-containing mineral-derived FRs [63]. When subjected to flame, PA releases
a phosphoric acid, amount of which is sufficient for catalysing crosslinking and charring of
cellulose. Yuan et al. have used PA in the presence of urea/cyandiamide to functionalise
MCC [77]. The pyrolysis combustion flow calorimetry (PCFC) data of neat and phosphory-
lated MCC with PA (30 and 50%) are shown in Table 4. The main parameters characterising
fire resistance were improved with PA incorporation, and the effect of treatment with 50%
PA was more significant.

Table 4. PCFC data of PA-MCC obtained at various concentrations of PA [77].

Sample HRC, J g−1 K−1 pHRR, W g−1 THR, kJ g−1 Char, wt%

MCC 351.0 343.3 12.7 1.1
MCC/30%-PA 197.0 193.5 7.6 17.5
MCC/50%-PA 68.0 64.7 2.0 33.5

Another example of a green method for cellulose phosphorylation is using adenosine-
5′-triphosphate (ATP), each molecule of which contains three moieties of phosphate. Božič
et al. have used enzymatic phosphorylation of NFC in the presence of Mg ions and ATP [78].
Enzyme hexokinase catalyses the transfer of the phosphoryl groups of ATP to oxygen at C6
of the cellulose units. A high DS, up to 0.43, was achieved without additional pre-treatment
or/swelling steps. The TGA showed a significant increase in the mass of residue from
P-NFC, which was adjusted to 57% at 600 ◦C (Table 1).



Fire 2024, 7, 31 8 of 27

This section provides information about the effectiveness of phosphorylation in mod-
ifying nano/microcellulose for enhancing fire retardancy and thermal stability. The ad-
dition of phosphorus-containing groups to nanocellulose results in materials that can
self-extinguish, thus making them suitable for fire-retarding coatings, even in high-demand
applications like electronics. This modification also enhances the mechanical performance
of the resulting films by creating extra hydrogen bonds between the cellulose fibrils [14].

The phosphorylation method can facilitate cellulose fibrillation and make it fireproof
by attaching phosphate groups to the cellulose backbone. Chemically induced fire resistance
is typically more stable compared to physically mixing with FR additives. Physically incor-
porated additives can be leached during exploitation, resulting in a decline in properties
and environmental pollution. However, the main drawback of conventional phosphoryla-
tion methods is that they require a curing step at a high temperature averaging 150 ◦C. The
high temperature can cause undesired colour changes in cellulose. Additionally, urea which
is typically used as a co-agent during the phosphorylation is decomposed to ammonia upon
heating. Contact with ammonia can irritate skin, eyes, nose, and throat. As an alternative,
enzymatic phosphorylation can transfer phosphate-moiety from ATP to polymer without
the use of urea, resulting in even higher DS and char residue parameters compared to
conventional methods [78].

3. Combination of Conventional Fire Retardants with Nanosized Additives
3.1. Nanoclays Case Study

One of the most frequently utilised additives in nanocellulosic, as well as synthetic
polymer composite manufacturing, is phyllosilicates, such as MMT, vermiculite (Ver), Sep
and bentonite. The FR mechanism of nanoclays is related to their layered structure, which
acts as an intumescent barrier that hinders heat and mass transfer through the matrix
and catalyses char synthesis of celluloses due to the metal ions in their structure [85]. Yet,
upon heating, nanoclay particles accumulate on the surface of the composite, protecting
bulk materials from external fire sources [33,86]. Mixing a water-soluble cellulose-based
polymer with a nanoclay is normally favourable due to the polar nature of both compo-
nents. Typically, clay-containing NC-based hybrids are produced by mixing their aqueous
suspensions and applying casting or filtration. The morphology of the formed hybrid plays
a crucial role in its performance. Many studies have reported that nature-inspired nacre or
bone-like structures, or so-called brick–mortar assemblies, which can be formed between
the reinforcing filler and the matrix, typically result in effective mechanical and barrier
properties. Diffusion processes in the composite dramatically decrease or even blocked
when particles are fully exfoliated throughout the matrix. At high dispersion of the nano-
sized material, high transparency of the film/coating can be achieved, which significantly
expands their applicability. From a mechanical performance viewpoint, matrix-phase fibres
provide strength and toughness, while clay plates provide stiffness [22].

Many research groups have demonstrated promising results by applying MMT as a
fire-retarding material in nanocellulose-based free-standing films and coatings. The pioneer
in this was Liu et al. manufacturing high amounts (50–89 wt%) of MMT-containing NFC
nanopaper [87]. The prepared hybrid did not support any flame upon removal of the flame
source, even at the lowest MMT loading, 50 wt%. Later, Carosio and co-workers published
several papers on the thermal performance of the MMT/NFC hybrid [67,85,88,89]. Ear-
liest, it was established that 30 and 50 wt% MMT containing NFC nanopapers showed
significantly increased charring and self-extinguishing behaviour [85]. The authors no-
ticed that behind the superior fireproofing is a powerful barrier effect of highly oriented
MMT platelets in the NFC continuous matrix (brick-mortar structure) (Figure 2). The
well-dispersed and in-plane oriented clay particles in the nanofibril matrix hinder com-
bustion volatiles transfer and insulate the fibrils from heat. In addition, Na+ ions on the
clay surface catalyse the char-producing degradation of NFC. In the following paper, the
authors studied the shielding properties of the MMT/NFC film [89]. The 100-µm thin film,
containing 30 or 50 wt% of MMT, was hot pressed on an epoxy/glass fibre composite, and
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subjected to an open flame source. The temperature difference between the front (coated)
and back sides was 600 ◦C, showing the outstanding thermal protection properties of the
coating. The result was the same for both 30 and 50 wt% MMT films. The fire retardancy
and shielding effect of the NFC nanopaper (100 µm thickness) containing 50 wt% nanoclay
were tested on wood samples [88]. The cone calorimeter test showed the effectiveness of the
NFC/MMT structure (Table 5). The influence of coating on the burning scenario is shown
in Figure 3. When exposed to fire, clay sheets form an expanded protective layer that delays
the emission of volatiles, hindering the ignition of the coated sample. This protective barrier
results in a ca. 5 min delay in ignition time for the coated sample and changes the HRR
curve profile to show only one peak. Despite a slightly increased pHRR value for the coated
wood sample, the total heat release is reduced by 33%. The average rate of heat emission
(ARHE) was also decreased notably due to shielding effect of nanopaper. This parameter,
which is defined as the cumulative heat emission divided by time, is considered one of the
important fire safety factors. In another paper, researchers reported that a combination of
phosphorylated NFC with MMT was more effective than neat NFC/MMT [67]. Thus, P-
NFC-based coating containing only 10 wt% of MMT prevented the ignition of polyethylene
(PE) substrate in cone calorimeter test. MMT was shown to be more effective compared to
Sep and sodium hexametaphosphate (SHMP), which were also tested in this study. Behind
the better performance is the layered structure of MMT, the ability to form a brick-mortar
organization, while the rod-like sepiolite particles were randomly oriented, which led to
a decrease in fire resistance properties. Creating phosphate-rich conditions, for example,
incorporating SHMP, did not facilitate carbonation as might be expected. The phosphoric
acid released during the thermal degradation of SHMP is reacted with C2 and C3 of P-NFC
since C6 is already occupied. According to the pyrolysis mechanism, dephosphorylation at
C6 leads to carbon formation, while dephosphorylation at C2 and C3 leads to the synthesis
of volatiles [67].
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Table 5. Cone calorimeter test results for a wood sample with and without NFC/MMT nanopaper
coating [88].

Sample IT, s pHRR, kW m2 THR, MJ m2 MARHE, kW m2 Residue, %

Wood 89 ± 5 248 ± 9 61 ± 2 138 ± 10 15 ± 1
Coated 358 ± 58 285 ± 50 41 ± 5 74 ± 9 20 ± 2
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A promising result in transparent FR filmmaking has been demonstrated by Ming
et al. [90]. Carboxylated NFC/MMT (MMT content between 5–50 wt%) hybrid films were
prepared by mechanical stirring and sonication followed by evaporation. The process of
hybrid preparation can be observed in its entirety in Figure 4. The FR of the films improved
radically, especially at 30–50 wt% MMT. The LOI values of 30 and 50 wt% clay-containing
films were about 66% and 97%, respectively; in the vertical flame test, both films were
extinguished immediately after flame removal. Along with fire retardancy, the fabricated
nanofilms had high optical transmittance, 90% transparency even at 50% MMT. The high
FR performance of the films was attributed to the high dispersity and relatively low aspect
ratio of the clay nanoparticles.

Previous examples have described batch mixing clay with a cellulose substrate, while
Qin et al. used a lbl deposition technique to synthesise an NFC/Ver fireproof coating [91]. To
create an electrostatic interaction with the anionic vermiculite, the NFC was functionalized
with a suitable cationic surfactant. The 5–20 bilayer films, formed from a 0.2 wt% solution of
NFC and a 70 wt% Ver suspension, with thickness from ca. 50 to 180 nm, were transparent
at any thickness. Along with excellent O2 barrier properties, the NFC/Ver films were also
stable for fire suppression. Thus, 2–4 bl nanocoated onto polyurethane PU foam formed an
effective flame barrier, which prevented the foam from melt dripping.
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3.2. 2D Carbon-, Black Phosphorus-, and MXene—Based Nanomaterials

EG is an intumescent FR additive that forms a worm-like structure when burned and
builds a thick barrier to hinder the transfer of flammable volatiles. Santos and co-workers
prepared a flame-retardant coating composed of MCC and expandable graphite [92]. The
cellulose showed excellent substrate properties for the graphite due to its outstanding
adhesive properties. The exfoliated reassembled graphite (ERG) particles were an effective
barrier to oxygen’s access to the underlying materials. A wood sample coated with a layer
of MCC/EGR achieved Class A2, the highest possible class for combustible materials,
according to the ISO 1182 standard [93].

In a separate work, Miao et al. used graphene oxide to modify MCC [94]. The thermal
properties of the MCC/GO composites were tested by TGA and showed a significant
increase in mass residue from 12% for neat MCC to ca. 50% for MCC/GO at 800 ◦C. Such
changes were attributed to the barrier effect of the well-dispersed GO sheets as well as
carbonisation-catalysing effect of sulfuric acid, which was utilised as a medium during the
synthesis of the composite [95].

Zhang et al. developed a novel fire-retardant fire alarm sensor/film based on soy-
bean protein, sisal MCC, citric acid (CA), and graphene nanosheets (GN) [96]. The GN
dispersed in the film acted as a physical barrier to ignition and as a support skeleton
that maintained the original shape of the film when on fire. A mechanically robust and
fireproof coating made up of GO, P-NFC, and tannic acid (TA) (GO/TA/P-NFC in phr
ratio 1/0.5/1) was synthesised by Cao and co-workers [97]. Fire retardancy was achieved
through the combined effect of all the ingredients. Thus, TA and phosphorylated cellulose
fibres contributed to the char formation. In addition, the TA catechol groups acted as
reactive radical scavengers, and the phosphorus-based parts of NFC were reactive PxOy
sources. The GO sheets served as a support for the PxOy nanoparticles and also protected
them from degradation, accounting for the overall FR protection mechanism of the nanohy-
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brid. The synthesized film was tested in a fire alarm and showed high sensitivity and flash
response to temperature changes. The hybrid was also tested as an FR coating on PU foam,
demonstrating its excellent performance.

Qiu et al. manufactured a mechanically strong and fire-resistant film combining black
phosphorus (BP) and NFC [98]. Like graphene, BP belongs to the 2D family of materials
and is characterized by thermal, chemical, and mechanical stability. The self-assembly
of 2D BP and 1D NFC into a brick-mortar structure resulted in a significant decrease in
pHRR and THR compared to pure cellulose. The flame retardancy of layered BP was due
to a physical barrier to burning volatiles escaping from the cellulose, while the thermal
oxidation of BP led to the synthesis of various POx substances and phosphoric acid, which
in turn catalysed the carbonization of cellulose and the formation of stable char.

Xie et al. manufactured a fire-resistant coating based on ureido pyrimidinone (UPy)-
functionalized hydroxypropyl methylcellulose (FC) and graphene [99]. The brick-mortar
structure was formed by the co-assembly of FC molecules and GO nanosheets due to
multiple H-bonds between cellulose UPy groups and O-containing moieties of GO. Single
1-µm-thick FC/GO40wt% coatings on substrates, wood, PP, or PU foam, increased their
LOIs and led to self-extinguishment. The fire retardancy of GO/FC was attributed to the
effective barrier to oxygen and heat transfer. Moreover, the acidic groups of the fire-exposed
GO sheets catalysed the dehydration and carbonization reactions of the cellulose, which
facilitated the formation of chars. In addition, mechanically induced cracks on the surface
of the coatings showed a self-healing phenomenon when placed in a wet environment (90%
relative humidity) for 24 h. Water-induced rearrangement of cellulose molecules and GO
sheets and recombination of H-bonds were observed after water evaporation.

Zeng et al. synthesized a multifunctional nanocoating (MFNC) for fire alarm detection
and effective fire protection [100]. This coating was fabricated by combining Ti3C2Tx (MX-
ene), MMT, and UPy-containing cellulose (UPC) via layer-by-layer deposition. Excellent fire
retardancy was achieved due to the barrier effect and the catalytic carbonisation of MMT
and MXene. Thus, the LOI of a wood sample coated with eight layers of MFNC increased
to 40% and reached a V-0 rating (UL-94). Microcombustion calorimetry showed that the
HRR decreased by ca. 20% compared to uncoated wood. Water-induced self-healing of the
synthesised layer was demonstrated.

The unique properties of nanomaterials are widely exploited in the development of
new materials and technologies. They also show potential for applications in the flame
retardancy field. This section summarised the achievement of nanocellulose-based FR
coatings, in which nanoclays play a leading role. The layered structure of nanoclays
creates barriers that prevent heat and fuel from reaching the substrate. In particular, the
assembly of de-wetted nanoclay particles into stacked structures due to ablation of the
polymer under heat makes the diffusion barrier more effective [85]. Char formation is
also catalysed by clay due to the presence of Brønsted (–OH and SiOH)–Lewis (Al3+, Fe2+,
Fe3+) dual acid sites on the clay lattice. With external heat flux, these acid sites can accept
single electrons from donor molecules with low ionization potential, coordinate organic
radicals or abstract electrons from vinyl monomers, leading to the crosslinking of polymer
chains [86]. Notably, using nanoadditives enables the processing of multifunctional high-
quality materials. Thus, in many research papers, the inclusion of a nanoscale filler resulted
in greater flame retardancy as well as better mechanical performance. In the case of using
graphene oxide in fire sensing films/coatings, fire retardancy is accomplished by its rapid
reduction into high-conductive graphene under a flame. Such a conversion allows an alarm
to be triggered within seconds. The use of nano-sized fillers also allows to production
of transparent films/coatings, which is an additional advantage of naturally transparent
nanocellulose-based substrates.

The main disadvantage of nanosized fillers is their tendency to form aggregates due
to high surface energy. To achieve a stable colloidal suspension of nanoparticles, vigorous
mechanical steering, sonication, or centrifugation is typically necessary. Additionally, some
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additives can be too expensive, such as carbon-based, graphene, and EG, which are mostly
used in demanding and small-scale applications.

4. Potential of Lignin and Chitosan in Cellulose-Based FR Coatings

Owing to its intrinsic fireproof functionality, lignin is often used as an additive in
FR formulations, particularly synthetic polymers [101–103]. The potential for lignin in
fire-retarding nanocellulose-based films has been observed by Zhang et al. when they
compared pure cellulose and pre-phosphorylation lignin-containing cellulose fibres for
NFC processing [14] (see Section 2). Zheng et al. compared two types of lignin, kraft,
and sulfonated kraft, as fire retardant additives for MFC-based coating [104]. In addition,
other FR systems, that is, a nanoclay, a commercial EG and a synergetic fire retardant
(50% ammonium sulfate, 10% ammonium polyphosphate (APP), and 40% Al(OH)3), were
tested. The thermal stability and flammability of these coatings were evaluated by mean
TGA and cone calorimetry. Selected results are shown in Table 6. The MMT-containing
coating had the best values, despite the MMT/MFC coating being ten times thinner than
all other coatings tested here. Amongst the lignin-containing samples, the presence of
sulfonated kraft lignin decreased pHRR significantly and increased mass residue (TGA).
The FR properties of sulfonated kraft lignin relate to the higher content of sulfur, 4–5%,
while kraft lignin is limited to 2–3% [105]. The FR property of a coating containing EG
is due to the formation of intumescent worm-like char at 160–170 ◦C, which significantly
prolonged the IT and reduced the pHRR and THR. The synergistic FR improved the FR of
the sample because of the cellulose charring due to the acid catalytic dehydration induced
by ammonium sulfate and ammonium polyphosphate, diluting effect of the evolved NH3,
as well as the formation of Al2O3 and water vapour due to Al(OH)3 decomposition, i.e.,
the proposed effect of commercial FR according to its composition.

Table 6. FR parameters of coatings containing different FR additives [104].

Sample IT, s pHRR, kW m−2 THR, MJ m−2 TGA, wt%/800 ◦C

Reference, no coating 12 ± 4 120 ± 6 10 ± 1 15 ± 1
MFC, 100% 18 ± 1 127 ± 9 11 ± 1 22 ± 1
Sulf. kraft lignin (10%) + MFC 12 ± 1 85 ± 4 8 ± 2 52 ± 0
Kraft lignin (10%) + MFC 14 ± 2 127 ± 8 11 ± 1 40 ± 2
Nanoclay (10%) + MFC no ign. 5 ± 1 0.4 ± 0.1 87 ± 0
Synergistic FR (10%) + MFC 34 ± 2 47 ± 6 4.2 ± 0.2 45 ± 3
EG (10%) + MFC 26 ± 8 47 ± 1 7 ± 0.4 74 ± 2

The synergistic effect of lignin as a source of charring and boron-containing FR (borax)
as a char-former on NFC has been explored by Tong et al. [106]. Cone calorimetry showed
that this combination resulted in reducing pHRR, THR, and total smoke production (TSP)
by 79%, 56%, and 99%, respectively, compared to the neat NFC sample. The residue yield
increased up to 43 wt%, while neat NFC and samples containing only lignin or FR, were left
4, 15, and 38 wt%, respectively. The presence of lignin or FR improved the LOI from 19.9%
for neat to 23.3 and 50.9% for lignin-containing and FR-containing samples, respectively;
samples containing both components, lignin and borax, had an LOI of 43.9%. Dos Santos
et al. have reported that wood impregnated with an emulsion of kraft lignin had a delayed
IT, from ca. 12 s to ca. 26 s, for untreated and treated samples, respectively [107]. The flame
and ember times increased, whereas the weight loss decreased from ca. 34% to ca. 27%.

Chitosan is another bio-based polymer that shows excellent fireproofing functionality.
The high charring ability of chitosan is accomplished by the blowing effect evaporating N2,
which originates from the amino group of the chitosan backbone. Uddin et al. have reported
that a combination of NFC and CH resulted in a thermally stable, self-extinguishing film,
which left up to 86% mass residue in a vertical flame test [108]. In another work, Pan et al.
used phosphorylated MCC and chitosan as components for a coating to protect cotton
fabric using lbl coating [109]. In this technique, the fabric piece was alternately dipped
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into CH (cationic) and P-MCC (anionic) solutions. The vertical flame test showed that
fabric coated in 20 bilayers (bl) of CH (0.5%)/P-MCC (2%) was self-extinguishing after
the flame was removed: 90% of the fabric was preserved. The mass residue in the TGA
increased from 10% to ca. 40% for pure and 20-bl samples, respectively. Carosio et al., and
Köklükaya et al., have used CH as a component for multi-layered FR coating for NFC-based
foams [110,111] (see Section 5).

Currently, the most utilised charring agent in the fire retardants field/intumescent sys-
tem is pentaerythritol, which is produced from fossil fuel sources. From an environmental
perspective, using natural char-forming compounds such as lignin, chitosan and starch is of
interest in the development of modern FR technologies. Due to its polyaromatic structure
and high carbon-to-oxygen ratio, lignin is a high char-yielding polymer. Approximately
57 wt% of its initial mass is transformed into char at 600 ◦C (in N2 atmosphere) [112].
To further improve its fire retardancy, lignin can be modified or used with a synergistic
component [104,113]. However, several properties of lignin can be taken into account
for FR material development. The main drawback of lignin is its dark colour, which can
limit the application field of lignin-based formulations. Another potential difficulty is
its polyphenolic structure, which screens its own hydrophilic moieties, resulting in poor
compatibility with cellulose. Chitosan, which is derived from natural chitin by alkaline
deacetylation, can be used as a carbon-forming agent due to its carbohydrate structure with
abundant OH and NH2 groups in the backbone. According to TGA, neat chitosan forms
ca. 40 wt% [114] of residue in an inert atmosphere and ca. 20 wt% in air [115]. Chitosan is
often utilised in multi-layered coatings through lbl assembly due to its high positive charge
density, induced by the protonation of NH2 (at low pH) and high solubility. Chitosan is
becoming increasingly popular as a bio-based FR material in textile treatment and different
composite formulations, but its price may limit its large-scale commercialization [116].

5. Aerogels and Foams with Improved Fire Resistance

Aerogel design and production is another field where nanocelluloses can be utilised as
substrates or modifying agents. The high porosity and light weight of aerogels make them
attractive materials for many applications, including thermal insulation. However, unlike
mineral-based materials, bio-based aerogels are highly flammable, significantly restricting
their application. Two approaches have been used for cellulose-based aerogel FR design:
incorporation of FR additive during aerogel synthesis or deposition of an FR coating on the
aerogel surface.

5.1. Effect of Cellulose Grade/Modification

Niu et al. have used the phosphorylated grade of MCC for aerogel processing [117].
MCC was treated with a H3PO4/P2O5/triethyl phosphate/1-hexanol mixture for 48 or 72 h.
TGA showed that the char residue increased significantly, from 2.2% for neat MCC to 36.6%
and 37.1% for P-MCC (48 h) and P-MCC (72 h), respectively. The LOI reached 42.5% and
54.5% for P-MCC (48 h) and P-MCC (72 h), and both samples received V-0 ratings in the
UL-94 test. The P-MCC based samples had flameless burning with very low pHRR in the
cone calorimetry. Remarkably, aerogel fabrication was optimised with added phosphorous
due to improved dispersion stability and enhanced gelation.

Zhu et al. have used chemithermomechanical pulp (CTMP) to develop lignocellu-
losic nanofibrils (LNFC) using sulfamic acid- and urea-composed deep eutectic solvents
(DES) [118]. Compared to dissolving pulp, CTMP retains significant amounts of hemi-
celluloses and lignin. It has been demonstrated that the LOI of aerogel processed from
LNFC reached 35.3%, surpassing the self-extinction value of 26–28% [30], which was also
demonstrated by UL-94 test. In the TGA, the mass retention increased to 35% for LNFC,
whereas the pristine CTMP sample retained only 7.9%.
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5.2. Effect of Nanoclays, Metal-Containing, Graphene Oxide, Hydroxyapatite, Metal-Organic
Frameworks (MOFs), and Conventional FRs

Donius et al. have produced an NFC/MMT (50/50 wt% ratio) foam with significant
fire retardancy performance [22]. The presence of MMT decreased notably the degradation
rate and increased the char residue up to 60%, as determined by TGA. Later, Carosio
et al. prepared an NFC/xyloglucan/MMT (27/40/33 wt% ratio) composite foam where
xyloglucan (XG) was used as a strengthening binder due to its affinity to both cellulose
and MMT [119]. Xyloglucan provides good interactions with MMT in the presence of
monovalent ions in nanoclay structure (e.g., Na+). On the other hand, XG and NFC have
high affinity due to H-bond interactions. The fabricated ternary foam by freeze-casting
method had high porosity (98.5%) and a brick-mortar cell wall structure where a matrix
consisting of NFC and XG-coated MMT platelets acted as platelet reinforcement (Figure 5a).
The foam demonstrated self-extinguishing behaviour immediately after the ignition source
was removed, whereas polyurethane (PU)-made foam burned completely (Figure 5b). In
the cone calorimeter test, the fabricated foam had significantly lower heat release and
smoke production parameters compared to conventional rigid PU foam (Figure 5c). The
flame resistance test showed that the fabricated foam could prevent flame penetration
resulting in a temperature drop at unexposed to flame side (Figure 5d). In another work,
Wang and Sánchez-Soto demonstrated the combined fireproof effect of MMT and APP in
an aerogel made of recycled cellulose fibres and carboxymethyl cellulose [120].
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Figure 5. (a) Schematic presentation of NFC/XG/MMT foam synthesis; (b) flammability test results;
(c) cone calorimeter test; (d) average temperature profile records in flame resistance test. (Reprinted
from ref. [119] with permission from Wiley-VCH GmbH through CCC RightsLink).

Han et al. fabricated a flame-retardant cellulose aerogel from waste cotton fabric by
in situ synthesis of magnesium hydroxide nanoparticles (MHNPs) [121]. The combustion
velocity decreased from 5 mm s−1 for the neat cellulose aerogel to 0.8 mm s−1 for the
aerogel modified with MHNPs, and self-extinguishing within 40 s. Similarly, He et al. have
synthesised fire-resistant cellulose aerogel containing aluminium hydroxide nanoparticles
(AHNPs) [122]. According to the MCC test, the time to ignition was extended from 17 s
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for the neat foam to 26 s for the AHNP-containing foam. Also, the THR, pHRR, and
residue parameters of the hybrid aerogel were superior to those of the neat sample. Apart
from the fireproof properties, the mechanical performance of foams containing Al and
Mg hydroxide nanoparticles was also improved. Fan et al. have incorporated AlOOH
into a NFC aerogel, resulting in at least 60 s of fire resistance [123]. The sol-gel technique
used by Yuan et al. to synthesise Al(OH)3/cellulose hybrid aerogels with improved FR
properties [124]. Thus, 56–67 wt% Al hydroxide (AH)–containing cotton cellulose-derived
aerogel showed a significant reduction in THR and pHRR, as seen in Table 7. The same
authors have also prepared a cellulose–silica composite aerogel. The aerogel with high
silica content (>34%) has high light transmittance and self-extinguishing behaviour [125].

Table 7. Micro-scale combustion calorimetry results of regenerated cellulose aerogel and cellu-
lose/AH nanocomposite aerogels [124].

Sample THR, kJ g−1 pHRR, W g−1 TpHRR,
◦C R,%

NFC 11.3 294 351 14
NFC/AH (56 wt%) 2.0 51 240 50
NFC/AH (67 wt%) 1.7 24 247 60

Farooq et al. have prepared a NFC/sodium bicarbonate (SBC) aerogel using the freeze-
drying method [126]. All composites containing different amounts of NaHCO3, 10–40 wt%,
showed slow flameless glowing, charring and self-extinguishing behaviour. Thus, the
average combustion velocity of the NFC/SBC hybrid in the horizontal combustion test was
5.84 cm s−1, whereas the pure aerogel was fully burned in <1 s. The optimal combination to
achieve the desired flame retarding properties was 20 wt% NaHCO3-NFC. The mechanism
of SBC was described as follows: (i) SBC absorbs heat and (ii) decomposes, liberating
CO2 and H2O, which dilute or obstruct the O2 supply to the burning surface. In addition,
the vaporisation of water consumes energy in the system. Yang et al. have used MoS2
nanoparticles to improve the fire resistance of NFC-based foam [49]. The TGA test showed
that NFC/MoS2 aerogel left behind up to 46 wt% residue and self-extinguished in the
vertical flame test. The LOI was 34.7%.

Several research papers demonstrate the potential of using hydroxyapatite (HA) in
fireproof thermal insulating foams. Guo et al. have used HA nanofibers to improve NFC
foam fire retardancy, with NFC:HA mass ratios of 1:2, 1:1 and 2:1 [127]. TGA showed
increased mass residue up to ca. 70% at the highest HA (NFC:HA = 1:2 ratio) loading.
Cone calorimeter analysis detected a significant decrease in pHRR, 91%, with respect to the
pure NFC foam sample. Also, the nanocomposite was self-extinguished in the burning test.
Yang et al. reported that the hybrid composed of MCC/HA (50 wt%) did not ignite but
smouldered, leaving char residue close to the theoretical value of 48 wt% [128]. The hybrid
showed a significant reduction in pHRR and TSP, ca. 94%, and more than 74%, respectively,
when compared to pure MCC. The addition of HA did not affect the thermal insulating
properties; however, it increased the hybrid’s brittleness. A lightweight NCC/HA hybrid
with improved mechanical and thermal stability was developed by Huang et al. [129].
The hybrid structure mimicking natural bone structure was synthesised using simulated
body fluid. During the freeze-casting, NCC coated with HA nanoparticles forms a porous
structure while the acidity of the ambient media is used to control the amount of HA content
in the final product. The presence of a high amount of HA, up to 47 wt%, significantly
increased the thermal stability of the material.

Ghanadpour et al. have combined phosphorylated NFC and Sep nanorods, (P-
NFC/Sep equal to 60%/40%) to manufacture freeze-cast foam with excellent insulating
and fireproof performance [130]. Several factors were behind the fireproof performance the
synthesized foam: (i) intimate contact between nanosized Sep fibres and P-NFC; (ii) the
honeycomb structure; (iii) intrinsic FR of phosphorylated cellulose and (iv) the capability of
sepiolite to form a heat-protective intumescent barrier. Figure 6 shows flammability testing
results, cone calorimetry, and thermal insulating properties measurement. The fabricated
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foam was self-extinguished after flame removal (Figure 6a). In the cone calorimetry, the
foam structure did not change after a very short ignition period and a few seconds of glow-
ing, as shown in Figure 6b. As a result, the pHRR of the hybrid foam was only 34 kW m−2

(Figure 6c) which is significantly lower than that of commercially available flame-retardant
phenolic foams (70–100 kW m−2). In addition, the prepared foams were able to withstand
the penetration of flame (Figure 6d) due to a temperature drop across foam of more than
600 ◦C (Figure 6e) which is sufficient for only 10 mm-thick foam.
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Wicklein et al. synthesised NFC-based foam which was modified with 10 wt%
graphene oxide, 10 wt% Sep, and 3 wt% boric acid (BA) by ice templating [131]. TGA
showed that the GO, Sep, and BA-containing foam left up to 55% carbon-rich residue at
900 ◦C. The LOI achieved 34%, which is significantly higher than the LOIs of commercial
flame retardant-containing polymer-based foams, i.e., 22–25%. Cone calorimetry showed
that the nanocomposite foam did not properly ignite but remained between smouldering
and ignition, and the pHRR was 25% lower than that of the NFC. The authors reported
extremely low thermal conductivity of the synthesised foam, 15 mW m−1K−1, which is as
half as low commercial expanded polystyrene (EPS) foam (=35 mW m−1K−1). In another
work, the same group has demonstrated the significance of the fabricated composite struc-
ture [132]. The high degree of crosslinking between the borate and the cellulose substrate
resulted in the higher performance of the manufactured foam. The better crosslinking of
the boron moiety with cellulose substrate is favourable for cellulose charring, where BA
acted as a char former facilitating graphitization of NFC. The combustion resistance was
also improved by Sep, which formed a silicate-rich layer on the burning surface. In another
study, Cheng et al. used boron-based FR and zinc borate (ZB) to achieve fire retardancy of
NFC foam [133].
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Guo et al. have used red phosphorous hybridized graphene (PGN) nanosheets for
manufacturing fire-resistant NFC-based foam [134]. The pHRR and THR of PGN-NFC
hybrid foam decreased by 94% and 56%, respectively, compared to neat NFC item, while
the char residue increased up to 31 wt% in contrast to neat NFC which decomposed almost
completely to volatiles leaving only 5% solid. In an open flame test, the hybrid foam
was self-extinguished.

Recently, MOFs-derived FRs have been explored as a novel additive in synthetic poly-
meric materials and have demonstrated applicability in cellulose-based substrates [53–56].
MOFs can be described as crystalline porous hybrids built up from metal ions or clusters
and organic ligands. Several MOFs based on Zeolitic Imidazolate Frameworks (ZIFs),
Material Institute Lavoisier (MILs), University of Oslo (UiO), are applied to design novel
functional hybrids [56]. The most commonly used metal cations in MOFs are divalent
transition (Zn2+, Cu2+, Co2+, Ni2+), trivalent (Cr3+, Al3+, Fe3+), and four-valent metals
like Zr4+ and Ti4+ [135]. Notably, simple mixing MOFs and polymers does not result in
a composite with unique properties, while hybridisation or template-assistant synthesis,
in which rigid MOF crystals are grown on a flexible substrate leads to the formation of
polymer@MOFs composite with significantly improved functionality, including enhanced
fire resistance. Nabipour and colleagues have compiled data on metal-organic frameworks
used for the flame retardation of polymers, which is presented in their review article [53].
The FR mechanism action of MOFs can be described as follows: (i) upon heating, MOFs
decompose to form a metal oxide, which covers the substrate and protects it from ther-
molysis; (ii) MOFs absorb gases and smoke; (iii) during decomposition, MOFs release
non-flammable gases, which dilute fuel gas whereby hindering burning and heat release;
(iv) suppression of combustion, in turn, results in enhanced charring. Currently, several
papers report the use of MOFs as flame retardants for cellulose-based materials. Zhou
and co-workers synthesized four different NFC@MOFs through a procedure illustrated
in Figure 7a. They first ion-exchanged metal ions with carboxylated NFCs. Next, they
modified the NFCs’ surface by adding some amount of surfactant polyvinylpyrrolidone
(PVP). Afterwards, they introduced metal salts and organic ligands. The films created from
NFC@MOFs (with around 25 wt% of MOFs) were highly transparent and flexible, as shown
in Figure 7b. SEM micrographs revealed homogeneously stacked NFC@MOFs nanofibers
while NFCs were uniformly wrapped by continuous MOF layers, as shown in Figure 7b,c.
TGA analysis indicated that films made from NFC@MOFs nanofibers were more thermally
stable compared to those made from pure NFC. The decomposition temperature was higher,
and the mass residue increased compared to the neat NFC-produced material [55]. The
same author used alumina-based MOFs for the fabrication of aerogel from NFC@Al-MIL-53
to improve its insulating and FR performance [136]. The resulting foam demonstrated
low thermal conductivity and self-extinguishing behaviour. Additionally, the designed
aerogel exhibited moisture resistance and superelasticity. Another study conducted by
Nabipour et al. displayed that cellulose@ZIF-8 aerogel thermal and mechanical perfor-
mance was improved significantly compared to the host cellulose-based one [54]. It was
reported that pHRR reduced from 128 W g−1 to 63 W g−1 for neat cellulose-made aero-
gel and cellulose@ZIF-8, respectively. Also, the aerogel was self-extinguishing and LOI
achieved 42%.

The advantage of this technique is that a variety of different combinations of metal
moieties and organic ligands can be utilized to create MOFs with specific functionalities,
porosity and geometric features (0D, 1D, 2D, and 3D). However, despite the obvious
advantages of MOF-based material, there is still a need for fundamental research to expand
knowledge of MOFs action and their potential applications. Additionally, the high cost
of ligands remains a significant drawback of MOFs, which can limit their commercial
viability [56].
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Figure 7. (a) Schematic presentation of the synthesis procedure of the NFC@MOF hybrids. (b) pho-
tographs and SEM-images of NFC@MOFs nanopapers (Reprinted from Ref. [55] with permission
through Copyright Clearance Center’s RightsLink® service).

5.3. Layer-by-Layer Deposition of FR Coatings, Effect of Chitosan and MMT

The high porosity and high surface area of aerogels allow for their modification using
the lbl deposition technique. Köklükaya and co-workers have improved the fireproof prop-
erties of NFC-based aerogels by the deposition of nanometer thin film composed of cationic
chitosan, anionic poly(vinylphosphonic acid) (PVPA), and anionic MMT nanoclays [111].
The five coatings, each composed of CH/PVPA/CH/MMT, were homogeneously placed
on the substrate without changing the pore structure, while the mass was increased by 19%.
At optimal concentrations of components, these coatings resulted in self-extinguishing
of the aerogel in the flammability test and remarkably higher residue compared to the
untreated sample in TGA. Carosio et al. covered PU foam with CH/phosphorylated NFC
film by the lbl technique [110]. The coating procedure is schematically displayed in Figure 8.
The open-cell PU foam piece was alternatively dipped into chitosan (positive) and phos-
phorylated cellulose nanofibrils (negative) solutions. Between solution changes the foam
was rinsed with water. Cone calorimetry testing under 35 kW m−2 heat flux showed that
5-bl CH/P-NFC coating accounting for only 8% of added weight reduced the combustion
rate by 31% and prevented the dripping of foam.
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As it was established, layer-by-layer deposition has proven to be a simple and effective
technique for developing functional coatings. However, a possible obstacle for large-scale
operations is that numerous layers must be assembled to achieve the desired effect. In
addition, the amount of positively charged substances that can be used for fire-resistant
coatings is very limited. Thus, the main cationic material currently used for FR lbl films
is chitosan.

5.4. Alginate- and Tannin-Based FR Foams

Alginate is a polymer obtained from seaweed plants that has recently been researched
because of its interesting features, including biocompatibility, biodegradability, easy
crosslinking, and resistance to fire [137]. Berglund et al. have manufactured foam from
NFC extracted from alginate-rich seaweed, A-NFC. The A-NFC foam was prepared by
freeze-drying and was post-crosslinked with CaCl2 [138]. According to the flammability
test (UL-94), the average combustion velocities for pure A-NFC and crosslinked A-NFC
were 1.2 mm s−1 and 0.75 mm s−1, respectively, leaving behind uncollapsed shrunken
char residue. The burning rate is significantly lower than that of the aerogel formed from
pulp cellulose, 58.5 mm s−1. The fire retardancy of the A-NFC aerogel was attributed to
the inherent resistance to fire of the alginate material, which was further improved by
crosslinking with CaCl2.

Missio et al. have recently manufactured tannin-based foam, in which NFC was used
as the crosslinking agent [139]. Using NFC (0.1 wt%) instead of formaldehyde resulted in
shifting the mass loss peak to higher values, from ca. 400 ◦C to 420 ◦C in TGA. Also, the
mass loss of foam exposed to flame decreased from ca. 22% to 12% for the formaldehyde-
and NFC-containing foams, respectively. Moreover, the NFC-reinforced tannin-based foam
was self-extinguishing, showing no ignition during several minutes of exposure to a flame.

This section presents achievements in manufacturing fire-retardant nanocellulose-
based foams and aerogels. As it aforementioned, cellulose/bio-based aerogels are typically
produced by freeze-drying procedure, which is simple, economical and environmentally
friendly. Thus, cellulose-based aerogels are highly sustainable materials considering that
cellulose itself is an unexhausted, renewable and biodegradable. Obtained aerogels are
characterised by a large porosity, high specific area, and a unique 3D structure that are
useful in various areas, such as adsorption, separation technology, medicine, and the
construction field as insulating material. An advantage of biobased foams and aerogels is
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their ability to be customized with functional additives, resulting in sustainable materials
with unique properties. Thus, despite the significant organic content, even more than
60 wt%, NC-based modified foams show excellent flameproof performance [119,130,131].
In this respect, combining many useful functional properties along with the sustainable
character of cellulose, ultralight NC-based aerogels and foams are considered an appealing
alternative to traditional foams like PU, EPS, and glass wool [119,130,131,140,141].

6. Conclusions

The great potential of fire-resistant coatings and free-standing films/nanopapers
developing based on eco-friendly nano/microcelluloses has been established in this review.
To achieve a fire retardancy effect, the cellulose-based substrate is typically managed via
chemical modification and/or physical mixing with fireproof additives. The basic method
for cellulose modification is phosphorylation, which inhibits the formation of combustible
levoglucosan and promotes char synthesis. The ever-increasing ecological issue is also
reflected in the preference for fire-retarding materials for developing novel FR systems. The
research papers cited in this review showed the different ways to achieve fireproof coatings.
It was shown that using different approaches, by either incorporating mono additive or
combining different FRs mechanisms, a self-extinguishing, V-0 rating, and smoke release
suppression can be achieved.

In conclusion, there are several advantages and obstacles in the development of
flame-retardant coatings derived from cellulose:

• Cellulose-based FR coatings showed promising results. Due to the presence of reactive
OH groups in the backbone, cellulosic polymers can be easily modified. Phosphoryla-
tion of cellulose is an effective way to obtain an intrinsically flame-retardant grade of
cellulose. The cellulosic substrate is compatible with many nanosized additives and
conventional flame retardants. Unlike its counterparts, thermoplastics and thermosets,
cellulose-based coatings, and films can be processed at ambient conditions.

• However, the development of NC-based coatings is mostly presented on a labora-
tory/bench scale. The main obstacle to large-scale commercialization remains the high
cost of processing nanocelluloses, >100 USD per dry kg [142]. Decreasing the cost to
<10 USD per kg (e.g., for NFC) will make nanocellulose material sustainable. This cost
decrease can be achieved by increasing production capacity [142].

• One of the ways to facilitate nanocellulose production is by reducing the energy cost re-
quired for nanofibrillation. It was shown that significant energy input can be saved by
using a twin-screw extruder (TSE) for cellulose processing [19]. Thus, phosphorylated
NFC processing required energy consumption between 300 and 1000 kWh/t by using
TSE compared to the case of using an ultra-fine grinder, with 11,000 kWh/t energy
required for the manufacturing of a similar product. Alternatively, high-consistency
enzymatically fibrillated cellulose (HefCel) nanocellulose grade can be processed at a
high solid content (up to 25%) and 600 kWh/t energy input [80].

• Forest-derived materials have the potential to play a key role in the development of a
circular economy. Nanocellulose is a particularly attractive material that could be used
for coatings, free-standing films, and other applications. As technical and economic
barriers are overcome, cellulosic materials could replace fossil-derived counterparts in
bulk applications in the future.
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