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Cellulose/silica composite microtubular superfoam
with excellent flame retardancy, thermal insulation

and ablative resistancef

Ding Han, Xiankai Sun, ©* Shichao Zhang, Linghao Wu, Bing Ai, Haoran Sun

and Yufeng Chen

Thermal insulation materials with good flame-retardant properties have attracted widespread attention

because of their huge application potential. Traditional petrochemical-based polymer insulation

materials are flammable and have problems with environmental pollution. The microtubule structure is

a perfect microstructure with excellent thermal insulation performance. In addition, the microtubule

structure also has low density and high elasticity. Therefore, the microtubule structure is an important

reference microstructure for the development of efficient thermal insulation materials. In this paper,

a cellulose/SiO, composite microtube thermal insulation superfoam has been successfully prepared.

Cellulose microtubules were successfully prepared from poplar sawdust by chemical methods. The SiO,

aerogel precursor solution can be quickly adsorbed by the delignified cellulose microtubes. The SiO,

aerogel shells are evenly distributed only on the inner and outer walls of the delignified cellulose

microtubes. The cellulose/SiO, microtube composite (CSMC) superfoam exhibits low density, good
mechanical properties, and low thermal conductivity (as low as 0.042 + 0.0018 W m~t K™1). The CSMC
superfoam exhibits excellent self-extinguishing and flame-retardant properties. After being burned by
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a butane flame, the superfoam still has certain mechanical properties. The thermal conductivity of the B-

CSMC superfoam (the CSMC superfoam burned by a butane flame) is about 0.050 W m~* K™%, The B-

DOI: 10.1039/d4ra00426d

rsc.li/rsc-advances 3600 seconds.

1. Introduction

In recent years, thermal insulation materials with excellent
flame-retardant properties have attracted wide attention due to
their huge application potential in the fields of construction
and transportation."” Generally, thermal insulation materials
used in construction and transportation are currently domi-
nated by petrochemical polymer-based thermal insulation
materials.>* These petrochemical-based polymer thermal insu-
lation materials are flammable organic materials, which can
easily cause fire accidents and cause huge losses.® In addition,
the widespread use of petrochemical polymer-based thermal
insulation materials will lead to serious environmental prob-
lems and cause white pollution.® To solve these problems, the
development of sustainable and environmentally friendly

China Building Materials Academy Co., Ltd, No.1 Guan Zhuang Dong Li, Chaoyang
District, Beijing, 100024, P. R. China. E-mail: sunxiankai2008@163.com; tjuhd@
163.com; zhangshichao@cbma.com.cn; 16116339@bjtu.edu.cn; aibing2018@163.
com; moto398@126.com; chenyunfeng@tom.com; Tel: +86 010-51167551

(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4ra00426d

© 2024 The Author(s). Published by the Royal Society of Chemistry

CSMC superfoam remained almost unchanged after being continuously ablated by a butane flame for

thermal insulation materials with better flame-retardant prop-
erties has attracted widespread attention.

The long-term evolution of biological structures shows that
the microtubule structure is a perfect microstructure with
excellent thermal insulation performance.”? First, the air in the
microtube structure has a lower thermal conductivity than the
solid material, and the microtube structure can effectively
prevent heat conduction.”* Second, the microtubule structure
can also provide lightweight properties. The structure of
a microtubule is usually composed of thin tube walls, so the
microtubule structure generally has a lower density. This allows
the microtubule structure to achieve the same thermal insu-
lation effect while having a lighter mass."** In addition, the
microtubule structure can also provide better elasticity and
durability.**** The special structure of microtubules endows
them with a certain ability to bend and deform, and to resist
external shocks and pressures. Therefore, the microtubule
structure is an important reference microstructure for the
development of high-efficiency thermal insulation materials.

Cellulose is a very abundant renewable natural biomass
material, which is the main component of the tubular micro-
structure of wood.* A slender cellulose microtube can be easily
exfoliated from natural wood using a simple chemical
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delignification method.'**® The slender cellulose microtubules
are composed of microfibers that are spirally wound at different
angles.”** A spindle-like pore structure appears between the
spiral wound microfibers due to the removal of lignin.** The
porous cellulose microtubules still exhibit good mechanical
properties due to the multi-scale hydrogen bond interface of the
cellulose microfibers.?»*® In addition, the surface chemical
environment with abundant hydroxyl and oxygen atoms is
helpful to further regulate the properties of the slender cellulose
microtubules by different physical or chemical methods.***
This is conducive to the preparation of porous natural cellulose
microtubule composites with excellent thermal insulation
properties. However, due to the inherent flammability of
cellulose, the widespread application of cellulose microtubule
thermal insulation materials in construction and trans-
portation is greatly limited. It is found that the introduction of
inorganic materials into cellulose-based thermal insulation
materials can significantly improve their flame retardancy.>*>*
These introduced inorganic materials (such as hydroxyapatite,
montmorillonite, or exfoliated clay) have high fire-resistance
properties, which can inhibit the combustion and flame
spread of cellulosic materials, and thus improve the flame-
retardant performance of cellulose insulation materials.>**
However, the poor compatibility between inorganic fillers and
polymers will weaken the interaction between inorganic fillers
and polymer interface, and the dispersion of fillers in the
polymers will also be affected.*® Therefore, the addition of
inorganic materials (usually in the form of inorganic fillers) will
not only reduce the strength of the composite material, but also
prevent the flame-retardant performance of the composite
insulation material from being significantly improved. In fact,
the controlled introduction of inorganic materials in different
states into polymer materials can simultaneously improve the
thermal insulation, flame retardancy and even the mechanical
properties of composite materials.*® Therefore, cellulose
microtubule composites with excellent thermal insulation,
flame retardance and mechanical properties can be prepared by
introducing inorganic materials into cellulose microtubules.

In this study, we are committed to using green and low-
carbon processes for the preparation of thermal protection
materials. CSMC-X superfoam was prepared by vacuum filtra-
tion of cellulose microtubes saturated with adsorbed SiO, aer-
ogel precursor solution. The SiO, aerogel shell is evenly
distributed only on the inner and outer walls of the delignified
cellulose microtubes. The CSMC-X superfoam exhibits a low
density, good mechanical properties, low thermal conductivity,
and good flame-retardant properties. The CSMC-X superfoam
after butane flame calcination still exhibits certain mechanical
properties.

2. Experimental section
2.1 Preparation of the delignified cellulose microtubes

About 10 g of poplar sawdust was added to 500 mL of sodium
chlorite solution (5%, pH 4-5, adjusted by adding acetic acid),
and the resulting mixed solution was heated and stirred at 95 °C
in an oil bath for about 12 h.** After several washes with
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deionized water to remove residual chemicals, the delignified
cellulose microtube was obtained after freeze-drying.

2.2 Preparation of the cellulose/SiO, microtube composite
thermal insulation superfoam

Tetraethyl orthosilicate (TEOS) was added to a mixed solution of
ethanol and water (the pH of the mixed solution was adjusted
with 0.5 M oxalic acid solution; the molar ratios of tetraethyl
orthosilicate, ethanol, and water were 1:1:4,1:2.5:4,1:5:4,
and 1:10: 4, respectively), and hydrolysed for about 7 hours to
obtain a mixed hydrolysis solution (50 g). 0.5 g of cellulose
microtubes were added to the above mixed hydrolysis solution
(50 g), and stirred for 1 min. Then, the cellulose microtubes that
evenly adsorb mixed hydrolysates were filtered with a Biichner
funnel for about 6 min (the excess mixed hydrolysates absorbed
by the cellulose microtubes were completely removed). The
obtained cellulose microtubule composite material adsorbing
TEOS hydrolysate was placed in a closed area and left to stand
overnight (the TEOS hydrolysate undergoes polycondensation
to form SiO, hydrogel shells). The obtained cellulose/SiO,
microtubules composite superfoam material was aged in
ethanol for 24 hours. It was replaced twice with a solution of n-
hexane and dried at 80 °C for 6 hours. Finally, the cellulose/SiO,
microtube composite superfoam materials were prepared. A
butane spray gun was adjusted to the maximum blue flame. B-
CSMC superfoam was obtained by moving the blue flame to
ablate the surface of the cellulose/SiO, microtubule composite
superfoam material continuously and uniformly for 5 minutes.
The fabrication process of the B-CSMC superfoam material is
illustrated in Fig. 1.

2.3 Material characterization

The morphologies of the samples were characterized using field
emission scanning electron microscopy (SEM, JSM-6490LV,
Japan) with energy dispersive X-ray spectroscopy (Noran
System 7) at 3 kV accelerating voltage. The samples were
prepared as follows: the samples were placed on conductive
tape and processed with gold spraying for about 240 s.

The X-ray diffraction (XRD) patterns of the samples were
characterized on a D8 ADVANCE (Germany) instrument with Cu
(A=0.1541 nm) Ko irradiation (30 mA and 40 kV, in the 26 range
from 5° to 80° with a scan rate of 0.04°-s™ ). The samples were
prepared as follows: the crushed sample was placed directly into
the groove of the test stand, and the sample in the groove was
pressed into a flat surface.

The Raman spectra of the samples were investigated on
a HORIBA Scientific LabRAM HR Evolution Raman spectrom-
eter (laser wavelength of 532 nm, 600 line per mm grating,
scanned 3 times, for 5 s each time). The samples were prepared
as follows: the sample was placed on a slide and pressed into
a flat surface with the slide. The baseline of the Raman spectra
was not corrected using software correction.

The X-ray photoelectron spectra of the samples were per-
formed on a ESCALAB 250Xi (USA, monochromatic Al Ka source
with 0.1 eV resolution). The samples were prepared as follows:
the sample was pressed directly onto double-sided tape, and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 lllustration of fabrication process for the flame-retardant CSMC-X thermal insulation superfoam.

then the double-sided tape with the sample was directly
adhered to the sample stage. The wide-range scans were per-
formed once; the XPS spectra of C, O and Si were scanned five
times.

The N, sorption measurements of the samples (the sample
was degassed at 120 °C for 12 h.) were collected in a BELSORP-
mini IT instrument (Japan) under nitrogen conditions (at 77 K).
The pore size distribution of the composite foams was deter-
mined using the Barrett-Joyner-Halenda (BJH) method.?*

The compressive strength of the samples was evaluated in
a UTM2501 (China) with a loading rate of 2 mm min " (the ratio
of height to diameter of the cylindrical composite foam was
approximately 0.24, 1000 N load cell at room temperature).

The thermal degradation properties of the samples (the
samples were dried in a vacuum oven at 100 °C for 24 h) were
studied from 50 to 800 °C under an N, atmosphere with
a heating rate of 5 °C min™".

The Fourier transform infrared (FT-IR) spectra of the
samples were performed in a BRUKER TENSOR 27 FT-IR
Spectrometer. The samples were analysed by transmission
spectra in the region between 4000 and 400 cm ™", with 32 scans
at 4 cm ™' resolution. The baseline of the FT-IR spectra was
corrected using software correction. The samples were prepared
as follows: the samples were dried in a vacuum oven at 80 °C for
24 h. About 1 mg of dried sample and about 100 mg of KBr were
ground in a mortar, and the mixture was transferred to a mold
and pressed into a round sheet.

The thermal conductivity of the sample was measured on
a DRE-III thermal conductivity meter (Xiangtan Instrument Co.,
Ltd Xiangtan, China; the output power was 0.1 W, the test time
was 160 s, the sampling interval was 1000 ms, the probe

© 2024 The Author(s). Published by the Royal Society of Chemistry

resistance was 16.7 Q, the probe radius was 7.5 mm, and the
probe thickness was 0.2 mm) at room temperature. The samples
were used directly to test the thermal conductivity, and the
sensor was directly sandwiched between the two sample planes.

The adsorption of the SiO, aerogel precursor solutions by
cellulose microtubules was observed using an optical micro-
scope (XZJ-2023B, PHENIX, China) at room temperature. The
sample was placed on a slide and then covered with a cover
slide. Focus imaging was performed under a 5x objective lens
using a CCD camera. Then the SiO, aerogel precursor solution
was dropped onto the edge of the cover glass, and the image was
re-focused under a 5x objective lens. The process of adsorption
of SiO, aerogel precursor solution by cellulose microtubules was
observed under an objective lens with appropriate
magnification.

3. Results and discussion

3.1 Structural and morphological analysis of the delignified
cellulose microtubes

The average removal percentage after delignification with
sodium chlorite is as high as 41.8 &+ 1.5% (significantly higher
than the 20-30 wt% lignin content in wood). This indicates that
high-efficiency removal of lignin and partial hemicellulose can
be achieved using sodium chlorite. The characteristic lignin
bands at 1232 ecm ™' (C-O groups in lignin and hemicellulose),
1459 cm ' (aromatic skeletal vibrations), 1505 cm ™" (aromatic
skeletal vibrations), 1592 cm™ ' (aromatic skeletal vibrations),
and 1732 ecm ™' (C=0 stretching in unconjugated ketone) ten-
ded to be weaker and even disappeared after delignification.
This indicates that the lignin had been almost completely
removed (Fig. 2a).>”*® High-resolution C 1s spectra of the poplar
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(a) FT-IR spectra of poplar sawdust and delignified cellulose microtubes. (b) High-resolution C 1s XPS spectrum of the delignified cellulose

microtubes. (c) SEM image of the delignified cellulose microtubes. (d) XRD of the poplar sawdust and the delignified cellulose microtubes.

sawdust and cellulose microtubes (Fig. 2b and S17), showed
that the relative percentage of C-C/C=C peak at 284.8 eV
decreased significantly from about 41.9% of the poplar sawdust
to about 28.2% of the cellulose microtubes after delignification.
Lignin is a polymer composed of phenylpropane units. When
the lignin is removed by sodium chlorite, the proportion of the
C-C/C=C peak will become significantly smaller. This further
proves that the lignin in the wood tubes was effectively
removed. The efficient removal of lignin and partial hemi-
cellulose promoted the efficient separation of elongated wood
cells. Furthermore, many microporous structures appeared in
the delignified cellulose microtube after delignification. Corre-
spondingly, the total pore volume increased from 0.0040 cm®
g~ ' (poplar sawdust) to 0.0083 cm® g~ (the delignified cellulose
microtubes, Table S1 and Fig. S2}). Compared with poplar
sawdust (approximately 2.9 m> g ), the Brunauer-Emmett-
Teller (BET) specific surface area of the delignified cellulose
microtubes is significantly larger (approximately 4.8 m* g™ %).
The abundant micropore structure and large specific surface
area are conducive to increasing the tight adsorption capacity of
SiO, aerogel precursor solution by delignified cellulose micro-
tubules. The diameter of the delignified cellulose microtubes is
about 10 um, and the length can even reach the centimeter scale
(Fig. 2c and S3t). The XRD spectra of the delignified cellulose
microtubes show two broad diffraction peaks at about 15.5° and
22.3° (Fig. 2d). The peak at about 15.5° is assigned to the (110)/
(110) planes of the cellulose I crystalline structure, and the peak

12914 | RSC Adv,, 2024, 14, 12911-12922

at about 22.3° is assigned to the (200) planes of the cellulose I
crystalline structure.** This indicates that the obtained
delignified cellulose microtube possess a typical cellulose I
crystal structure.

3.2 The adsorption ability of the delignified cellulose
microtube for the SiO, aerogel precursor solution

The SiO, aerogel precursor solution can be quickly adsorbed by
the delignified cellulose microtubes, so that a certain number of
tubular bubbles appeared in the delignified cellulose micro-
tubes at the beginning of adsorption (Fig. S41). The tubular
bubbles gradually disappeared as the SiO, aerogel precursor
solution was gradually adsorbed by the delignified cellulose
microtubes due to the good wettability (between the delignified
cellulose microtubes and the precursor solution) and the
abundant microporous structures of the delignified cellulose
microtubes (Fig. 3). The delignified cellulose microtubes that
adsorbed different concentrations of SiO, aerogel precursor
solution were all in a saturated state. The saturation adsorption
capacities of the delignified cellulose microtubes were 3.39 £+
0.05 (CSMC-1.0), 3.06 + 0.42 (CSMC-2.5), 2.34 + 0.25 (CSMC-
5.0) and 1.83 £ 0.35 g (CSMC-10.0) (the mass of the deligni-
fied cellulose microtubes was about 0.5 g, the saturation
adsorption capacity of cellulose microtubules was measured by
subtracting the mass of cellulose microtubules from the mass of
the wet foam of cellulose microtubules after adsorption,
Fig. S51). The mass of the SiO, aerogel precursor solution

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Optical images of the delignified cellulose microtubes after saturated adsorption of SiO, aerogel precursor solutions with different
concentrations: (a) CSMC-10.0, (b) CSMC-5.0, (c) CSMC-2.5, and (d) CSMC-1.0.

adsorbed by the delignified cellulose microtubes gradually
increases with an increase in TEOS.

3.3 Morphological and structural analysis of the CSMC-X
superfoam

The SiO, aerogel shells are uniformly distributed only on the
inner and outer walls of the delignified cellulose microtubes.
Bulk SiO, aerogels were not found in the delignified cellulose
microtubes or between the delignified cellulose microtubes
(Fig. 4a-d and S6t1). Furthermore, the cellulose/SiO, aerogel
microtubes still have the structural and morphological charac-
teristics of the delignified cellulose microtube. This indicates
that the vacuum filtration process can not only remove the SiO,
aerogel precursor solution in the cellulose microtubules and
between the cellulose microtubules, but also remove the SiO,
aerogel precursor solution that is not tightly bound to the
cellulose microtubules on the inner and outer surfaces of the
delignified cellulose microtube. Only the SiO, aerogel precursor
solution tightly bound to the delignified cellulose microtube
remained on the inner and outer surfaces of the cellulose
microtubules. There seems to be no significant difference in the
thickness of the SiO, aerogel shell among the different
composites (Fig. S77). This may be because the concentration of
the SiO, precursor solution has limited influence on the
thickness of the SiO, precursor solution (which is tightly bound
to the cellulose microtubules). The thickness of the tightly

© 2024 The Author(s). Published by the Royal Society of Chemistry

bound SiO, precursor solution may be related mainly to the
surface properties of the cellulose microtubules. However, with
an increase in the concentration of the SiO, aerogel precursor
solution, the morphology of the SiO, aerogel shell on the
surface of the delignified cellulose microtube also changed
obviously (Fig. S81). The SiO, aerogel shell of the delignified
cellulose microtube became apparently denser with an increase
in the concentration of the SiO, aerogel precursor solution.

Fig. 5a-d show the energy dispersive X-ray spectroscopy
(EDS) element mapping patterns of the CSMC-5.0 superfoam.
The EDS element mapping patterns reveal that the C (yellow), O
(red) and Si (yellow) elements are uniformly distributed
throughout the composite cellulose/SiO, microtubules.

To investigate the surface chemical environment of the
cellulose/SiO, composite microtubes, the CSMC-5.0 superfoam
was further characterized by X-ray photoelectron spectroscopy
(XPS). Fig. 6a and b show the high-resolution O 1s and Si 2p,
respectively (calibrated by the peak of C 1s with a standard
binding energy of 284.8 eV). Obviously, both the high-resolution
Si 2p and O 1s high-resolution peaks of the CSMC-5.0 super-
foam can be deconvoluted into a symmetric single peak
(centered at 103.45 eV for Si 2p and centered at 532.77 for O 1s).
Therefore, this demonstrates that the Si element on the surface
of the composite microtube has only one chemical structure of
Si oxidation state Si**.** On the other hand, the O 1s spectrum
with the same single peak characteristic indicates that the O
element also has only one chemical structure (O-Si). The results

RSC Adv, 2024, 14, 1291-12922 | 12915
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Fig. 4 SEM images of (a) CSMC-1.0, (b) CSMC-2.5, (c) CSMC-5.0, and (d) CSMC-10.0 superfoam.

of XPS data analysis show that the surface of a cellulose/SiO,
composite microtube is evenly covered with an SiO, aerogel
shell. The interaction between SiO, aerogel shells and cellulose
microtubules was evaluated by infrared spectroscopy.** The
absorption band at about 795 cm ™" in the infrared spectrum of
the CSMC-5 superfoam is the Si-O-Si stretching vibration band
(Fig. 6¢). The absorption band at about 1100 em ' in the
infrared spectrum of the CSMC-5 superfoam is the Si-O-C
stretching vibration band, and the stretching vibration band of
the C-O bond in cellulose is covered by the Si-O-C stretching
vibration band due to the molar extinction coefficient of the
stretching vibration of the C-O bond being lower than the Si-O
band by about 4-5 orders of magnitude. The infrared results
indicated that the SiO, aerogel shell is combined with cellulose
microtubules. Compared with the delignified cellulose micro-
tube, a weaker absorption band at 1632 cm ™" (the absorption
band of the O-H bending vibration for the absorbed water)
indicated that the hydrophilicity of the CSMC-5 superfoam had
been weakened. The crystal structure of the CSMC-X superfoam
was characterized by XRD analysis. Fig. 6d shows the XRD
spectrum of the CSMC-X superfoam. The patterns of the CSMC-
X superfoam exhibit two broad diffraction peaks at about 20 =
15.7° and at around 2¢ = 27.4°, which can be assigned to the
(110), (110) and (200) characteristic diffraction peaks of the
cellulose I crystal structure. It can be seen that only the char-
acteristic diffraction peaks of the cellulose I crystal structure are
present in the spectra, while the characteristic diffraction peaks

12916 | RSC Adv, 2024, 14, 12911-12922

of the SiO, aerogel are not observed. The results of the XRD
analysis indicated that the SiO, aerogel shell on the inner and
outer surface of the cellulose microtubules has an amorphous
structure. The pore structure of the CSMC-X superfoam, espe-
cially the SiO, aerogel shell, was evaluated by analysis of the
nitrogen adsorption/desorption isotherms. Fig. 6e and f show
the N, absorption/desorption isotherms and pore size distri-
bution curves of the CSMC-X superfoam (the relevant pore
structure data are summarized in Table S27). According to the
IUPAC classification, the N, absorption/desorption isotherm of
the CSMC-10 superfoam is a typical type-III adsorption/
desorption isotherm curve, which indicates that the CSMC-10
superfoam consists mainly of macropores.*> With an increase
in the concentration of SiO, precursor solution, the type of the
N, absorption/desorption isotherm gradually transforms from
a type-III adsorption/desorption isotherm curve to a type-I
adsorption/desorption isotherm curve (with a type H4 hyster-
esis loop) due to the stronger interaction between N, and SiO,
aerogel than that between N, and delignified cellulose micro-
tubes. The type-I adsorption/desorption isotherm curve with
a type H4 hysteresis loop indicates that there are many micro-
pores in the SiO, aerogel shell of the CSMC-2.5 and CSMC-1
superfoams. The BET specific surface areas of CSMC-1, CSMC-
2.5, CSMC-5 and CSMC-10 superfoams are 159, 120, 57 and 7
m?” g, respectively. The BET specific surface area of the CSMC-
X superfoam increases significantly with an increase in the
concentration of the SiO, aerogel precursor solution. This

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Microtubule structure of the CSMC-2.5 superfoam (a) and its corresponding EDS elemental mappings of C (b), O (c), and Si (d).

phenomenon shows that the pore structure of the CSMC-X

superfoam is derived mainly from the SiO, aerogel shell on the
inner and outer surfaces of the cellulose microtubules. Obvi-
ously, the percentage of N, absorption/desorption originating
from the SiO, aerogel shell gradually increases with an increase

in the concentration of the SiO, aerogel precursor solution. The
average pore size of the CSMC superfoam decreases with an
increase in the concentration of SiO, aerogel precursors. The
average pore sizes of CSMC-1, CSMC-2.5, CSMC-5 and CSMC-10
superfoam are 2.7, 3.4, 3.5 and 10.9 nm, respectively. The total
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Fig. 6 High-resolution O 1s XPS spectrum (a), and high-resolution Si 2p XPS spectrum (b) of the CSMC-5.0 superfoam. FT-IR spectra of the
delignified cellulose microtubes and the CSMC-5.0 superfoam (c). XRD of the CSMC-X superfoam (d). N, adsorption—desorption isotherm (e)

and pore size distribution (f) of the CSMC-X superfoam.
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pore volume are 0.1081 (CSMC-1 superfoam), 0.1051 (CSMC-2.5
superfoam), 0.0507 (CSMC-5 superfoam), and 0.0193 (CSMC-10
superfoam). The results of the N, absorption/desorption
isotherm analysis indicated that the pore structure of the SiO,
aerogel shell on the inner and outer surfaces of the cellulose
microtubules can be efficiently regulated by the concentration
of the SiO, aerogel precursor.

The compressive strength of the CSMC superfoams
increased from 63 kPa for the CSMC-10 superfoam to 366 kPa
for the CSMC-1 superfoam under a strain of 60% (the mono-
lithic cellulose microtubular foam cannot be obtained using
hexane, Fig. 7a). The CSMC-5.0 superfoam could withstand
about 1005 times its own mass without deformation, indicating
superior mechanical robustness (Fig. S91). This indicates that
the controlled introduction of SiO, aerogel shells on the inner
and outer walls of the delignified cellulose microtubes can
significantly enhance the structure of the CSMC superfoams
and improve the mechanical properties of the CSMC super-
foams. The densities of the CSMC-10, CSMC-5, CSMC-2.5, and
CSMC-1 superfoams were 44.7 £+ 2.3, 58.4 £+ 3.0, 69.5 + 7.7, and
77.5 + 8.7 kg m 3, respectively (Fig. 7b). The CSMC superfoam
exhibits a lower density. Such a low density of the CSMC
superfoam may be derived from its unique composite micro-
tubule structure. With an increase in the concentration of SiO,
aerogel precursor, the density of the CSMC superfoam gradually
increases, indicating that the SiO, aerogel shell has a significant
effect on the density of the CSMC superfoam. The CSMC
superfoams exhibit excellent mechanical performance while
possessing low densities.

3.4 Thermal insulation, flame retardant and ablative
properties of the CSMC-X superfoam

The thermal stability of the CSMC-X superfoam was determined
by thermogravimetric techniques. The thermogravimetric data
of the CSMC-X superfoam is shown in Fig. 8a. It is obvious that
the CSMC-X superfoam showed a one-step thermal decompo-
sition process in nitrogen, related to the thermal degradation of
cellulose microtubules over the range of 200-345 °C.* The
decomposition temperature of the CSMC-X superfoam gradu-
ally increases from 289 °C (CSMC-10.0 superfoam) to 311 °C
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(CSMC-1.0 superfoam) with an increase in the concentration of
the SiO, precursor solution. On the other hand, the residue of
CSMC-X superfoam gradually increases from approximately
48% (CSMC-10.0 superfoam) to approximately 70% (CSMC-1.0
superfoam) at a carbonization temperature of 800 °C. The
above results indicate that the SiO, aerogel shell on the surface
of cellulose microtubules leads to higher thermal stability and
residue of the CSMC-X superfoam. The thermal conductivity of
the CSMC-X superfoam gradually decreases as the concentra-
tion of the SiO, aerogel precursor decreases, and the thermal
conductivity of the CSMC-10.0 superfoam is as low as 0.042 +
0.0018 W m™ ' K ' (Fig. 8b). Compared to the cellulose-based
foams developed by other research groups, the CSMC-X super-
foam exhibits lower density and smaller thermal conductivity
(Table 1). This indicates that the hollow microtubule structure
has excellent structural advantages in the field of high-
performance lightweight thermal insulation materials.
Furthermore, direct butane flame ignition tests were used to
visually evaluate the combustion characteristics of the CSMC-X
superfoam (Fig. 8cx). An orange flame appears immediately
after the composite foam comes into contact with the butane
flame. A possible reason is that part of the flame heat is
absorbed by the CSMC-X superfoam, resulting in violent high-
temperature degradation of the cellulose microtubes in the
cellulose/SiO, composite microtubes and a large amount of
flammable gas. These flammable gases can penetrate through
the SiO, aerogel shell of the cellulose/SiO, composite micro-
tubes and burn to produce an orange flame. The butane flame
was extinguished after burning violently for 5 seconds. The
orange flame on the surface of the composite material gradually
became smaller as the concentration of SiO, aerogel precursor
increased. The orange flame on the surface of the composite
material will be extinguished within 1 second and without
smoldering. This phenomenon indicates that the extinction of
the butane flame deprives the high-temperature degradation
environment of the cellulose microtubes. The SiO, aerogel shell
not only provides an inert-atmosphere-like environment for the
cellulose microtubules, but also blocks the conduction of heat
into the cellulose microtubules. As a result, the cellulose
microtubules cannot continue to undergo high-temperature
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Fig. 7 The mechanical strength of the CSMC-X superfoam (a). The density of the CSMC-X superfoam (b).
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Fig. 8 TG profile of the CSMC-X superfoam (a). Thermal conductivity of the CSMC-X superfoam (b). Self-extinguishing behavior of the CSMC-X
superfoam (c). Photographs of the CSMC-10.0 superfoam (c1), the CSMC-5.0 superfoam (c2), the CSMC-2.5 superfoam (c3), and the CSMC-1.0
superfoam (c4) just under the flame of the butane spray gun, the flame on the surface of the composite material after flame of the butane spray
gun has been applied for 5 seconds, and the composite material self-extinguishes within 1 second after the flame of the butane spray gun is
removed. Time for carbonization appearing on the back of the CSMC-10.0 superfoam (d1), the CSMC-5.0 superfoam (d2), the CSMC-2.5
superfoam (d3), the CSMC-1.0 superfoam (d4) under continuous heating by the flame of the butane spray gun.

Table 1 Comparison of the CSMC-X super foams and other thermal insulations

Material Drying method p (kgm?) AWm 'K Reference
Rice straw fibers/PVA Freeze-drying 50-60 0.034-0.036 44
Silica/cellulose Freeze-drying 55-60 0.023 45
Kapok fiber/MMT Ambient drying 41 0.054 46
Bamboo fiber/cellulose Thermal drying 160 0.054 47
Pulp fibers/clay Thermal drying 136 0.043 48
Dissolved cellulose Ambient drying 90 0.063 49
Pulp/cellulose nanofibers Microwave radiation 100-200 0.045-0.07 50
Bamboo fibers/nanocellulose Ambient drying 80-120 0.037-0.047 51
Cellulose nanofibers/RGO Ambient drying 40 0.05 52
Pulp/nanocellulose/borates Ambient drying 12 0.049 53
Polyurethane/natural resources Ambient drying 105-178 0.045-0.065 54
Cellulose microtube Ambient drying 44-77 0.042-0.058 This work

degradation to produce flammable gases. It is obvious that the
color of the CSMC-X superfoam, which is only in contact with
the butane flame, will turn black. This indicates that the CSMC-
X superfoam has excellent self-extinguishing performance. In
contrast, the cellulose microtube foam is relatively flammable
(Fig. S107). After contact with the butane flame, the cellulose
microtubule foam began to burn and the flame began to spread.
The flame was extinguished after burning over a span of 27 s
and then showed a long-term smoldering phenomenon.

© 2024 The Author(s). Published by the Royal Society of Chemistry

In order to further prove that the CSMC-X superfoam has
excellent flame retardant and thermal insulation properties, the
carbonization phenomenon on the opposite end face of the
CSMC-X superfoam was observed, when the end face of the
CSMC-X superfoam was continuously violently burned by the
butane flame (Fig. 8dx). The times of the carbonization occur-
ring on the opposite end surface of the CSMC-X superfoam were
52 s (CSMC-10.0), 61 s (CSMC-5.0), 78 s (CSMC-2.5) and 103 s
(CSMC-1.0). The above results indicate that the flame retardant
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Fig. 9 The mechanical strength of the B-CSMC-X superfoam (a). SEM of the B-CSMC-10.0 (b), B-CSMC-5.0 (c), B-CSMC-2.5 (d), and B-CSMC-
1.0 (e) superfoam after being rapidly burned by the flame of the butane spray gun for about 5 min.

and self-extinguishing properties of the CSMC-X superfoam are
significantly enhanced as the concentration of SiO, aerogel
precursor increases.

3.5 The properties of the B-CSMC-10.0 superfoam

After the CSMC-X superfoams had been continuously burned by
a butane flame for 5 minutes, the volume of the CSMC-X
superfoam shrank to a certain extent, but it could still maintain
a complete block structure (Fig. S111). Interestingly, the CSMC-X
superfoam burned by a butane flame (B-CSMC-X superfoam) still
exhibits certain mechanical properties. As the concentration of
SiO, aerogel precursor concentration increases, the compressive
strength of the B-CSMC-X superfoam gradually increases from
a compressive strength of 2.0 kPa (B-CSMC-10.0 superfoam) to
a compressive strength of 9.0 kPa (B-CSMC-1.0 superfoam)
under a strain of 60% (Fig. 9a). Furthermore, the B-CSMC-5.0
superfoam could withstand about 268 times its own mass
(Fig. S127). The good mechanical properties of the B-CSMC-X
superfoam indicate that the 3D network structure of the
composite superfoam is not destroyed during butane flame
combustion. Fig. 9b-e and S131 show the SEM images of the B-
CSMC-X superfoam. The B-CSMC-X superfoam has a microtu-
bular structure similar to that of the CSMC-X superfoam. The
SiO, aerogel shell on the surface of the composite microtubes
was obviously wrinkled after CSMC-X superfoam had been
burned by the butane flame. The carbon material (derived from
cellulose microtubules, Fig. S14}) is separated from the SiO,
aerogel shell. The reason for the above phenomenon is that the
volume of cellulose microtubes will be significantly reduced after
combustion with a butane flame. However, the SiO, aerogel shell
will prevent the volume shrinkage of the composite microtu-
bules. The B-CSMC-X superfoam can maintain a relatively
complete 3D network structure, so the B-CSMC-X superfoam
exhibits good mechanical properties. The B-CSMC-X superfoam
also exhibits good thermal insulation properties. The thermal
conductivity of the B-CSMC-X superfoam is about 0.050 W m™"

12920 | RSC Adv, 2024, 14, 1291112922

K" (Fig. S151). The B-CSMC-X superfoam barely changed after
burning with a butane flame for 3600 seconds (Fig. S16t). Only
a small amount of white SiO, material appeared on the burned
surface of B-CSMC-X superfoam (Fig. S171). This indicates that
the SiO, aerogel shell can effectively prevent oxygen penetration
at high temperatures even in an aerobic environment, which
endows B-CSMC-X superfoam excellent ablative resistance
performance. Therefore, the B-CSMC-X superfoam not only has
good mechanical properties, but also exhibits good ablative
resistance performance.

4. Conclusions

In conclusion, we are committed to using green and low-carbon
processes for the preparation of thermal protection materials. A
cellulose/SiO, composite microtubule thermal insulation
superfoam has been successfully prepared. Cellulose microtu-
bules were successfully prepared from poplar sawdust using
a chemical method. An SiO, aerogel precursor solution can be
quickly adsorbed by the delignified cellulose microtubes. The
SiO, aerogel shells are uniformly distributed only on the inner
and outer walls of the delignified cellulose microtubes. The
CSMC-X superfoam exhibits low density, good mechanical
properties, and low thermal conductivity (as low as 0.042 +
0.0018 W m ™' K™'). The CSMC-X superfoam exhibits excellent
self-extinguishing and flame-retardant properties. The CSMC-X
superfoam still exhibits certain mechanical properties after
being burned by a butane flame. The thermal conductivity of
the B-CSMC-X superfoam is about 0.050 W m ' K *. The B-
CSMC-X superfoam barely changed after burning with a butane
flame for 3600 seconds. Therefore, the hollow microtubule
structure has excellent structural advantages in the field of
lightweight high-performance thermal protection materials
with heat insulation, flame retardance and even ablative resis-
tance. Thermal protection materials based on a hollow micro-
tubule structure have broad application prospects in
construction, transportation, aerospace, and other fields.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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