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Fire safety is a critical concern in various industries necessitating the development of sustainable and effective fire-
resistant materials. Sustainable fire-resistant polysaccharide-based composite aerogels are regarded as an

innovative solution in fire safety applications.
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| 1. Introduction

Fire safety is a top priority in a variety of sectors and applications, from building construction to transportation and
aircraft L2 Traditional fire-resistants (mostly halogen-based such as tris(2-chloroethyl) phosphate, tris(1,3-
dichloroisopropyl) phosphate, pentabromobenzyl acrylate, and tris(1-chloro-2-propyl) phosphate) frequently rely on
non-renewable resources and can have negative environmental consequences. More especially, fire retardant
materials derived from petrochemical sources raise significant concerns related to environmental sustainability,
health, and long-term impacts B4, The challenges associated with the use of these traditional flame retardants
have spurred the demand for sustainable, and eco-friendly alternatives B8l and this has driven significant
advancement in fire safety technology. One such breakthrough is the development of sustainable fire-resistant
polysaccharide-based composite aerogels. These composite aerogels derived from renewable sources such as
cellulose, chitosan, starch, or other polysaccharides, offer a unique combination of fire resistance, sustainability,
versatility, and mechanical strength suitable for various applications. Polysaccharide-based aerogels may not
naturally possess high levels of fire resistance, however, this characteristic can be enhanced because of their
adaptability to changes in the aerogel preparation process. Therefore, numerous strategies have been used in the
preparation of fire-resistant aerogels, including the use of additives, coatings, insertion of nanoparticles, metal and
silicate oxides. Polysaccharide-based composite aerogels offer an effective and versatile solution for improving fire
safety in various applications, such as building construction, transportation, and electronics . Their ability to
withstand high temperatures, slow down the spread of fire, and reduce smoke production makes them an essential

component of modern fire safety strategies &,

The utilization of polysaccharides in the production of fire-resistant composite aerogels addresses two critical
issues of polymers; environmental sustainability and fire safety [2l. Polysaccharides are abundant in nature and
derived from sources such as plants, fungi, and crustacean shells. By utilizing these naturally occurring materials,
the need for non-renewable resources is reduced, thereby mitigating the environmental impact associated with

conventional fire-resistant materials 291 The potential of polysaccharide-based aerogels to replace conventional
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petrochemical-based fire retardants is mainly due to their environmentally friendly nature and the fact that these
polysaccharides are renewable compared to petrochemical-based flame retardants. More so, the use of such
renewable sources aligns with the global shift towards sustainable practices and the pursuit of a greener future.
The fire-resistant properties of these composite aerogels are exceptional and surpass most of the conventional
alternatives LHMA2IL3I14] Through careful material design and composition, these aerogels can exhibit outstanding
flame retardancy L3I26IL7] effectively preventing the spread of fire and reducing the risk of combustion. Most of the
composite aerogels have gone through rigorous testing and evaluation and have demonstrated their ability to
withstand high temperatures and resist ignition, making them ideal for enhancing fire safety in a wide range of
applications 1811131,

Another key advantage of sustainable fire-resistant polysaccharide-based composite aerogels lies in their
lightweight and versatile nature 4. The unique porous structure of aerogels, combined with their low density
(approximately 0.001 to 0.5 g per cubic centimeter (g/cm®) depending on the material), makes them highly efficient
thermal insulators 29, The inimitable nanoporous structure of aerogels, composed of interconnected particles,
creates a sponge-like material with a vast surface area and a high percentage of air-filled voids. These air-filled
pores contribute to the low density, exceptional thermal insulation properties, and other unique characteristics of
aerogels These aerogels can effectively reduce heat transfer and provide excellent insulation, resulting in energy
conservation and improved overall energy efficiency 292, Their lightweight nature also contributes to their ease of
use, enabling seamless integration into various products, systems, and structures without compromising
performance or adding excessive weight (22231, The fabrication and customization of these composite aerogels are
relatively straightforward. They can be manufactured in different shapes and sizes tailored to specific application
requirements. This adaptability allows for their seamless integration into existing materials or systems, as well as
their incorporation into new construction projects or retrofitting applications. The versatility of these aerogels

extends their potential use across diverse industries, ranging from building construction to automotive, aerospace,
and beyond [241[25]26]

Furthermore, the improved thermal conductivity (range of 0.015 to 0.035 watts per meter kelvin (W/m-K) compared
to the thermal conductivity of air is around 0.025 W/m-K at room temperature), the compressive mechanical
strength (approximately 10 to 30 MPa depending on the composite design and reinforcement material) of
sustainable fire-resistant polysaccharide-based composite aerogels has improved over the years and that has
helped extend their durability in some typical applications 2. They can withstand demanding environments,
maintaining their fire-resistant properties over extended periods. This reliability and robustness make them suitable
for critical applications where safety and long-term performance are paramount 281291301 Systainable fire-resistant

polysaccharide-based composite aerogels represent a significant advancement in fire safety technology.

2. Technological Advancements in Sustainable Fire-
Resistant Polysaccharide-Based Aerogels

The frequent occurrence of fire outbreaks in structures, industries, and other sectors has sped up the development

of creative and strategic management techniques for slowing or reducing burn rates while maintaining sustainability
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over the course of their lifecycles. It is imperative to state that efforts aimed at improving fire resistance will remain
palpably ineffective unless preferences, costs, and environmental impacts are taken into account (1. The
manufacturing of sustainable fire-resistant polysaccharide-based composite aerogels made from renewable
sources, such as cellulose, chitosan, starch, or other polysaccharides, represent a breakthrough since it combines
fire resistance with sustainability, adaptability, and mechanical strength in a novel way 233 Therefore, the
creation of renewable raw materials for housing and construction is essential for the accomplishment of the twelfth
Sustainable Development Goal (“Ensure sustainable consumption and production patterns”) agreed to by more
than 150 UN member states [22l. Aerogel is a unique class of solid that is synthesized using the sol-gel technique
with branching, and porous nanostructures. Aerogel exhibits little shrinking because the liquid—vapor phase is
absent and has an intact structure since there is no surface tension on the gel. The sol-gel process remains a
highly versatile and effective method for synthesizing functional aerogels (4. This technique enables the
production of aerogels with tailored properties, making them suitable for a wide range of applications. Unlike
conventional gels, where the liquid is evaporated to produce a solid material, aerogels are dried using a unique
process called supercritical drying or freeze-drying. In supercritical drying, the liquid solvent is removed under
carefully controlled conditions, transforming the gel into an aerogel without causing significant shrinkage or
structural collapse 22l This process preserves the highly porous structure of the aerogel, ensuring its exceptional
properties, such as low density and high surface area.

Thanks to Steven Kistler’s ingenuity in 1932, composite aerogel was first produced using the supercritical drying
method 38, These composite materials have outstanding fire resistance qualities that compare with the traditional
flame retardants due to meticulous material design and composition, which successfully stops the propagation of
fire and lowers the risk of combustion BZ. As observed from the keyword thematic analysis, “aerogel, thermal
insulation, and thermal conductivity” are the basic themes with high centrality and low density—which are
considered important and not yet fully developed for the research field. Polysaccharide-based aerogel composites
under this theme include chitin (CT)/chitosan (CS), hyaluronic acid (HA), chondroitin sulfate (CRS), cellulose (Cel),
starch (St), pectin (Pec), pullulan (Pul), dextran (Dex), salecan (SL), and xanthan gum (XG) B8, It is important to
state that aerogels have not been developed based on all these varieties of polysaccharides, hence, a brief

gualitative study of available polysaccharide-based aerogels has been reviewed.

Cellulose-based aerogels have been the front-runners in replacing the conventional petro-polymers in most
applications due to their high porosity, wide specific surface area, low density, high insulation, low thermal
conductivity, sustainability, biocompatibility, biodegradability, and low price [B8I33 As a result, cellulose at the
nanoscale level, is a great option for replacing synthetic materials such as steel, Kevlar, poly (vinyl alcohol) (PVA),
and polyurethane (PU) B2, These nano cellulose-based aerogel composites are used in a variety of industries,
including aerospace, lightweight construction, automotive interiors, packaging, insulation, flexible devices, effluent
treatment, etc. 32, The polysaccharide portion of -D-glucopyranose units, which is connected by -1,4-linkages,
constitutes cellulose’s makeup as shown in Figure 1a. Sugar molecules that are both reducing and non-reducing
stabilize the end terminal of cellulose polymer chains. The cellulose’s C-2, C-3, and C-6 positions have the -OH
active side group, which is responsible for the chemical alteration and cellulose characteristics with each unit

having three hydroxyl groups 2. However, cellulose also has a limiting oxygen index (LOI) of 18%, making it a
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combustible substance 2. Because of this, efforts to improve the flame retardancy of cellulose aerogels while

preserving their distinctive characteristics have increased over the years.

Mostly, the use of materials such as clay, organic/inorganic materials B2, MOFs, and nanofiller 22 composites
have become the surest way to improve their flame resistance due to their smoke suppression, sustainability, as
well as their structure and chemical composition. In this regard, the cellulose-aerogel composites with a sandwich-
like structure were fabricated by in situ polymerization of aniline and PDMS/CNT after freeze-drying. The fire
retardancy of the composite aerogel was subjected to an open flame-retardant test and the results showed
outstanding synergistic effects between the PDMS/CNT/PANI cellulose aerogel with the other flame-retardant
properties improving by ca 84% 49 Similarly, a cellulose-based MgAl-layered double hydroxide (MgAI-LDH)
aerogel was fabricated and freeze-dried as shown in Figure 1b. The flame-retardant properties of the cellulose-
based MgAI-LDH aerogel improved significantly with a reduction in the peak heat release rate (PHRR) by 50% and
total smoke produced by 75% 22, The composite aerogel could not be ignited easily, and the burning could not be
sustained once it is moved away from the flame. The excellent flame retardancy of the composite was attributed
principally to the physical barrier and carbonization impact of LDH, or dual gas-phase and condensed phase flame

retardant processes.
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Figure 1. (a) Chemical structure of cellulose 2 (b) Schematic illustrations of the fabrication of flame retardants

cellulose/LDH composite aerogel 22 (¢) In situ synthesis of the BC/ZB composite aerogels 1],

Additionally, bacterial cellulose (BC) aerogel flame retardants have become a focus of research in the search for
sustainable flame-retardant options because BC is a type of maintainable material that combines the exceptional
properties of extremely porous aerogels, such as being ultralight, having a highly specific surface area, and
insulation, low density, and thermal conductivity, as well as advantages in biodegradability and biocompatibility. In
this regard, Wang and co-workers 41 fabricated a sustainable bacterial cellulose-based retardant composite

aerogel (Figure 1c) possessing heat-insulating properties by introducing zinc borate (ZB) particles into BC via an
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ultrasound-assistant deposition process and achieved a significant reduction in the heat release capacity (only 8
J.g71 k1), exhibiting excellent flame retardancy. The plausible mechanism was the dehydration of ZB particles
lowering the surface temperature by releasing the bound water and simultaneously producing metallic oxides (ZnO
and B,0O3) for retarding the spread of heat and isolating the flammable fibrils within the combustion area. A list of
other cellulose-based flame-retardant composite aerogels, their fabrication method, and flame-retardant evaluation

results are presented in Table 1.

Table 1. Summarized cellulose-based composite flame-retardant aerogels.

70 Flame Retardant Fabrication Drying FR il LOI VBTI/HBT
Ll e Additive Method Method  Mechanism Reduction (%) Ratin R
Aerogel (%) 9
Ice-induced CEDIELEC
assembly and Freeze- L1
PolyMXene (PCM) Phosphorus and Mxene in Sit)L/J drvin inhibition and - 45.3 N/A [42]
) o ying intumescence
mineralization
effect
Cellulose MTMS Chemo- Freeze- V\E;L:
nanofibers/Sepiolite  (Methyltrimethoxysilane), mechanical drvin Barrier effect N/A N/A HBT = [26]
clay Sepiolite nanoclay means ying HB_
- Gas phase
Phosphorus-containing ) o _
Cellulose flame-retardant modifier Simple Freeze- inhibition, 67.8 27 VBT = [12]

nanofibers agent (DOPO-IA) esterification drying intumescence V-2

effect
ZIF-8@cellulose . . _
composite 2-methylimidazole, ZIF-8 n i Freeze- Barrier effect 4936 4936 VBIT g
aerogels polymerization drying by V-0
Cellulose nanofiber . EESIRLEE
(CNF)/boron cation- Freeze- flame
Boron phosphorus induced . inhibition and 73 23.9 N/A [44]
phosphate (BP) ; drying .
hybrid aerogels gelation intumescent
effect
nanofibrils ) . crosslinking : R 50.6 37.1 - [45]
(CNF) Methyltrimethoxysilane reaction drying inhibition and V-0
(MTMS) barrier effect
Divalent CEHIELE
Cellulose Sodium alginate, boric cation Freeze- flame 246 395 VBT = [46]
nanofibrils (CNFs) acid o drying inhibition and ' ' V-1
crosslinking

barrier effect
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Celluﬁ‘(’)’;‘;_‘éfase 4 FlameRetardant  Fabrication  Drying FR Re:':';'?on LOI VBTHBT __.
Additive Method Method Mechanism . (%) Rating ’
Aerogel (%)
Polyvinyl )
alcohol/cellulose M|croencap§u|ated Crosslinking Freeze- Intumescent VBT = 7
) . ammonium . . 48.48 SIA5)
nanofibers hybrid reaction drying effect V-0
polyphosphate (MCAPP)
aerogel
Post- Simple Vo e (BUIBL,
Alginate-based Magnesium hydroxide crosslinking freeze- Barrier effect 28.91 60 V—O_ (48] dli
method drying ndiiness,
(39] ydrate in
Gas phase
Hydrogen flame n with a
;::);Iz;rlsc(elll:lzsktj (N;t)iAHJ_?‘l bonding and Oven drying inhibition and 26.64 43 N/A 49
g P crosslinking intumescent ‘hes (ca.
[Q][ﬁ] effect
Barrier effect
. 1-allyl-methylimidazole In situ Supercritical and gas 3]
Cellulose-silica chloride (AmimCl), silica formation CO; drying phase 1551 e, b7 ause the
inhibition

_ ) } ) _ . inot form
aerogels. However, the inclusion of amylose can enhance the specific surface area of the aerogel while decreasing
its density. Furthermore, the kind of starch and amylose/amylopectin ratio is critical for the microstructure of
aerogels, resulting in varied characteristics. The amylose content of starch, for example, might influence the
mechanical characteristics of aerogels B4l Starch, on the other hand, is typically regarded as a naturally flame-
retardant substance due to its good char-forming characteristics, which emits CO», CO, and creates a carbon layer

Ol = Limiting Oxygen Index, VBT = Vertical Burning Test, HBT = Horizontal Burning Test.
upon combustion, hence limiting the spread of heat and oxygen 22, Despite the outstanding advantages of starch
aerogel, there remain some drawbacks, such as low hardness. However, the mechanical property can be improved
through start materials modified in the preparation process of aerogels B3B38l Hence, different modification
techniques have been used to alter starch-based products to be good as flame retardant materials. Therefore,
Glenn and Irving BY reported the preparation of unmodified wheat starch (B28% amylose and B72% amylopectin),
corn starch (B28% amylose and B72% amylopectin), and high-amylose corn starch (B70% amylose and B30%
amylopectin) based aerogels. These aerogels were conditioned at 50% relative humidity for at least 48 h before
analysis. Among these starch-based aerogels, the corn starch with a high-amylose content aerogel had a
nanostructured morphology, whereas corn starch and wheat starch-based aerogels showed 2D sheet-like
morphology with macropores and flame-retardant properties and thermal insulation properties. In general, starch-
based aerogel can be fabricated in two steps, starch-based hydrogel formation and drying 4. The supercritical
CO, drying-based technique is commonly used for production 24 similar to the freeze-drying technique. However,
the information regarding the production, processing, properties, and uses of starch-based aerogels is rather

scattered.

In a recent study, the use of starch as an intumescent flame-retardant synergist for replacing petroleum-based
char-forming agents through modifications with expandable graphite (EG) and H3POy4 for the preparation of aerogel
by hot vacuum drying has been reported B8l A portentous decline in peak heat release rate (PHRR) (33.5%) was
achieved—attributable to the conjunct physicochemical action of EG and H3PO4 as shown in the quality of the

charring layer in Figure 2b.
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Figure 2. (a) Structure of starch B3 (b) Starch-based synergistic EG and H3PO, intumescent flame-retardant
aerogel 58] (c) Porous bio-based flame-retardant coating via esterification from starch modified with phytic acid
(PA) B,

Similarly, a porous bio-based flame-retardant coating via an esterification interaction designed from starch modified
with phytic acid (PA) (see Figure 2c) for reducing the flammability of expanded polystyrene aerogel that acts as
both a flame retardant and an adhesive was reported 5. The resultant FR coated aerogel showed an 83.3%
reduction in peak heat release and smoke production, indicating its excellent fire retardancy. It also exhibited
excellent self-extinguishing behavior in the vertical burning tests with an LOI of 35.5%. Equally, eco-friendly
aerogels with high mechanics and fire resistance from naturally occurring pea starch were used to fabricate
composite aerogels via a freeze—drying method resulting in the formation of a multi-crosslinked hybrid network and
the application of borax and polyvinyl alcohol (PVA) as an additive in enhancing its performance 2. The peak heat
release rate decreased by 74.5%. Not only did the experiment result in the formation of borate ester bonds acting
as covalent linkages, but also, the multi-crosslinked hybrid network structure resulted in high mechanics and good
thermal insulation. It is important to indicate that research on starch-based materials for the fabrication of
sustainable fire-resistant aerogel is still in the infant stages and more research will be needed in this direction to

realize the full potential of this important polysaccharide-based resource.

Chitosan-based flame-retardant composite aerogels have emerged as a promising and innovative fire safety
solution at the molecular scale 9. Chitosan, a biopolymer derived from chitin found in the exoskeletons of
crustaceans and insects, possesses inherent flame-retardant properties 1. When combined with other additives
and engineered into an aerogel form, chitosan-based composites exhibit enhanced flame retardancy and
mechanical strength, making them suitable for diverse applications, including thermal insulation, protective
coatings, and fire-resistant barriers 8263l This aspect provides a snippet of the properties, production methods,
and applications of chitosan as a great promise in mitigating fire hazards and advancing the realm of flame-
retardant technology. Chitin/chitosan is a family of linear polysaccharides made up of different proportions of N-

acetyl-2 amino-2-deoxy-D-glucose (glucosamine, GIcN) and 2-amino-2-deoxy-D-glucose (N-acetyl-glucosamine,
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GlcNAc) residues known as chitin and its deacetylated derivative, chitosan (41631661 (See Figure 3a). Chitosan is

soluble in aqueous acidic conditions by primary amine protonation as well as in several crustacean derivatives.
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Figure 3. (a) Functional groups in chitosan structure [©8 (b) Results of fire-resistance
chitosan/montmorillonite/carbon &4 (¢) Fabrication of magnesium-coated chitosan aerogel with HGM component

(611 (d) Fabrication process of form-stable phase change material (PCM) composites (PBPCMs) 441,

Because of the presence of abundant hydroxyl and amino groups, carboxymethyl chitosan (CCS) is a promising
alternative to conventional flame retardants. This gives CCS aerogel superior charring and thermal insulation
properties. Additionally, when exposed to a flame, CCS can more securely connect with different 2D nanomaterials
to create compact char layers, which will shield the aerogel from burning easily [€8l. Biopolymer aerogels, such as
CCS aerogel, are typically more plastically bendable and less brittle than inorganic aerogels. To achieve this
objective, an ultrasensitive fire-warning and high fire-resistance chitosan/montmorillonite/carbon was fabricated via
a freeze-drying method at a temperature of 45 °C 82, The PHRR was reduced by ca 73% and a V = 0 rating with

the composite aerogel serving as a heat sink as shown in Figure 3b.

Similarly, Zhu et al. [81 prepared a sustainable novel porous, yet mechanically tough, vertical directional channel
composite aerogel by incorporating Mg (OH), coated hollow glass microspheres (HGM) into a chitosan (CSA)
matrix and crosslinking it with glutaraldehyde as shown in Figure 3c. The composite aerogel obtained a V =0 rating
with a substantial reduction in PHRR with the potential for scaling up for large-scale production. To expand the
application possibilities of these sustainable aerogels, Du et al. 24! developed flame-retardant and form-stable
phase change composites based on black phosphorus nanosheets/cellulose nanofiber aerogels (See Figure 3d)
with extremely high energy storage density and superior solar-thermal conversion efficiency. The form-stable phase

change composites aerogel had extremely high n-alkane loading capacity and thermal storage density of ca 247.0—
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251.6 J g~L. The thermal conductivity and the solar-thermal conversion and storage efficiency of the composite

aerogel increased by 89.0% and 87.6%, respectively, whereas the PHRR decreased considerably with a marginal

improvement in the LOI value. Further, Yang and co-workers 82 designed and synthesized intrinsic flame-retardant

and thermal-conductive vanillin-based epoxy/graphene aerogel (GA) composites with excellent flexural strength

and modulus in addition to excellent flame retardancy. Table 2 provides summarized works by other scholars on

chitosan/chitin-based flame-retardant composite aerogels.

Table 2. Summarized works by other scholars on chitosan/chitin-based flame-retardant composite aerogels.

Chitosan/Chitin-
Based Aerogel

Phosphorylatedchitosan
(PCS)

Sodium alginate
chitosan, sodium
carboxymethylcellulose

Carboxymethylchitosan
(CcCs)

Chitosan nanofiller
(CNF)

Chitosan-
aluminum/PVA

Chitosan (CS)
hydrogels

Biopolymer chitosan
(CS) and ammonium
polyphosphate (APP)

Chitosan (CS)/APP

Flame Retardant
Additives

H3PO4, Chitosan

Sodium

hypophosphiteAlginate,

chitosan

Montmorillonite (MMT),

carbon nanotubes

Montmorillonite (MMT)
powder

Aluminum, chitosan

MXene, CS

Boric acid, APP, CS

APP, CS

Fabrication Method

Freeze thawing

Post-crosslinking

lonic interaction

Chemicalcrosslinking
via Schiff base
reaction

Crosslinking and
chemical vapor
deposition

Facile water

evaporation-induced
self-assembly

Crosslinking

Layer-by-Layer (LbL)
assembly

Drying Method

Freeze-drying and
Freeze thawing

Freeze-drying

Freeze-drying

Directional freezing,
and Freeze-drying

Freeze-drying

Freeze-drying

Freeze-drying

Vacuum oven drying

FR

Mechanism

Gas phase
flame
inhibition
and barrier
effect

Gas phase
flame
inhibition
and barrier
effect

Barrier effect

Barrier
effect,
slightly gas
phase
phenomenon

Gas phase
dilution and
barrier effect

Barrier effect

Gas phase
inhibition,
barrier effect

Gas phase,
barrier effect

PHRR
Reduction

(%)

91

19.94

77.68

25.6

23.0

27.6

o)

80

37.7

85

43

N/A

N/A

23.8

UL-94
Rating Ref.
VBT/HBT)
VBT=V- [
0
VBT=V- g
0
VBT =V- [y
0
N/A 6]
VBT=V- 1
0
N/A (73]
VBT=V- (g
0
N/A &l

3. Processing Conditions for Drying of Polysaccharide-
Based Composite Aerogels and Structural Properties

In the fabrication of polysaccharide-based composite aerogels, material drying plays a crucial role in the

achievement of structurally tough and functional composite aerogel. The wet gel's solvent is eliminated during the
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. . PHRR 79] UL-94
Chitosan/Chitin- Flame Retardant S . FR A . 2rogel to
Based Aerogel Additives Fabrication Method Drying Method Mechanism Red(gz)tlon (% ; Ratlll-?gn Ref. . .
L nation is
Hydroxyapatite (HAP) Chemical UnidirectionalFreeze- . . . . (78] .
and chitosan (CS) HAP crosslinking drying methods Barrier effect .IIenglng,
APP and Song GafTar;::se 2 . s careful
Chitosan (CS) polyet(PgFl’egglmlne hydrogenbonding Simple drying e 28.87 32.7 N/A the dried
barrier effect
(81]

L L e eeme . o r e fully

controlled to minimize structural collapse, cracking, or shrinking due to sensitivity (2. Typically, polar solvents with
high surface tension are employed to dissolve polymers; and as a result, direct drying of these solvents results in
significant shrinkage due to capillary pressure during the drying process 83, The most effective and widely adopted
method for ddRimgHMENGSReR IRdparMRiEaT YRSUCaWRYNtRE FRsiediiNes RigrzeniRbBYBRIBE: Rithin the gel is
converted into a supercritical fluid by adjusting temperature and pressure conditions above its critical point. The
drawbacks of this process include expensive prices and potential safety hazards, as well as the need for extremely
harsh drying conditions. The freeze-drying approach is another regularly used method that involves freezing a wet
gel to create a solid ice matrix and then sublimating that ice directly into vapor under reduced pressure, by skipping
the liquid phase (7881 | yophilization and pre-freezing are two categories of freeze-drying. The liquid in the wet gel
is either swiftly frozen using liquid at 196 °C for 10 s or slowly frozen over the course of 24 h using a freezer at 18
°C in the pre-freezing process. The next process is lyophilization, which involves desorption and reduction in
moisture content from 7% to between 0.5 and 2.0%. The generated aerogels tend to be fragile due to the
rearrangement of water molecules during freeze-drying, and the drying period is typically very long even though the
technique preserves the porous structure of the gel and produces a lightweight aerogel with minimum shrinkage [
[88] vacuum drying (VD) and ambient pressure drying (APD) are the most practical and economical choices 29,
These techniques are difficult to apply because wet gel pores typically cannot withstand the strong capillary forces
created when solvents are evaporated inside of them. This causes significant shrinkage and the loss of the porous
structure. To lessen the effects of the solid—solvent interaction and meniscus force of deformation during drying,
APD, and VD procedures often rely on surface modification and/or solvent exchange by a liquid with low surface

tension.

Structurally, most aerogels contain 99% air, making them one of the lightest substance known to man B2E1, The
density of aerogel can be as low as 0.004-0.5 g/lcm?® with a high porosity of up to 99.8% and a large specific
surface area of 100-1600 m?/g (78], To view the network structure and pore morphologies in the aerogel, SEM is
mostly utilized. The drying process and the aerogel component concentrations are two examples of variables that
affect the properties of pore size and distribution. The crucial network structure that connects the components and
creates the porous structure is critically examined 22, By observing the evolving morphology across several works,
it is possible to determine the effectiveness of drying during aerogel creation. The morphological structure of most
aerogels can be damaged during the drying—adsorption cycle, particularly when the free-drying techniques are
employed, because of the quick transition from liquid to crystal form. Network structural changes may also result
from the addition of additives to the aerogel structure. Lately, a variety of crosslinking chemicals, including
aldehydes, divinylsulfone, cellulose nanofibrils, borax, CaCl,, and bio-based gelatin, are used to improve the

mechanical properties of polymer aerogels 23, For instance, Jaafar et al. found that the viscosity of the XG/CNC
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colloidal dispersion increased when xyloglucan (XG) was added to a cellulose nanocrystal (CNC) aerogel, causing

the morphology to change from a lamellar to an alveolar form 241,

Common characteristics of flame-retardant polysaccharide composite aerogels are their enhanced porosity, which
is closely related to their morphologies and mechanical properties, thermal stability, flame retardant performance,
dimensional stability, and moisture resistance rate 22, Hence, the mechanical properties of aerogels are improved
using additives. The compressive stress of ZIF-8@cellulose composite aerogel, showed significant improvement
due to the dense structure of ZIF-8 with NC serving as cellulose skeleton. The ZIF-8 reinforcement protects the
porous structures from collapsing, thereby improving the mechanical properties 431, Additionally, the addition of
inorganic clay fillers as additives is claimed to improve aerogel's compressive modulus and also improves the FR
performance aerogels 49, A tubular composite aerogel morphology with enhanced compressive strength, high
density, thermal-insulating and flame-retardant properties has been reported by the incorporation of NC and
nanoparticles B9, Similarly, silica is reported to significantly improve the compressive strength of aerogels when
combined with NC and other flame-retardant materials 23!, Typically, composite aerogels with high silica content
have outstanding toughness because they can be crushed without rupturing more than 50%. Generally, aerogels
with honeycomb-like structure enhance low-frequency sound absorption capabilities with an anisotropic structure

that supports the mechanical, thermal, and heat-resistant properties of aerogels.

4. Challenges and Opportunities in Sustainable Fire-
Resistant Polysaccharide-Based Aerogels

Polysaccharide aerogels made of cellulose, chitosan, and starch have a lot of potential as environmentally friendly
substitutes for fire-resistant materials. These materials provide several benefits, including their accessibility,
biodegradability, and inherent non-toxicity 28], However, some obstacles reduce their full potential from being
realized as fire-resistant aerogels for many applications. The poor mechanical strength of polysaccharide aerogels
has been identified as one of the main development concerns. These aerogels frequently show brittleness and
fragility when compared to conventional insulation materials 28871, Crosslinking and composite creation are two
strengthening techniques that are being investigated and used more frequently to improve materials’ mechanical
strength to make them suitable for real-world applications. Additionally, the extended thermal stability of
polysaccharide aerogels presents a substantial additional obstacle. As a result, these materials are less useful in
fire-resistant applications at extremely high temperatures due to their susceptibility to thermal degradation. For this
reason, material additives found extensive application in composite aerogel matrixes to help them tolerate

extended heat (temperature) exposure.

Moreover, many polysaccharide aerogels are hygroscopic, making them capable of absorbing and holding onto
moisture from their surroundings, as shown in numerous research articles 822 Their moisture sensitivity
adversely affects their fire-resistance qualities, causing them to lower their ignition point and hasten to burn.
Research must thus overcome this obstacle by creating moisture-resistant coatings or adding hydrophobic
chemicals to the aerogel matrices. The most often employed compounds for increasing the hydrophobicity of

hydrophilic surfaces are silanes 199,
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Large-scale manufacturing of polysaccharide aerogels has proven challenging, despite the encouraging results of
laboratory-scale production. For these materials to be used commercially, the scalability of manufacturing
techniqgues and the accompanying cost-effectiveness must be addressed. To make polysaccharide aerogels
commercially feasible, efforts should be directed at streamlining the manufacturing process, lowering the cost of

raw materials, and improving production techniques.

With regards to the opportunities, most polysaccharides are readily accessible renewable resources that can be
used to meet the demands of sustainability and the public’s urge to practice climate justice. The abundance of
these raw minerals offers a great chance to lessen reliance on fossil fuels and help create a more sustainable
future. By exploiting leftover biomass or agricultural byproducts for fire-resistant aerogels, one can contribute to the
development of a circular economy. Compared to conventional insulation materials, polysaccharide aerogels have
significant environmental benefits. They are produced using renewable resources, biodegrade, and do not produce
or burn toxic volatile organic compounds (VOCSs). Utilizing polysaccharide aerogels can help foster a greener, more
sustainable construction sector by reducing the environmental effect of insulation materials L9 Although
polysaccharide aerogels may not naturally have a high level of fire resistance, this property can be improved due to
their versatility of modification. Their fire-resistant performance can be improved chemically through surface
functionalization or nanoparticle doping. The use of flame-retardant chemicals can also improve the materials’ fire
resistance. Beyond insulation and fire resistance, polysaccharide aerogels offer the potential for multifunctionality
that can be of use in a variety of industrial applications with the proper adjustments. Their adaptability creates a
variety of opportunities for many businesses and enables the creation of effective and sustainable solutions in fire

science in numerous fields.
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