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Abstract: In this study, sound insulation materials with a high sound absorption coefficient were
prepared. In this paper, using cellulose (CEL) and graphene oxide (GO) as the main raw materials and
epichlorohydrin as the cross-linker, the CEL-GO composite aerogels were prepared via lyophilisation.
The structure, molecular bonding, and acoustic absorption mechanisms of the composite aerogel
were characterised and analysed using SEM, FTIR, XRD, BET, and Raman. In addition, corresponding
molecular structure models were constructed. The acoustic attenuation of the CEL-GO composite
aerogel was measured using a standing wave tube acoustic attenuation tester. The results show that
the chemical bond between the GO and CEL composite is established, and the addition of graphene
makes the pores of the composite more advanced, which is more favorable for sound absorption, and
the acoustic absorption coefficient can reach up to 0.87.
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1. Introduction

Noise has become one of the three major sources of pollution in the world, and it is
becoming increasingly severe [1]. Prolonged exposure to noisy environments can make
people irritable and cause physiological damage to the human body, such as hearing loss
and nerve damage [2]. Noise pollution has received widespread attention from various
countries. Existing ways to solve noise pollution mainly start by controlling the propagation
mode and source of sound waves. By reasonably designing the structure and arrangement
layout of sound-absorbing materials, the propagation path and source of sound waves can
be effectively controlled to achieve the purpose of sound absorption and noise reduction [3].
High-porosity structures (>90%) attenuate sound energy by increasing the effective friction
between air and pore walls [4] and are currently the mainstay of sound-absorbing materials.
Among them, porous bodies produced by petroleum-based polymers and rock- and slag-
based fibres are dominant due to their low prices [5-8]. However, these synthetic porous
materials rely on non-renewable resources and generate pollutants (such as SOx and NOx)
during the manufacturing process [9,10], thereby emitting large amounts of greenhouse
gases [7,11,12]. The disposal of synthetic sound-absorbing materials, especially polymer
foam materials at the end of use, will also cause further environmental problems [8,13].
Therefore, people are gradually shifting their focus toward natural materials. T. Yang
et al. [7] summarised the sound absorption performance of natural fibre materials and
found that many natural fibres have good sound absorption performance, and some natural
fibres are ideal substitutes for glass fibres.
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As a traditional acoustic material, wood is a natural, green, and sustainable porous
composite material. According to the testing results of the Wood Industry Research Institute
of the Chinese Academy of Forestry, the air dry density of most of China’s main wood is in
the range of 0.2-0.75 g-cm 3 [14], and it is estimated that its porosity is between 51% and
87%. But the porosity of individual tree species, such as light wood, reached 94% [15]. There
are not only macroscopic pores such as cell cavities in wood, but also nanopores in the cell
wall [16], with a porosity of about 7.1% [17]. The relatively low porosity of natural wood
makes it highly reflective [18], making it difficult to become an excellent sound-absorbing
and noise-reducing material [19-21]. Recently, scientists have developed porous wood-
based materials through a top-down process using chemical treatment [22-28] and fungal
corrosion [29] methods. Wang [24] prepared porous wood sponges by selectively removing
lignin and hemicellulose, followed by freeze-drying; Hu [25] delignified large natural wood
and converted it into a porous wood aerogel; Zhao [30] prepared insulating wood with
a porosity of up to 93% using a comprehensive process of in situ delignification, solvent
exchange, and air drying. The sound absorption coefficient was close to 80% at 2500 Hz.
H. Kolya [31] used ammonium persulfate treatment to enhance the sound absorption
ability of Malas hardwood, improving breathability and the average sound absorption
coefficient in each frequency range of 500-6400 Hz; Zhu Xiaodong [32] summarised the
sound absorption performance of wood plastic composite materials. When the perforation
rates are 6% and 9%, the sound absorption coefficient increases with the depth of the cavity.
The arrangement of carbon atoms in graphene is bonded in sp? hybridisation orbitals, as in
graphite monolayers, forming a honeycomb layered structure of hexagonal rings with high
strength and toughness. Zhou [33] used magnesium sulfate and tetradecyl betaine as raw
materials to prepare a porous acoustic material based on alkali magnesium sulfate (BMS)
cement, and the experimental results showed that the acoustic absorption coefficient of the
material was 0.70; Li [34] composited low-density aerogel with polyurethane to prepare
acoustic materials with a void-like structure, and the experimental results showed that
the average acoustic absorption coefficient of the material was 0.71; Pang [35] composited
ultra-thin graphene film with polymer foam to prepare a high-frequency acoustic material,
making full use of the honeycomb network structure of graphene, and the experimental
results showed that the maximum acoustic absorption coefficient could reach 0.8 in the
range of 200-6000 Hz; Zong [36] prepared acoustic materials using SiO, nanofibres (SNF)
and reduced graphene oxide (rGO) as the main raw materials, and the 2D layered structure
of graphene oxide (GO) was used to fully entangle the SNF skeleton and block the pores
of the fibre cavity wall. The two-dimensional layered structure of graphene oxide (GO)
was used to fully entangle the SNF skeleton and block the pores of the fibre cavity wall to
achieve multiple consumptions of acoustic waves, and the experimental results showed that
the maximum sound absorption coefficient was 0.56. Zhang [37] used graphene oxide and
polyurethane foam as raw materials to prepare lightweight, high-toughness porous acoustic
materials, and the experimental results showed that the maximum acoustic absorption
coefficient was 0.76.

Cellulose (CEL) aerogel has a porous structure, and its micropores and macropores
are interconnected, which is conducive to improving sound absorption performance in the
low-frequency range. Compared with other sound-absorbing materials such as graphene
oxide, CEL-GO composite aerogels have high porosity, large specific surface area, low
density, excellent mechanical properties, and chemical stability, and are an ideal porous
sound-absorbing material [38]. In this paper, cellulose aerogels were prepared using
lignocellulose and then composited with graphene oxide, taking full advantage of the
lamellar structure of graphene oxide, which is tightly entangled with the cellulose skeleton,
to create more semi-closed, closed, and long-range cavity structures for multiple depletion
of acoustic waves. In this study, epichlorohydrin was also used as an auxiliary cross-
linking agent. Epichlorohydrin can form a large number of hydrogen bonds with the
hydroxyl group of the cellulose molecular chain due to its strong electronegative group,
which is more helpful in improving the densification and cross-linking degree of the
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composite aerogel material, which also improves the mechanical properties of the material.
Therefore, we constructed acoustic absorbing materials with microscopic multi-walled
cavity structures and complemented them with model validation, which provides a certain
reference significance for subsequent studies.

2. Preparation and Characterisation of Materials
2.1. Materials Preparation of CEL-GO Composite Aerogels

A cellulose (fibre length > 20 um, Shanghai Macklin Biochemical Technology Co., Ltd.,
Shanghai, China) dissolution system consisting of 7 wt.% NaOH:12 wt.% urea:81 wt.%
H,0 was configured (NaOH and urea were analytically pure; Tianjin Fengchuan Chemical
Reagent Co., Ltd., Tianjin, China). A total of 4 g of cellulose was added and mixed well, and
then frozen at —25 °C for 20 h. The mixture was thawed at room temperature and frozen
again, repeating the cycle 3 times. A transparent cellulose solution was obtained and 1/10
of its volume of epichlorohydrin (EC, analytically pure, Shanghai Macklin Biochemical
Technology Co., Ltd.) was added as a cross-linking agent. It was shaken well at room
temperature and allowed to solidify. Then, the excess cross-linking agent was washed
with an aqueous ethanol solution (ethanol-distilled water ratio 1:10) until the gel was
homogeneously dissolved, and the aerogel was obtained by lyophilisation for 48 h. This
was recorded as CEL-EC for backup. In the next step, we first added 1 g of GO (multilayer,
Suzhou Tanfeng Technology Co., Ltd., Suzhou, China) to 100 mL of distilled water, stirred
thoroughly, and set the volume ratio gradient of the CEL solution and GO-water mixture to
0.5:1, 1:1, 2:1, and 3:1, and then added epichlorohydrin cross-linking agent to the mixture.
The CEL-EC aerogel preparation steps were repeated as described above to prepare CEL-
GO composite aerogels, labelled as CG-1, CG-2, CG-3, and CG-4, respectively.

2.2. Performance Characterisation of CEL-GO Composite Aerogels

The characteristics of the CEL-GO aerogel and the effect of GO on the crystalline shape
of cellulose were analysed using X-ray diffractometry (D8advance, Bruker Co., Karlsruhe,
Germany) with Cu K« radiation. In order to analyse the type of bonding and the presence
of functional groups in the samples, Fourier transform infrared spectroscopy (INVENIO
S, Bruker Co., Germany) was used in the wavelength range from 4000 cm ! to 500 cm ™!,
equipped with a Raman spectral analyser (RENISHAW, OPTOSKY Co., Xiamen, China).
The microporous structure characteristics of the aerogel were investigated by scanning
electron microscopy (Phenom Pro, PDSI Co., Shanghai, China) and fully automated specific
surface area and porosity (BELSROP mini II, Bayer, Co., Osaka, Japan) analysis. At the
same time, the density and porosity were calculated according to the national standard
GB/T 6343-1995 [39], and the calculation results are shown in Table 1. Finally, we tested the
acoustic absorption coefficients of the CEL aerogel and CEL-GO composite aerogel samples
using JTZB standing wave tubes (JTZB, Beijing Century Jiantong Technology Development
Co., Ltd., Beijing, China). The standing wave tube test system was equipped with JTSOFT-
ZB professional software, which simultaneously acquired and displayed sound pressure
signals, automatically generated sound absorption coefficients, and drew sound absorption
curves. Based on the above theoretical analysis, we established an acoustic absorption
mechanism model for the aerogel.

Table 1. The mass, density, and porosity analysis of the samples.

Samples Mass (g) Densities (g/cm®) Porosity (%)
CEL-CH 222 0.078 94.4
CEL-GO =0.5:1 1.366 0.082 87.7
CEL-GO =1:1 1.21 0.085 89.4
CEL-GO =2:1 1.84 0.090 87.2

CEL-GO =3:1 1.05 0.095 85.5
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3. Results

Figure 1 shows the XRD patterns of the samples CEL, GO, and CEL-GO. It can be
seen that the CEL sample has a clear distinct diffraction peak at 26 = 22.6° in the (002)
lattice plane and two overlapping diffraction peaks at 14°~17.8°, corresponding to the
lattice plane of the cellulose I-type crystal structure. The GO sample (001) lattice plane
has a distinct characteristic peak at 20 = 10.8°. From the patterns, it is clear that only the
characteristic peaks of the group material appeared, and no other impurity peaks were
observed. Furthermore, the lattice plane of the CEL-GO composite aerogel (002) shows the
(002) crystal plane of CEL at 20 = 22.6°, but the diffraction peaks of the GO (001) crystal
plane and the overlapping diffraction peaks of CEL are almost obscure, indicating that CEL
bonded with GO [40].

ey (5 C)

n“’“z) —— CEL
—— CEL-GO

Intensity (a.u)

5 10 15 20 25 30 35 40 45 50
20
Figure 1. XRD patterns of CEL, GO, and CEL-GO.

To investigate the effect of GO addition on the structural composition of the CEL
aerogel and the binding mode of GO and CEL, we performed Fourier infrared spectroscopy
and Raman spectroscopy on the samples, and the results are shown in Figures 2 and 3.
The stretching vibration peak of the hydroxyl group (3340 cm~!) of CEL is clearly visi-
ble [41] in Figure 2, and the peaks corresponding to the stretching vibration peak of the
methylene group of CEL are -CH; (2893 cm 1) and C-C (895 cm 1) [42]. The hydroxyl
peak of CEL was attenuated when the ratio of CEL to GO was 0.5:1, which was attributed
to the depletion of hydroxyl groups (3200-3500 cm~!) by the reaction of GO with CEL
and the use of the hydroxyl groups in CEL to form hydrogen bonds. In the CEL-GO
composite aerogel material, there are backbone stretching vibration peaks of the benzene
ring C=C (1430 cm '), absorption vibration peaks of C-O-C (1048 cm '), and stretching
vibration peaks of C=0 (1720 cm™1!), which represent GO [43], and a new ester group
peak (1740 cm ') appeared in the CEL-GO composite aerogel material, indicating that GO
successfully bonded to the CEL aerogel by forming a new chemical bond. In Figure 3,
2946 cm ™! is the C-H stretching vibration peak of CEL, and all CEL aerogels after GO
composite have characteristic peaks representing graphene carbon materials, such as the G
peak (1581 cm 1) reflecting the characteristic peaks induced in the face of sp? carbon atoms,
and the D peak (1350 cm~!) indicating the characteristics of graphene such as defects and
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vacancies [44]. The characteristic peaks that represent CEL are also found at 2946 cm L,

which proves that the complexation of GO with CEL is successful.

Intensity (a.u)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 2. Infrared spectroscopy of CEL and CEL-GO composite aerogels.
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Figure 3. CEL-GO composite gas gel Raman spectroscopy analysis.

Figure 4 shows the SEM analysis of the CEL-GO composite aerogel. It can be seen
that the addition of GO to the CEL solution formed a three-dimensional interconnected
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pore structure with CEL molecules through hydrogen bonding and ionic bonding, which
facilitated the dispersion of GO in the micropores of the aerogel and effectively improved
the dispersion of GO in the CEL molecules [45]. With the increase in CEL content, the
structure and performance of the CEL-GO composite aerogel were significantly improved.
When the mass ratio was less than CEL:GO = 1:1, the flake GO was uniformly distributed on
the framework of the CEL aerogel, the interface of GO and CEL was tightly crosslinked, and
the flake GO played the role of enhanced toughening in the composite aerogel, which may
be due to the combination of the functional groups of GO and the groups on the surface of
CEL. The reason may be that the functional groups of GO combine with the groups on the
surface of CEL to form hydrogen bonding, which prevents the agglomeration phenomenon
of GO, increases the dislocation energy, and reduces the stress concentration [46]. In
the marked area of Figure 4A, it can be clearly seen that graphene oxide is bonded to
the cellulose skeleton in the form of lamellar layers and also forms a large number of
polymorphic pore structures, such as long-range holes and multi-interface pore channel
structures. When CEL:GO = 1:1, as shown in Figure 4B, especially in the marked area, a
more homogeneous pore structure can be observed. This indicates that at this ratio, the
combination of graphene and cellulose is denser and retains an appropriate pore structure,
such as more closed or semi-closed pores and multi-boundary surface pores, which are
beneficial for the material to absorb sound waves. However, if the CEL content is too high,
it forms an amorphous structure, resulting in the loose structure of the CEL-GO composite
aerogel, which cannot fully play the role of GO. As shown in Figure 4C,D, when the CEL:
GO content exceeds 2:1, the interfibre spacing becomes smaller, resulting in a more compact
macroporous structure of the porous aerogel, and the pore diameter tends to become
smaller; this trend in the pore structure is equally evident in the marked areas of both
figures, thereby reducing the acoustic absorption performance of the composite aerogel.

Figure 4. SEM analysis of CEL-GO composite aerogel. Pictures (A-D) correspond to aerogels in the
ratios CEL:GO = 0.5:1; CEL: GO = 1:1; CEL: GO = 2:1; CEL: GO = 3:1.

The pore volume and pore size analyses of the CEL-GO composite aerogel are shown
in Figure 5. The CEL aerogel shown in Figure 5a is a type Il isotherm, demonstrating that it
is dominated by large pores and that the pore structure is not uniformly distributed. As
shown in Figure 5b, after the addition of GO to the CEL aerogel, the curve is a typical
IV-type adsorption isotherm, and the nitrogen adsorption capacity of the CEL-GO com-
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posite aerogel greatly improved compared with that of the pure CEL aerogels due to the
improvement in the organisational structure of the composite aerogel by GO. The nitrogen
adsorption capacity of the composite aerogel was the strongest when CEL:GO = 2:1, and the
rising trend of the N, adsorption-desorption curves was slow when the relative pressure
was 0.6 or less, which was caused by monomolecular layer adsorption. When the relative
pressure is large, the N, adsorption-desorption curve rises rapidly and a hysteresis loop
appears, which is due to a large number of mesoporous structures in the composite aerogel.
The formation of hysteresis loops is due to the coalescence of capillary tubes, where the
diameter of the curvature is shorter after coalescence, resulting in a lower pressure required
for complete desorption, hence the formation of hysteresis loops [47].
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Figure 5. Aerogel nitrogen adsorption—-desorption test: (a): CEL aerogel; (b): CEL-GO composite
aerogel.

As shown in Figure 6a, the CEL aerogel has a high porosity and the pore size is mainly
between 10 and 40 nm, indicating that the material has an internal mesoporous structure.
As shown in Figure 6b, the pore size of the CEL-GO composite aerogel is mainly distributed
between 0 and 20 nm, indicating that the presence of GO contributes to the formation of
mesopores in the CEL aerogel. In addition, GO and CEL can also generate more hydrogen
bonding interactions, which makes the molecules of CEL more tightly bound to each other,
and this interaction not only promotes the formation of a more stable complex between the
two but also helps to enhance the stability of GO in the function of the composite aerogel.
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Figure 6. (a) CEL aerogel pore size distribution curve; (b) CEL-GO composite aerogel pore size
distribution curve aerogel.

The density and porosity of the aerogel have a significant effect on the acoustic
performance of the material. Aerogel contains a large number of internal pore structures,
which is conducive to the penetration of acoustic waves, resulting in more pronounced
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attenuation of the acoustic energy. The main reason why aerogel has a lower density is that
it contains more pores inside and its pore ratio is greater than 85%. There are polar groups
such as hydroxyl, ether, epoxy, and carboxylic acid. in GO, and GO has a high dispersing
ability, which can be combined with CEL in the form of covalent bonds, ionic bonds, and
hydrogen bonds, so it has good dispersing properties in the CEL aerogel, and since GO is a
dense and porous carbon material, it can improve the acoustic performance of CEL-GO
composite aerogels [48]. With an increase in the CEL content, the pores inside the aerogel
are occupied by the increased solid CEL, resulting in a gradual decrease in porosity; thus, a
negative correlation between the density and porosity change trend is obtained, and the
acoustic performance of the composite aerogel is therefore decreased. And the composite
aerogels with different GO additions, densities, and porosity analysis data are shown in
Table 1.

As shown in Figure 7, the sound absorption coefficient of the CEL-GO composite
aerogel is higher than that of the pure CEL aerogel, with a peak at 2000 Hz. The peak grad-
ually moves toward the high-frequency direction, with an average absorption coefficient of
more than 0.8, and the highest absorption coefficient of 0.87 is 2000 Hz—6000 Hz. The CEL
molecular chains are connected to the CEL molecules via hydrogen bonding and van der
Waals forces, and these two forces play a key role in the intertwining of the CEL molecules,
contributing to their high diffusion performance in the whole network. Thus, they can
greatly affect the pore size of the aerogel and the acoustic performance of the aerogel [48].
GO is a two-dimensional planar-structured nanomaterial with good dispersion properties;
its layered porous structure is used to increase the acoustic wave transmission paths, and
the acoustic wave is dissipated in the form of thermal energy, which is a new type of sound
absorption and noise reduction material [49]. The introduction of GO into the CEL aerogel
can improve the internal pore structure while maintaining the original excellent acoustic
performance of the CEL aerogel, thus improving its acoustic performance. The introduction
of GO provides a way to physically increase the capacity of the CEL aerogel so that the
increase in internal pore space is conducive to the acoustic performance of the CEL aerogel.

e
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Figure 7. Sound absorption performance analysis of CEL-GO composite aerogel.

Based on the theoretical analysis of the above tests, we constructed a molecular
structure model of the composite aerogel as shown in Figure 8. From Figure 8, it can be seen
that the CEL chain contains abundant hydroxyl (-OH) and carboxyl (-COOH) groups, and
PVA contains a large number of oxygen-containing functional groups, such as hydroxyl
(-OH), carboxyl (-COOH), carbonyl (-C=0), and epoxy (-CH,O) [50]. The molecular chain
of CEL interacts with the molecules of PVA via both chemical bonding and hydrogen
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bonding, and thus the PVA-modified CEL aerogel is rich in pore structure and has a thicker
pore wall, which shows good mechanical properties and acoustic properties. The acoustic
performance of the CEL aerogel is closely related to the size and distribution of its internal
pores, and GO changes the intermolecular interactions of CEL to a certain extent, which
improves the overall performance of the CEL aerogel [51]. The GO-modified CEL aerogel
showed excellent acoustic performance, and after freeze-drying, the morphology of the
CEL aerogel was a three-dimensional network structure. GO and PVA played a scaffolding
role between the fibres, and the specific surface area of the CEL aerogel was effectively
improved, which was conducive to increasing its internal pores [52].

o H](é’éq, | ){ :
[ e I P — e—m; + wo
+ol_—cn— ‘ | / / I
] Ry CHy Ol Ry Ry CH; O

Polyvinyl  cellulose p
alcohol .

Graphene oxide

dc Jo H 2 (Ca00, CEL-GO composite aerogel

Figure 8. The molecular structure model of sound absorption mechanism of CEL-GO composite
aerogel.

4. Conclusions

Using various characterisation tests and theoretical analyses of the samples, we suc-
cessfully prepared CEL-GO aerogel materials with high acoustic absorption performance,
and the highest acoustic absorption coefficient was up to 0.87. We also verified the bond-
ing modes of the two-component materials, based on which we constructed a molecular
structure model of the acoustic absorption mechanism of the composite materials. The
specific conclusions are as follows: (1) The new peak at 1740 cm ! in the infrared spectrum
indicates that an esterification reaction occurred between GO and CEL, and a new chem-
ical bond was formed in the CEL-GO composite aerogel material. (2) From the nitrogen
adsorption—desorption test, it can be seen that the nitrogen adsorption capacity of the
CEL-GO composite aerogel greatly improved compared with that of the pure CEL aerogel,
and the number and size of the microstructure of the composite aerogel were improved
and optimised by GO; it was found that the CEL-GO composite aerogel had characteristic
peaks of G (1581 cm~ 1) and D (1350 cm ™) and a characteristic peak of CEL (2946 cm™ 1),
which proved that GO and CEL were successfully composited. (3) With an increase in the
CEL content, the internal porosity of the aerogel decreased and the density increased, and
the density and porosity showed a negative correlation trend; the CEL aerogels composited
by GO had a higher acoustic absorption coefficient than that of the pure CEL aerogel, and
the highest acoustic absorption coefficient reached 0.87.
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