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ABSTRACT

Petrochemical-based foam materials are extensively used in insulation and energy
storage fields. However, their non-degradability and high flammability have caused
great pressure on energy, environment and human life and property safety. It is urgent
to carry out research on biodegradable and fire safety alternative biomaterials. Herein,
inspired by the natural hollow insulation animal hair, the 3D network structure of
tubular aerogel was constructed by using the hollow kapok fibers (KF), the binder
polyvinyl alcohol (PVA) and the flame retardant crosslinker biguanide phosphonate
(BGP). The multifunctional tubular aerogel integrating thermal insulation, high
strength and fire safety was successfully prepared by freeze-forming and freeze-drying.

Due to the intermolecular hydrogen bonding and the high viscosity of binder, KF
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maintained a high filling, full component and high value utilization. Compared to pure
KF, the thermal conductivity of KF-PVA-BGP aerogel was reduced to 0.0531 W-m™'K"
!'and its compressive strength was improved to 1.64 MPa. Meanwhile, the incorporation
of flame retardant cross-linker BGP promoted the degradation and charring of KF-PVA
aerogel and released lots of inert gases during decomposition process, which effectively
exerted the flame retardant effect in condensed and gas phases. Besides, compared with
commercial PS insulation boards, KF-PVA-BGP composites are recyclable, sustainable
and biodegradable in addition to their excellent thermal insulation and fire safety
performance. This KF-PVA-BGP aerogel showed good application prospects for
replacing traditional petrochemical-based materials in thermal insulation, energy

storage and new energy fields.

Keywords: Bio-based tubular aerogel; 3D network structure; Thermal insulation; Fire

safety; High strength

1. Introduction

In modern society, the demand (=23 billion square meters in 2022 alone) for
building insulation, energy storage and sound absorption materials is growing
exponentially every year [1-3]. Organic insulation materials are widely used in the
fields of insulation and energy storage due to their advantages of light weight, low
thermal conductivity and easy molding [4-6]. Nevertheless, the traditional organic
insulation materials are from petrochemical-based materials such as extruded
polystyrene board, foamed polystyrene board, polyurethane foam, and their high energy
consumption and non-degradation in the production and processing process bringing
huge energy and environmental pressure to society [7]. Meanwhile, the traditional
organic insulation materials are often flammable and release a large number of toxic
gases during combustion process, causing a lot of economic losses (direct loss of 5.85
billion in 2022 of China) and casualties to human beings [8]. Therefore, the
development of biodegradable, fire-safe, recyclable bio-based organic insulation
materials in line with current sustainable development strategies has become a top
priority today.

With the proposal of the dual carbon strategy, a potential and sustainable solution

is offered through environmentally friendly and abundant natural products as



substitutes to petroleum-based insulation materials. Hence, bio-based raw materials
such as cellulose [9], lignin [10], alginate [11], and chitosan [12] were used to prepared
sustainable organic insulation materials, which showed great promise in replacing
petrochemical-based insulation materials with similar properties. Among these
biomaterials, cellulose, as a bio-based raw materials with the largest reserves on earth,
is the most promising alternative material, and it has been widely used in insulation,
adsorption, energy storage, electronic and electrical fields [13-16]. Nevertheless, with
the continuous development of high-end manufacturing, cellulose-based materials still
face numerous challenges in structural construction and multifunctionalization. Usually,
the structure of materials decides their performance, and the natural tubular structure
affects its insulation properties in nature, such as the feathers of birds and the hair of
polar bears, etc. Previous studies on aerogel materials have shown that the construction
of tubular structures was beneficial to the thermal insulation of materials [17,18].
However, the traditional preparation methods for cellulose-based tubular aerogels, such
as the template method and the introduction of inorganic tubular materials, are more
complicated and have a greater impact on the comprehensive performance of materials
[19]. Therefore, it is a new way to search a natural, recyclable and sustainable tubular
bio-based raw material as a substrate for cellulose-based aerogels. Kapok fibers (KF),
as a natural hollow tubular structure with light weight, renewable, degradable and
superior biocompatibility, is commonly used in textile, adsorption, solar steam
generation and sound insulation fields [20-23]. Meanwhile, KF possessed a low thermal
conductivity due to its own tubular structure and can be designed for the construction
of tubular bio-based insulation aerogel after surface treatment.

Although natural tubular bio-based aerogels have been constructed using the
hollow structure of kapok, the poor fire safety and compression strength of KF aerogels
still constrained their application in insulation and energy storage fields due to their
own structural composition (64% cellulose and 13% lignin) in practical applications. In
the past few years, scholars have conducted a lot of research on flame retardant
cellulose-based aerogels [24]. The introduction of inorganic fillers or intumescent flame
retardants are the most commonly used modification methods [25]. Among them, the
inorganic fillers for flame retardant cellulose-based aerogels mainly included metal
hydroxide [26], montmorillonite [27], hydroxyapatite [28] and nano clay [29]. However,

the incorporation of inorganic fillers usually decreased the strength and thermal



insulation properties of aerogel composites and increased their density of the materials.
Compared with inorganic fillers, intumescent flame retardants exhibited higher flame
retardant efficiency in cellulose-based aerogels [30]. But the addition of intumescent
flame retardants still cannot give aerogel composites high strength, low density and
thermal conductivity while obtaining excellent fire safety properties. Therefore, it is
urgent to develop a bio-based aerogel composite with excellent fire safety, light weight,
thermal insulation, high strength and biodegradability to meet the needs of practical
applications.

Herein, the 3D network construction of KF tubular structure by biodegradable
binder PVA and biguanide phosphonate (BGP) significantly improved the thermal
insulation, mechanical and fire safety properties of materials while ensuring the light
weight and degradability of aerogel composites (Fig. 1). Due to the existence of waxy
layer on the surface of KF, it was firstly micro-treated and processed into 150~200 pm
hollow tubular fibers by using unique cutting method to ensure the full component
utilization of KF. PVA was used as a dispersing binder to ensure the high filling amount
of KF, which made the aerogel construct a tubular-based 3D network structure.
Moreover, with the introduction of flame retardant cross-linker BGP, the KF-PVA-BGP
suspension exhibited a high viscosity at room temperature and thinning in shear (Fig.
S1), which ensured that KF-PVA-BGP aerogel can be readily prepared by freeze-
molding and -drying at any time. KF-PVA-BGP aerogel presents low shrinkage and
high compressive strength due to their intermolecular interaction. This method uses
recyclable and renewable bio-based KF as the matrix to prepare a novel biodegradable
aerogel that integrates light weight, high strength, thermal insulation and fire safety,
and the aerogel composite can be used as plant fertilizer during degradation process,
which is in sharp contrast to non-degradable and unsustainable petrochemical-based

plastics.
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Fig. 1. Construction process and multifunctionality of KF aerogel composites.

2. Experimental Section
2.1. Materials

KF were supplied by Husheng Trading Co., Ltd. (Nanjing, China). NaOH was
purchased from Fuchen Chemical Reagent Co., Ltd. (Shanghai, China). Both polyvinyl
alcohol (PVA-1788) and biguanide phosphonate (BGP) were obtained from Aladdin
Reagent Co., Ltd. (Shanghai, China).

2.2. Preparation of KF and flame retardant aerogels

First, the surface of KF was simply dewaxed with 8 g/L sodium hydroxide solution
[31], and washed to pH=7. As shown in Fig. 1, the rough tube structure on KF surface
was exposed. Then, the PVA is sequentially used in different proportions (1%, 2%, 3%,
4%, 5%, 6%, 7%) to rebuild the cross-linking network structure of KF. After freeze-
drying at -60 °C for 72 h, KF aerogels were obtained. The prepared KF-PVA aerogels
were named as KF, KF-PVAi1, KF-PVA2, KF-PVA3, KF-PVA4, KF-PVAs, KF-PVAs,
KF-PVA7, respectively. Meanwhile, biguanide phosphonate (BGP) solutions with
different concentrations were prepared according to the proportions of 2%, 4%, 6%, 8%

and 10%, respectively, and then fully mixed with 5% KF-PVA solution to form
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hydrogels. After freeze-drying at -60°C for 72 h, flame retardant KF aerogels were
obtained, which were named as KF-PVAs-BGP»2, KF-PVAs-BGPs, KF-PVAs-BGPs,
KF-PVAs-BGPs, KF-PVAs-BGPio, respectively.

2.3. Characterization

Scanning electron microscopy (JSM-7500F SEM, Japan) was used to collect the
microstructures of the aerogels and char residue, and the EDS mapping was used to
analyze element dispersion. Fourier transform infrared spectroscopy (FTIR) was
recorded from 400 to 4000 cm™ with a resolution of 4 cm™ on Nicolet Avator 360
spectrometer (Madison, America). Solid-state *'P NMR was analyzed on the AVANCE
IIT HD-500 MHz spectrometer (Bruker, Germany). The C, N, O and P elements of
aerogels and char residues were obtained from X-ray photoelectron spectrometer (XPS)
(Thermofisher, America), and the thickness of XPS detection was about 10 nm. The
porosity of KF aerogel was calculated from the apparent density (p) of the material
according to equation 1. The a, b and ¢ are percentages of KF, PVA and BGP,

respectively.

p
axpkr+bXpryatcXppcp

porosity = (1 - ) x 100% (D)

The mechanical performance was measured by universal testing machine
(Shenzhen Reger Instrument Company, China). The thermal conductivity of aerogels
was characterized by TPS 2500s Hot Disk Thermal Constant Analyzer (Sweden) at 25
°C with a heating power of 20 mW and time of 40 s. Each specimen was tested at least
5 times, and the average value was used as the result. The thermographic images were
obtained by a thermal imager of Testo 869 (Testo, Germany).

Cone calorimetry (CC) tests were performed on a cone calorimeter tester (West
Sussex, UK) under the heat flux of 35 kW-m™. The sample dimensions were 100 mm
x 100 mm x 4 mm. Thermogravimetric analysis (TGA) was carried out on a STA 6000-
SQ8 thermal analyzer with heating rate of 10 °C-min™! under nitrogen atmosphere. TG-
IR of the samples was measured on the Perkin Elmer STA 4000-SP3 analyzer under the

N2 atmosphere and 10 mg of aerogel composites were heated to 800 °C at 10 °C-min™".



3. Results and discussion
3.1 Construction and microstructure of KF aerogels

In this research, multifunctional KF aerogels were successfully prepared by the
method of mixing dispersion-freezing casting-lyophilized molding. First of all, in order
to ensure the full utilization of KF, we only carried out a simple microtreatment to
remove the wax on its surface. In Fig. S1, the waxy peaks of KF at 1741 and 1249 cm’
! disappeared obviously after alkali treatment and the aromatic groups in the structure
were retained, which was beneficial to the application of KF with full composition and
high value. The dewaxed KF can be uniformly dispersed with PVA and BGP in
deionized water through mechanical stirring and the natural hollow KF was strongly
bonded together due to the hydrogen bonding action between PVA, BGP and KF.
Therefore, KF aerogels were endowed with excellent thermal insulation, flame
retardancy and mechanical properties.

Fig. 2 showed the morphology of KF after treatment. KF was an obvious hollow
structure with a diameter of approximately 15 um (Fig. 2b). After alkali treatment, the
surface of KF became rough due to the removal of wax, ash and water-soluble
substances on the surface. In addition, the surface of treated KF possessed polyhydroxy
structures and it can lap itself into an aerogel through freeze-forming and freeze-drying
(Fig. 2b). However, the formed aerogel was easily broken and slag-dropped, and its
volume shrinkage rate was relatively large, which cannot meet the needs of daily
applications. With the introduction of binder PVA, the volume shrinkage of the KF-
PVA aerogels were significantly decreased (Fig. S2). When the addition of PVA was 5
wt%, the volume retention rate of KF-PVA aerogel remained at approximately 91% and
it basically did not change with the improvement of PVA content. The hollow structure
of KF was obviously preserved with the introduction of PVA and the adhesion of treated
KF was obviously improved (Fig. 2c). KF-PVAs aerogels exhibited the lowest density
(0.0587 g-cm™) due to its improved volume retention rate of KF-PVA aerogels and the
3D network structure between PVA and KF. After introducing BGP into KF-PVAs
aerogels, the KF-PVAs-BGP aerogels still maintained a low volume shrinkage (Fig. S2)
and the porosity of KF-PVAs-BGP aerogels was subsequently improved with the
introduction of BGP (Fig. 2g). Meanwhile, because of the hydrogen bonding between
BGP, PVA and KF, the adhesion between KF and PVA was stronger and the 3D network



structure was more obvious. It was beneficial for KF-PVAs-BGP aerogels to obtain

excellent mechanical and thermal insulation properties.
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Fig. 2. SEM images of (a) untreated KF, (b) KF aerogel, (c) KF-PVAs and (d) KF-PVAs-BGPi
aerogels; (¢) FTIR spectra of the KF, KF-PVAs and KF-PVAs-BGP aerogels; (f) *'P solid-state
NMR spectra of BGP and KF-PVAs-BGP acrogel; (g) Porosity of KF and KF-PVA-BGP
aerogels; (h) High-resolution Cls XPS spectra of BGP and KF-PVAs-BGP aerogels; (i) High-
resolution N1s XPS spectra of KF and KF-PVAs-BGP aerogel.

The FTIR, 3'P solid-state NMR and XPS spectra of KF, BGP, KF-PVAs and KF-
PVAs-BGP aerogels were shown in Fig. 2. The absorption peak of KF aerogel at 3390
cm’! was attributed to the stretching vibration of -OH (Fig. 2e). The characteristic peak
of aromatic structure at 1598 cm™! indicated that lignin in KF was preserved after NaOH
treatment. The absorption peaks at 1162, 1112 and 1056 cm™! were ascribed to the
stretching vibration of C-O in KF [31-33]. With the introduction of PVA and BGP, the
stretching vibration peak of -OH gradually shifted to the lower band, which indicated
the generation of hydrogen bonds between KF and PVA and BGP. Compared with KF
and KF-PVAs aerogels, the new characteristic peak of C=N appeared at 1665 cm™ in
KF-PVAs-BGP1o and it demonstrated the successful doping of BGP. Meanwhile, the 'P
solid-state NMR of BGP indicated that its P chemical shift was 4.08 ppm and there was

a small spike at 0.38 ppm due to the existence of a small amount of monophosphate in



BGP. When the BGP was introduced into the KF-PVAs aerogel matrix, the P chemical
shift of BGP (1.52 ppm) obviously moved to the lower shifts due to the formation of
hydrogen bonds. Besides, XPS data showed that the introduction of PVA and BGP
increased the O, N and P content of KF aerogels. The Cls peaks of KF-PVAs-BGP1o
obviously detected C-N and C=N peaks at 285.2 and 286.6 eV compared with that of
KF. The binding energy of Nls peaks (C-N and C=N) for KF-PVAs-BGPio were
significantly higher than that of BGP (Fig. 2h). In Fig. S3, the P2p peaks combined with
the above analysis further indicated the successful introduction of BGP and the role of

intermolecular hydrogen bonding.

3.2 Mechanical performance and enhancement mechanism analysis

The KF aerogels can be tailored and processed into various complex shapes
according to our requirements (Fig. 3d). Besides, the KF aerogels possessed a low
density and can be stand on thin petals without deformation (Fig. 3c). Compared with
traditional aerogels, KF-PVA-BGP aerogels not only ensured full-component and high-
load utilization of biomass fiber resources, but also have high strength and low density
[4,34]. The volume retention rate and mechanical resistance of KF-PVA aerogels were
significantly enhanced compared with the friability and shrinkage of pure KF aerogel
(Fig. S2 and 3d). When the introduction of PVA was 5 wt%, the mechanical strength of
KF-PVAs aerogel exhibited the highest value (1.29 MPa). Meanwhile, the structure of
KF-PVA aerogel was reinforced with the introduction of BGP and the compressive
strength of KF-PVAs-BGP10 was reached up to 1.64 MPa. 1 g specimen could withstand
amass 1500 times larger than itself without any deformation, which was relatively high
in the reported organic aerogels (Fig. 3¢) [35]. The improvement in strength for KF-
PVA-BGP was attributed to the effect of their intermolecular hydrogen bonds and the
corresponding enhancement mechanism was illustrated in Fig. 3e. PVA and BGP served
as oxygen- and nitrogen-rich structures respectively and the introduction of N and O
could generate hydrogen bonds with -OH groups on the surface of KF, leading to form
the 3D network structure in aerogel and improving effectively their compression
strength [36,37]. Secondly, although KF-PVA-BGP aerogels maintained a relatively
low density, their density was slightly increased compared to KF-PVA aerogels, which
was also positive for the enhancement of mechanical properties of KF-PVA-BGP

aerogels.
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Fig. 3. Stress-strain curves of (a) KF-PVA and (b) flame retardant KF-PVA-BGP aerogels; (c)
Images of KF-PVAs-BGPj sample under the load of 1.5 kg without deformation; (d) Compressive
strength of different KF aerogels and the various complex shapes of KF-PVA-BGP aerogels; (¢)
Schematic diagram of the mechanical enhancement mechanism of KF-PVA-BGP aerogels.

3.3 Thermal insulation analysis
Thermal insulation performance is an important indicator for the practical

application of aerogel in the field of energy saving and thermal insulation. To study the
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thermal insulation of high-strength aerogels constructed from natural hollow tubular
fibers, the thermal conductivity and thermal images of KF aerogels at different
temperatures were evaluated. The thermal conductivity of KF-PVA aerogels decreased
gently due to the formation of 3D network structure in aerogels with the increase of
PVA addition (Fig. 4a-b). The introduction of BGP made the hydrogen bond between
KF and PVA strengthened, resulting in a slight increasement in the thermal conductivity
of KF-PVA-BGP aerogel. But the KF-PVA-BGP aerogel still maintained a relatively
low thermal conductivity and the thermal conductivity of KF-PVAs-BGP10 aerogel was

only 0.0531 W-m'K™!, which was crucial for its use as thermal insulation materials in

everyday life.

The infrared images of KF and KF-PVAs-BGP1o aerogel specimens at 50-200 °C
was used to further investigate their thermal insulation properties and the representative
images and related data were shown in Fig. 4c-i. Compared with the lapped KF aerogel,
the thermal insulation performance of KF-PVAs-BGPio aerogel was significantly
improved. When the stage temperature was heated to 200 °C for 10 min, the AT of the
KF-PVAs-BGP1o aerogels reached 125.4 °C. In general, high AT values demonstrated
the excellent thermal insulation properties of aerogels. Side view thermal images of KF
and KF-PVAs-BGP1o aerogels were shown in Fig. 4c,d, when the hot stage temperature
was maintained at 200 °C for 10 min. The temperature of KF-PVAs-BGP1o was
significantly lower than that of pure KF at the same height of aerogels. This was
attributed to the improved volume retention and the construction of 3D networks for

KF-PVAs-BGPio aerogels.
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Fig. 4. Thermal conductivity diagram of (a) KF and (b) KF-PVA-BGP aerogel samples; Side view
pseudo-color thermal image of (¢) KF and (d) KF-PVAs-BGP¢ aerogel with a height of 1.6 cm
after heating at 200 °C for 10min; Top side pseudo-color thermal images of the KF-PVAs-
BGPgwith a height of 1.6 cm after heating for 1, 5 and 10 min on a hot plate held at (e) 50 °C, (f)
100 °C, (g) 150 °C and (h) 200 °C; (i) Temperature difference (AT) curves between the surface of
hot stage and KF-PVAs-BGP;o.

3.4 Fire Hazard Analysis

The fire safety of organic aerogels is crucial in the field of energy saving and
thermal insulation. Therefore, the flame retardancy of aerogels were evaluated by direct
ignition method (ignite with a lighter for 1 s). Pure KF aerogel burned rapidly once it
was near an ignition source and started to smolder after the open flame ended until it
burned to a white flocculent ash (Fig. 5a). When the flammable binder PVA was
introduced into the KF aerogels, the flammability of the KF-PVAs aerogels significantly

increased and its burning time improved accordingly. In contrast, the KF-PVAs-BGP1o

aerogels achieved a quick self-extinguishing effect with the introduction of BGP and
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retained its original morphology after three ignitions. This possessed important
implications for expanding the application value of high-strength organic KF aerogels.
In order to further analyze the effect of PVA and BGP on the combustion behaviour
of KF aerogels, the cone calorimetry (CC) tests of KF, KF-PVAs and KF-PVAs-BGP
aerogels were performed and the related test data were shown in Fig. 5 and Table S1.
Once pure KF aerogels was ignited, it showed a high PHRR (peak of heat release rate)
value of 213.93 kW-m™ and its THR (total heat release) was up to 19.21 MJ-m™. The
PHRR and THR of KF-PVAs aerogels were enhanced due to the introduction of
flammable PVA. Interestingly, the introduction of flame retardant reinforcement BGP
significantly reduced the PHRR and THR of KF-PVAs aerogels. When the introduction
of BGP was only 10 wt%, the PHRR and THR of KF-PVAs-BGPio aerogels were
decreased by 56.0% and 30.5%, respectively. This fact was mainly attributed that BGP
promoted the cross-linking and charring of polyhydroxy KF-PVA matrix, which exerted
the shielding effect in condensed phase. It was also evidenced by the early degradation
and increased degradation rate of the aerogel composites in TG analysis of Fig. Sh-i.
In actual fires, the generation of smoke and toxic gases can easily lead to
asphyxiation and they are more lethal than heat release. The PSPR (peak of smoke
production rate) and TSP (total smoke production) of KF-PVAs-BGP1o aerogels were
decreased by 74.3% and 86.1% compared with those of KF aerogels (Fig. 5f-g). This
significant decrease was ascribed to the excellent catalytic charring properties of BGP
and the shielding effect of constituent char layer. It was also illustrated through the high
residual mass in the TG analysis of Fig. Sh. In general, a high residual mass meant that
less fuel was used for combustion. Thus, the KF-PVA-BGP aerogels showed excellent

fire safety compared with traditional thermal insulation materials.
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Fig. 5. Video screenshot of the combustion process of (a) KF, (b) KF-PVAs and (¢) KF-PVAs-
BGP aerogels after ignition; (d) HRR, (¢) THR, (f) SPR and (g) TSP curves of KF, KF-PVAs,
KF-PVA;5-BGP¢ and KF-PVAs-BGP1g aerogels after CC tests; (h) TG and (i) DTG curves of KF,
KF-PVAs and KF-PVAs-BGP) acrogels under N»; (j-1) SEM images of residual char after CC
tests for KF-PVAs-BGP1 aerogels; (m) SEM image and (n-r) EDS Mapping of char residues for
KF-PVA;s-BGP) aerogels.

To make the fire hazard of aerogels clearer, their FPI (fire performance index),

FGI (fire growth index) and FRI (flame retardancy index) was calculated according to
14



equations (2-4). Theoretically, flame retardant materials with a high FPI and low FGI
demonstrated good fire safety. As shown in Table S1, the FPI value of KF-PVA-BGP
aerogels increased and the FGI values decreased subsequently with the introduction of
BGP addition, indicating that the fire hazard of KF-PVA-BGP aerogels was
significantly reduced. Meanwhile, the FRI was used to evaluate the flame retardant
performance of materials. The FRI of KF-PVA-BGP aerogels gradually increased with
the introduction of BGP (Table S1). It meant that BGP efficaciously improved the flame
retardant performance of aerogel composites. In summary, compared to conventional
petrochemical-based energy saving and thermal insulation materials (e.g. polyurethane,
polystyrene, etc.) [38], KF-PVA-BGP aerogels exhibited excellent fire safety
performance in addition to their biodegradability. This novel aerogel materials
possessed important research implications for reducing the risk to people and extending

their escape and rescue time during a fire.

FPI = % )
FGI = I;ﬁf (3)
.
g PHRR
[THR ) ( 11 )]Aerogel composites

3.5 Flame retardant mechanism analysis

The above fire hazard analysis indicated that KF-PVA-BGP aerogels exhibited
excellent fire safety performance. In the following section, the flame retardant
mechanism of KF-PVA-BGP aerogels was revealed through the combined gas- and
condensed-phase analysis.

The photos, microscopic morphology and chemical structure composition of char
residues for KF, KF-PVAs and KF-PVA-BGP aerogels after CC tests were shown in Fig.
S4, 5 and 6. Pure KF and KF-PVA;s only remained white flocculent residue under strong
radiation. In Fig. 6a, FTIR analysis indicated that they were oxalic carbonates
(vC03:1448~1000 cm!, Scos: 960~660 cm™) [39]. With the introduction of flame
retardant enhancer BGP, the white grassy ash substance resembling KF aerogels

disappeared obviously and the residual mass of KF-PVA-BGP aerogels was
15



significantly improved. When the introduction of BGP was 10 wt%, KF-PVAs-BGP1o
aerogels formed a complete and coherent char layer after CC tests. The residual char of
KF-PVAs-BGP1o acrogels had a compact and relatively dense morphological structure
and retained the original hollow structure of KF after CC tests, which effectively acted
as a heat shield and prevented the exchange of combustibles in condensed phase (Fig.
5j-1). The FTIR analysis of char residues for KF-PVAs-BGPi1o exhibited several
absorption peaks at 1592 cm™! (aromatic ring), 1186 cm™ (P=0) and 960 cm™ (P-O),
demonstrating the formation of a phosphorus-containing polyaryl char layer [40-42].
Meanwhile, EDS mapping and XPS analysis showed that the phosphorus-containing
(13.14 wt%) compounds were homogeneously dispersed in condensed phase after CC
tests. The BE (binding energy) peaks of Ols and P2p spectra for KF-PVAs-BGPio
proved the existence of O=P-O and POs (Fig. 6 d,e). Combined with the BE peaks of
Cls spectra, BGP produced pyro/polyphosphate during decomposition, which
effectively promoted the generation of cross-linked char layers. This allowed KF to
maintain its original tubular morphology and thus exerted an excellent shielding role in

condensed phase.
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Fig. 6. (a) FTIR spectra of char residues for KF, KF-PVAs and KF-PVAs-BGP aerogels after CC
tests; XPS (b) survey, (c) Cls, (d) Ols and (e) P2p spectra of residual char of KF-PVAs-BGP1o
aerogel.

The real-time gaseous products directly affect the propagation and development
of flame. Therefore, the pyrolysis products of KF, KF-PVAs and KF-PVAs-BGP1o
aerogels were studied through TG-IR tests and their real-time results were shown in

Fig. 7. The cellulose and most of lignin were retained after microtreatment of KF and
16



thus many typical pyrolysis products of KF aerogels mainly included water (3791, 3735
and 3567 cm), hydrocarbons (2926 and 2898 cm™), CO2 (2362 and 2322 cm), CO
(2182 and 2111 cm'Y), carbonyls (1744 cm™), aromatics (1508 cm™), ethers (1271 and
1105 cmt) [43-46]. When the polyhydroxyl binder PVA was introduced, the pyrolysis
products of KF-PVA aerogels had no obvious change except for the increased
absorption peak of water. Nevertheless, as shown in Fig. S5, the amount of pyrolysis
products (especially hydrocarbons (2898 cmt), carbonyls (1744 cm™) and esters (1105
cm)) of KF-PVA-BGP was significantly lower than those of KF and KF-PVA aerogels
with the introduction of BGP, which indicated that KF-PVAs-BGP10 aerogels generated
less flammable gas during thermal degradation, resulting a lower fuel feeding and
decreasing the combustion process of aerogel composites. Meanwhile, the introduction
of BGP promoted the dehydration and charring of KF-PVA aerogel in advance and thus
KF-PVAs-BGP1o aerogels produced a lot of water during their decomposition compared
with KF, and the water and ammonia gas generated from the decomposition of BGP
exerted the dilution effect in vapor phase. In addition, the catalytic carbonization of
BGP resulted in relatively high content of aromatic compounds at the beginning of
degradation, which was conducive to the formation of a hard and cross-linked high-
quality char layers of KF-PVA-BGP aerogels. The shielding effect of char layer and
the increase of residual mass significantly reduced the emission of toxic gas CO and
effectively enhanced the smoke and toxicity suppression performance of organic

aerogels.
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Fig. 7. 3D TG-FTIR spectra of pyrolysis products for (a) KF, (b) KF-PVAs and (c¢) KF-PVAs-
BGP aerogels; Time-dependent FTIR spectra of pyrolysis products for (d) KF, (e¢) KF-PVAs and
(f) KF-PVAs-BGP aerogels; (g) FTIR spectra of pyrolysis products for KF, KF-PVAs and KF-
PVA;s-BGP aerogels at 340 °C; (h) Schematic diagram of the flame-retardant mechanism of KF-
PVA-BGP acrogels.

Based on the above analysis, a possible flame retardant mechanism of KF-PVA-
BGP was illustrated in Fig. 7h. Once the KF-PVA-BGP aerogels were burned, the
decomposition of BGP produced phosphoric acid compounds, which promoted the
dehydration and charring of the KF-PVA matrix. Ammonia and other non-combustible
gases from the combustion of aerogel composites effectively exerted dilution role in
gas phase, decreasing the burning intensity of aerogels. Meanwhile, KF-PVA-BGP
aerogels formed a compact, homogeneous and dense tubular char layer, and its
shielding effect with the aerogel itself prevented the exchange of heat, combustible

volatiles and oxygen in condensed phase. Thus, KF-PVA-BGP aerogels presented

excellent fire safety properties.

3.6 Multifunctional thermal insulation aerogels applied in cold conditions
In the application process, the actual insulation performance of energy
conservation and heat shielding materials is very important. Currently, the commonly
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used wall insulation materials in the markets are mainly petrochemical-based
polystyrene (PS) boards. We prepared a simple house model by simulating the hot water
heating conditions in the northern cold environment, and compared the thermal
insulation performance of biodegradable KF-PVAs-BGP1o aerogels and commercial PS
boards (Fig. 8c). KF-PVAs-BGP1o aerogels and PS foam possessed similar thermal
insulation performance and the hot water could only drop to 30 °C in 5 h compared with
pure wooden buildings (Fig. 8e). Nevertheless, although the PS foam acquired in the
market was treated with flame retardant, it was very easy to be ignited under strong
ignition source and its combustion process generated a large amount of smoke, which
caused asphyxiation and death of human beings during fire. Compared with commercial
PS foam, KF-PVAs-BGP1o bio-based aerogels not only has similar thermal insulation
performance, but also exhibited excellent flame retardancy. KF-PVAs-BGPio was
rapidly self-extinguishing under twice ignition of strong fire source, which was
essential to enhance the fire safety performance of building insulation composites.
Meanwhile, KF, as a light filling material, possessed good mildew resistance and it
played a positive role on its use as a wall insulation material. Therefore, KF-PVAs-
BGP1o aerogels was successfully endowed with excellent thermal shielding, mechanical,
flame retardant and smoke-suppression properties compared with traditional
petrochemical-based PS boards by using its own hollow structure and 3D network
construction while maintaining its biodegradability (Fig. 8h,i) [5]. This was a crucial

support for the implementation of the global dual carbon strategy.
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respectively; (d) Hydrothermal simulation of heating environment in northern cold region; (e)
Curves of temperature change over time under KF-PVA-BGP insulation boards, PS boards, wood
boards and air conditions; Comparison of burning video screenshot of model house built by
commercial (f) PS boards and (g) KF-PVA-BGP insulation boards after ignition; (h) Illustrations
of KF-PVA-BGP boards used for roofing, external wall panels and floor insulation materials of the
energy-saving buildings; (i) Comparison of the comprehensive performance of KF-PVA-BGP
aerogels and commercial PS boards by a radar chart.

4. Conclusions
In conclusion, we prepared a lightweight, insulating, robust, recyclable,
biodegradable and excellent fire safety tubular aerogel with a 3D network structure by

the now mature freeze-drying technique. KF-PVA-BGP suspensions possessed a high
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apparent viscosity and KF-PVA-BGP aerogels can be manufactured easily, enabling
high filling and high value utilization of bio-based KF. Compared with commercial PS
insulation boards, the KF-PVA-BGP composites exhibited higher compression strength
and excellent thermal insulation properties because of the construction of 3D network
for tubular aerogels. Besides, BGP promoted the early degradation and charring of KF-
PVA matrix and formed a tubular structured reinforced char layer, which effectively
played the shielding effect in condensed phase. Therefore, KF-PVA-BGP composites
exhibited excellent fire safety properties. Besides, KF-PVA-BGP aerogel had good
recyclability and biodegradability compared with commercial insulation materials. This
multifunctional recyclable bio-based aerogel has exhibited tremendous potential for

application in emerging fields.
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Highlights

A 3D network structure of tubular aerogel was successfully constructed by the now

mature freeze-drying technique.

KF-PVA-BGP aerogels exhibited high strength and thermal insulation properties

due to intermolecular hydrogen bonding.

Compared to commercial petrochemical-based insulation materials, KF-PVA-BGP
aerogels possessed excellent fire safety properties while maintaining its

biodegradability and recyclability.

BGP exerted its flame-retardant effect in KF aerogels through the synergistic effect

of gas and condensed phase.
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