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Introduction

Noise is known as an “invisible killer,” which seri-
ously threatens human health and quality of life
worldwide [1]. As an effective medium to eliminate
noise, porous sound-absorbing materials play a
prominent role in wide fields, e.g., acoustical engi-
neering, architectural insulation, rail transit, and
high-end equipment manufacturing [2-5]. However,
the commonly used porous sound-absorbing mate-
rials (wood fiber, polyester fiber, and mineral wool)
generally lack comprehensive properties including
environmental friendliness, safety, and functionality.
Therefore, it is urgent to develop new highly efficient
acoustic absorption materials with multiple functions
for advanced applications.

As a newly born third-generation aerogel material,
cellulose aerogels not only inherit the advantages of
cellulose including wide source, environmental
friendliness, and sustainability [6], but also provide
superior adjustable porous structure, e.g., super-high
open porosity (up to 98.4%) [7], ultralow bulk density
(as low as 0.047 g/cm’) [8], extremely large specific
surface area (356 m*/g), and pore volume (1.27 cm®/g)
[9], which give them strong competitive advantages for
the application in noise suppression. Since early
reports on the acoustic absorption capability of ligno-
cellulose aerogels (achieving an absorption coefficient
of 0.827 at 1000 Hz with thickness of 15 mm) fabricated
with ionic liquid (1-allyl-3-methylimidazolium chlo-
ride) [10], there has been an upsurge in researches on
noise control of cellulose aerogels. Among them,
acoustic absorptive cellulose aerogels prepared with
polyvinyl alcohol (PVA) as the crosslinker are most
concerned [11-13]. Dora et al. [14] synthesized a flexi-
ble macroscopic cellulose aerogel (SBA) based on
sugarcane bagasse cross-linked with PVA. The as-
prepared SBA (10 mm thick) exhibits excellent acoustic
absorption performance with a maximum absorption
coefficient (Anax) above 0.9 around 3600 Hz, and a high
average absorption coefficient (A,y.) of 0.861 between
1300 and 2500 Hz. Besides PVA, epichlorohydrin [15]
or N, N'-methylene bisacrylamide [16] is also a well-
qualified cross-linking agent to form cellulose aerogels
with high acoustic absorption capability. Meanwhile,
cellulose aerogels constructed with gelatin and their
corresponding noise reduction effect have also been
widely investigated [17]. A typical study is that Shan
et al. [18] developed a cellulose-based aerogel (SLB-G)
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derived from waste bamboo fibers and gelatin. The
SLB-G (12 mm thick) possesses a competent noise
reduction ability with a high sound transmission loss
above 30 dB around 500 Hz. Recently, a class of novel
bacteria-based cellulose aerogels (BCA) was developed
and applied to the study of acoustic absorption [19].
The BCA reveals superior acoustic absorption abilities
at broad frequencies from 200 to 6000 Hz with an Apax
of 0.97 located at 1500 Hz [20]. However, due to the
single function of cellulose aerogels themselves, vari-
ous optimization methods such as sulfuric acid
hydrolysis [21] and methyltrimethoxysilane modifica-
tion [22] were employed to enhance their thermal
insulation and hydrophobicity so as to expand their
practicality.

The successful creation of composite cellulose
aerogels greatly enriches the functionality of cellulose
aerogel materials with high mechanical strength,
flame retardancy, temperature resistance, etc., thus
further broadening their application prospect in the
field of noise management [23-25]. Lin et al. [26]
selected rod-shaped cellulose extracted from pineap-
ple shell as the scaffold and combined it with iron-
containing red mud to fabricate an organic-inorganic
hybrid aerogel. The maximum absorption coefficient
(Amax) of a 10-mm-thick sample can reach 0.787 at
6000 Hz, which is higher than that of wood-based
sound-absorbing panels such as fiberboard, particle-
board, and plywood. Similarly, the silica/cellulose
compound aerogels also show strong competitiveness
in terms of acoustic insulation [27, 28]. Silviana et al.
[29] explored the combination of newspaper waste-
derived cellulose and silica from geothermal solid
waste to produce a Si—cellulose aerogel as an enhanced
sound insulation composite material, which, as the
results show, has an A, of 0.999 when the mass
fraction of the cellulose reaches 25%. Moreover, a
series of cellulose-embedded aerogel composites are
also quite representative [30]. This kind of material
usually possesses hierarchical pore structure and can
achieve unique acoustic absorption (A« above 0.9 in
the range of 3500-6400 Hz, and a noise reduction
coefficient of 0.45) with the thickness of about 20 mm
[31]. In addition, a novel hierarchically maze-like
structured aerogel compounded with polyacryloni-
trile and cellulose nanofibers attracts much attention
because it can achieve efficient acoustic absorption in a
relatively low-frequency range [32].

The above-mentioned researches are representa-
tives which strongly confirmed the application
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potential of cellulose aerogels as a new type of green
functional sound-absorbing material. Nevertheless,
the acoustic absorption properties of cellulose aero-
gels, especially their absorption efficiency and band-
width, are a subject to be further improved for wider
applications. In this study, we fabricated the multi-
functional acoustic absorptive cellulose nanocrystal
(CNCQ) aerogels through a straightforward method by
employing calcium chloride as the green crosslinker
[33-36], followed by freeze drying. The influential
mechanism of the porous structure on the acoustic
absorption performance of the obtained CNC aero-
gels was investigated through the experiment com-
bined with a designed porous media model. The
results demonstrated their excellent broadband
acoustic absorption performance as well as multi-
functionality, revealing them as a promising material
for the application in the field of noise reduction.

Experimental section
Materials

Cellulose nanocrystal (CNC) was provided by Sci-
enceK New Material Technology Co., Ltd. (Soochow,
China). Calcium chloride anhydrous (CaCl,, > 96%)
and tert-butyl alcohol (> 99%) were purchased from
Xilong Scientific Co., Ltd. (Swatow, China). All
chemical reagents are of analytical grade and used as-
received without further purification. Deionized
water (DI-H,O) is of laboratory grade and used
throughout the experiment.

Preparation of the CNC aerogels

The preparation process of the CNC aerogels in this
study is shown in Fig. 1. First, 0.5 g CNC was dis-
solved in 99.5 ml DI-H,O by mechanically stirring at
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300 rpm for 1 h at room temperature, followed by
thoroughly dispersing through an ultrasonic equip-
ment (JP-100PLUS) with the power of 1000 W for
20 min to obtain a viscous transparent CNC disper-
sion. Later, 30 ml CaCl, solution with concentration of
0.05 mol/L was added to the above dispersion drop by
drop to cross-link CNC, which led to the production of
the homogeneous CNC suspension. Subsequently, the
CNC suspension was centrifuged by a high-speed
centrifuge (JIDI-16D) for 5 min with the speed of
10,000 rpm and then poured into a set mold and
solidified for 8 h to form the CNC hydrogel. During
the period of solidification, the bubbles were vacu-
umed out, if any, from the structure of the pregener-
ated CNC hydrogel via a vacuum pumping device.
Then, the CNC hydrogel was soaked in DI-H,O to
remove residual chemical reagents until the pH value
of the soaking solution reaches 7 to get the swelling
equilibrium of the CNC hydrogel [16]. Afterward, the
CNC hydrogel was aged in proper aging solvent at
50 °C for 3 days, during which the aging solvent was
exchanged every 12 h. Finally, the hydrogel was frozen
by using liquid nitrogen as the medium at —196 °C for
30 min and then placed in a vacuum freeze drier to dry
for 48 h (NAI-L4-80D, at —80 °C with the vacuum
pressure below 10 Pa) to obtain the CNC aerogel. Here,
three types of aging solvent, i.e. tert-butyl alcohol, the
mixture of tert-butyl alcohol and DI-H,O (volume ratio
of 1:1), and DI H,O, were employed to soak the CNC
hydrogel in the aging process. The corresponding
obtained CNC aerogels are named as CNCA-t, CNCA-
m, and CNCA-h, respectively.

Characterizations

The macroscopic appearance of the CNC aerogels
was observed through visual examination. The mor-
phology of them was examined using the micrograph

Cross-linking

(4) Centrifugation (5) Aging

(6) Freeze drying

CNC hydrogel CNC aerogel

Figure 1 Schematic illustration of the preparation process of the cellulose nanocrystal (CNC) aerogels.
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obtained from a scanning electron microscope (SEM,
Hitachi S5-3400 N, Japan). The accelerating voltage
was 15 kV, and all the specimens were sprayed with
platinum in advance. The characteristics of the por-
ous structure of the CNC aerogels, including average
aperture, most probable aperture, and porosity, were
measured and analyzed using a mercury porosimetry
analyzer (Micromeritics AutoPore Iv 9510, America)
with the recognizable aperture ranging from 5 nm to
800 pm. The porosity of the CNC aerogels is able to
be estimated by the following formula:

Porosity(%) =1 — Pb s 100% (1)
Ej

where p, indicates the bulk density of the CNC

aerogels, which can be obtained from the mercury

porosimetry measurement. And p; represents the

skeleton density of the aerogels, and its theoretical

value can be considered as 1.528 g/cm’ [37-39].

The chemical structures of the CNC aerogels were
explored by a Fourier-transform infrared (FT-IR)
spectra spectrophotometer (Bruker Tensor 27, Ger-
many) in the range of 4000-400 cm ™' with a resolu-
tion of 1.92 cm™"'. The thermal stability of the CNC
aerogels was mainly tested by thermogravimetry
(Netzsch TG 209 F1 Libra, Germany), and the sample
was heated from 50 to 800 °C at a heating rate of
10 K/min in nitrogen atmosphere. Acoustic absorp-
tion performance of the CNC aerogels was evaluated
by the normal acoustic absorption coefficient, which
was measured using a B&K type 4206 impedance
tube based on a two-microphone transfer function
method in accordance with the ASTM E1050 stan-
dard (Fig. S1 of the supplementary information). The
measurement range of sound-absorbing frequency is
600-6400 Hz, and the thickness of the sample is
15 mm. The diffuse reflectance of the specimens was
measured using a spectrophotometer (Shimadzu UV-
3600i Plus, Japan), covering the visible light wave-
length range of 400-800 nm.

Results and discussion

Characteristics of the porous structure
of the CNC aerogels

Figure 2a, b and ¢ shows the optical photographs of

the fabricated CNC aerogels. Because the sublimation
of ice crystals accompanying the freeze-drying
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process can effectively avoid the damage of liquid
capillary force to the porous networks of cellulose, all
the aerogel samples maintain high morphology
integrity without cracks [11]. The aging solvents have
a significant effect on the contraction rate of the CNC
aerogels. An obvious shrinkage occurred on the CNC
aerogel that used tert-butyl alcohol as the aging sol-
vent (Fig. 2a). Such structural contraction can be
effectively mitigated by adding an appropriate
amount of DI-H,O into the tert-butyl alcohol aging
solvent (Fig. 2b) and even be almost completely
avoided by employing pure DI-H,O as the aging
solvent, which also results in the smooth appearance
of CNCA-h (Fig. 2c). This is due to the fact that
compared with tert-butyl alcohol, the higher volume
expansibility of ice crystals under snap freezing
conditions can lead to the formation of fluffier porous
structure for CNC aerogels. Further, the effect of the
aging solvents on the porous structure of the CNC
aerogels can be intuitively reflected by SEM images.
As shown in Fig. 2d and e, both CNCA-t and CNCA-
m show unobvious porous characteristics at the low
magnification and present a dense reticular structure
when the magnification increases (Fig. 2d’ and e’).
And yet, CNCA-h exhibits excellent loose porous
structure with obvious larger pores (Fig. 2f and f)
compared to CNCA-t and CNCA-m. The formation
of such fluffy network for CNCA-h was attributed to
the rapid expansion of ice crystals in the freezing
procedure; the growing ice crystals rejected the CNC
skeleton, and the CNC network with larger pores was
formed between the boundaries of neighboring ice
crystals [32]. The optimization effect of DI H,O on the
porous characteristics of the CNC aerogels can be
further quantitatively confirmed in Table 1. Com-
pared with CNCA-t, change in the structural
parameters of CNCA-m is not evident. This is prin-
cipally because to a certain degree, tert-butyl alcohol
inhibited the rapid growth of ice crystals. However,
as the volume expansibility of ice crystals is much
higher than that of tert-butyl alcohol under freezing,
by employing DI H,O as the aging solvent, CNCA-h
can finally form fluffier porous structure to ensure
that acoustic waves easier to enter the overall struc-
ture. Evidently, compared to CNCA-t (Table 1),
CNCA-h possesses unique porous features with the
increased average aperture from 0.19 to 0.45 pm,
most probable aperture (Fig. S2 of the supplementary
information) from 14.91 to 96.19 pm, porosity from
94.29 to 97.62%, and permeability from 0.32 to 50.03
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Figure 2 Optical photographs a-c and SEM images of as-prepared CNC aerogels. d and d’, e and €’, f and f” show the morphology of
CNCA-t, CNCA-m, and CNCA-h at low and high magnification, respectively.

Table 1 Porous structure parameters of the CNC aerogels

Average aperture (um)

Most probable aperture ((m)

Permeability (Darcy) Porosity (%)

CNCA-t 0.19 14.91
CNCA-m 0.19 14.90
CNCA-h 0.45 96.19

0.32 94.29
19.54 95.07
50.03 97.62

Darcy. Here, the permeability refers to how easy the
material allows mercury vapor to pass through. In a
certain extent, it can reflect the fluffiness of the CNC
aerogels’ structure. As a result, DI'H,O plays an
important role in promoting an excellent permeable
porous structure for CNC aerogels, endowing them
with higher efficiency to permeate and dissipate
sound energy.

Physical and chemical properties
of the CNC aerogels

Figure 3 investigates the fabricated CNC aerogels’
physical properties focusing on the bulk density. As
shown in Fig. 3a, these CNC aerogels possess sig-
nificantly lower density compared with several

typical porous sound-absorbing materials. As the
high volume expansibility of ice crystals can generate
considerable voids in the porous networks of cellu-
lose and then make it looser from the inside, the
density of the obtained CNC aerogels decreases with
the increase in water content of the aging solvents.
Notably, a block of CNCA-h can stand stably on a
dandelion, while the fluff of the dandelion is not
affected (Fig. 3b), which demonstrates the ultra-
lightness characteristic of CNCA-h (density of
0.036 g/cm®). Such ultralow density is very con-
ducive to enhancing the acoustic impedance match-
ing at the aerogel-air interface [40].

To further investigate the CNC aerogels’ chemical
structure, the Fourier-transform infrared (FT-IR)

@ Springer
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Figure 3 a Bulk density of
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Figure 4 Fourier-transform infrared (FT-IR) spectra of the
fabricated CNC aerogels
nanocrystal (CNC).

compared with raw cellulose

spectroscopy data were collected (Fig. 4). It can be
seen that all the CNC aerogels show characteristic
absorption bands at 3344, 2898, and 1058 cm ™!, cor-
responding to the H-O bond stretching vibration, C-
H bond stretching vibration, and C-O bond valence
vibration, respectively. These are the typical charac-
teristic peaks of cellulose molecules, which suggest
that the main components of CNC still existed after
dissolution [16]. Meanwhile, the peak formed at
902 cm~! was probably caused by the stretching
vibration of (1 — 4)-glycosidic bond (C-O-C),
which indicates that the cellulose chain was not
broken during the chemical cross-linking process.
Compared with CNC, the distinct shrinkage of peak
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at 3344 cm™' for the fabricated CNC aerogels is
attributed to the notable loss of inter- and intra-hy-
drogen bonds caused by metal (Ca®") addition, vali-
dating the involvement of CaCl, in the chemical
cross-linking of the cellulose hydrogel [35]. In addi-
tion, the CNC aerogels were tested by thermogravi-
metric (TG) analysis to evaluate their thermal
stability. As shown in Fig. 5a, the pyrolysis process of
the CNC aerogels goes through four main stages:
(I) initial pyrolysis (50-100 °C), (II) stability at low
temperatures (100-200 °C), (III) rapid pyrolysis
(200400 °C), and (IV) stability at high temperatures
(400-800 °C). In stage (I), all the aerogel samples
experienced a slight weight loss about 5%, which was
mainly caused by the evaporation of free water cap-
tured by the hydroxyl groups of cellulose chain from
the air. After that, the quality of the samples tends to
be stable during stage (II). When the temperature
continues to increase in stage (III), all the CNC
aerogels undergo severe pyrolysis with considerable
weight loss, which is mainly related to the thermal
oxidative decomposition of cellulose [41]. Except for
the pyrolysis of cellulose, the pyrolysis process of
CNCA-t and CNCA-m is accompanied by the
decomposition of the compounds produced by the
complex reaction between tert-butyl alcohol and
CaCl,. Hence, CNCA-t and CNCA-m exhibit greater
weight loss (75.30-77.32%) compared to CNCA-h
(63.10%). When the temperature rises above 400 °C,
the water in each sample is basically lost, causing the
TG curve to flat gradually. Furthermore, it can be
seen from the DTG curves (Fig. 5b) that CNCA-h
presents a relatively lower maximum loss rate
(8.77% /min) compared with CNCA-t and CNCA-m
(10.58-12.72% /min, respectively), demonstrating
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Figure 5 Thermogravimetric (TG) curve (a) and differential thermogravimetric (DTG) curve (b) of the CNC aerogels.

better thermal stability. It can be concluded that
CNCA-h has the maximum working temperature
between 200 and 282 °C, showing good potential for
application in relatively high-temperature
environments.

Acoustic absorption performance
of the CNC aerogels

Figure 6a shows the normal incident acoustic
absorption coefficient as a function of the frequency
for the CNC aerogels. Strikingly, CNCA-h presents a
greater acoustic absorption coefficient than CNCA-t
and CNCA-m over the entire frequency domain,
which, in brief, can be explained from two aspects:
reduction of sound reflection and enhancement of
sound dissipation [42]. On the one hand, compared
with CNCA-t and CNCA-m, the significantly
decreased density of CNCA-h (0.036 g/cm®) is closer
to the density of air. This will lead to a lower char-
acteristic acoustic impedance for CNCA-h, which is
very helpful in strengthening the impedance match-
ing at the structure-air interface and -effectively
reducing the reflection of acoustic waves [40].
Meanwhile, the fluffier structure of CNCA-h (with
obvious higher permeability and larger pore size,
Table 1 and Fig. 2) is easier to let the vibrating air
molecules, e.g., O, and Ny, to penetrate deep enough
to the material [43]. This is beneficial for ensuring that
acoustic waves with a wide frequency range enter the
overall structure of CNCA-h. On the other hand,
CNCA-h possesses higher porosity (Table 1)

compared to CNCA-t and CNCA-m. This will result
in a greatly expanded microstructured air—solid
interfacial area for CNCA-h. During the incidence of
an airborne sound, such enlarged interfacial area will
provide more efficient viscous and thermal losses to
sound energy and can simultaneously enhance the
multiple reflections of the acoustic wave to extend its
propagation path inside the structure of CNCA-h
[40, 44]. Therefore, the acoustic absorption coefficient
of CNCA-h is significantly higher compared with
that of CNCA-t and CNCA-m. Similarly, the slight
improvement in acoustic absorption of CNCA-m
relative to CNCA-t can also be explained. Table 2
summarizes the acoustic absorption properties of
these CNC aerogels. Bandwidth (BW) refers to the
number of frequency points with an acoustic
absorption coefficient greater than 0.8, and it is
employed here to evaluate the broadband acoustic
absorption behavior of the CNC aerogels. Notably,
CNCA-h exhibits significantly higher BW (4673 Hz),
Aave (0.85), as well as Apmax (0.99) compared with
CNCA-t and CNCA-m, showing efficient and
broadband acoustic absorption characteristics.

In addition, in order to verify the dissipation
mechanism of sound energy in the structure of the
CNC aerogels, COMSOL Multiphysics was used to
develop numerical simulation of the porous structure
combining finite element method with a three-pa-
rameter analytical model [45, 46]. In this model, the
surface acoustic impedance of porous media can be
predicted by determining its three non-acoustic
parameters: porosity, average aperture, and standard

@ Springer
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Table 2 Acoustic absorption properties of the CNC aerogels

Average absorption coefficient A,,. Maximum absorption coefficient A, Bandwidth BW (Hz)

CNCA-t 0.49 0.87 225
CNCA-m 0.74 0.89 2514
CNCA-h 0.85 0.99 4673

deviation of aperture. Then, the normal acoustic
absorption coefficient can be calculated [46]. Here,
according to the pore characteristics of fabricated
CNC aerogels (Fig. 52 of the supplementary infor-
mation), the average aperture is instead by the most
probable aperture to adjust the model. As shown in
Fig. 6b, the CNC aerogel is set up as a cylinder wave
guide with the related structural parameters in
Table 1. The acoustic wave is incident from one port
on the bottom surface of the cylinder, and its trans-
mission at the other port is observed. Then, the
acoustic absorption coefficient A can be calculated
using the following equation:

A=1—[Rf - |T (2)

where R and T are the reflection and transmission
coefficients obtained from the two ports, respectively.
The acoustic absorption coefficient was predicted
through a frequency sweeping from 600-6400 Hz
(Figs. S3 and S4 of the supplementary information).
The results, to some extent, can predict the acoustic
absorption behavior including the A,y (0.87) and BW
(4800 Hz) for CNCA-h, as well as the increasing
trend of acoustic absorption coefficient among the
fabricated CNC aerogels.
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Figure 7 Diffuse reflection behavior of the CNC aerogels in
visible light band.

Comprehensive performance of the CNC
aerogels

Figure 7 shows the optical performance represented
by the diffuse reflection of the CNC aerogels. All the
aerogel samples exhibit superior broadband diffuse
reflection characteristics across the visible light. Such
unique optical behavior mainly results from the
dense nanosized scattering centers on the surface of
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the CNC aerogels, which hence give them a white
appearance [47, 48]. As the fluffier structure of
CNCA-h (larger pores and higher porosity) allows
light waves to pass through more easily, its average
diffuse reflectance (80.11%) decreases slightly com-
pared with CNCA-t (94.51%) and CNCA-m (98.17%).
Nevertheless, CNCA-h still provides superior diffuse
reflective performance compared with the commonly
used sound-absorbing materials.

Ulteriorly, we summarize an experimental map
(Fig. 8) to comparatively analyze the comprehensive
performance of acoustics and optics between the
CNC aerogels and several traditional porous sound-
absorbing materials. Inside, the acoustic absorption
ability is expressed as the average acoustic absorption
coefficient, and the optical performance is symbol-
ized by the average diffuse reflectance. Evidently,
CNCA-h locates in the upper right corner of the map,
exhibiting the best overall performance for acoustics
and optics. These results demonstrate fine multi-
functionality of CNCA-h, endowing it with good
prospect to be an advantageous acoustic absorption
material.

Conclusions

We fabricated the CNC aerogels through a straight-
forward method by employing calcium chloride as
the green crosslinker, followed by freeze drying.
Deionized water plays an important role as the aging
solvent to produce superior porous characteristics to

Average acoustic absorption coefficient

dissipate sound energy, e.g., the larger pore size,
higher porosity, and ultralow density for the CNC
aerogels. Hence, excellent broadband acoustic
absorption performance is produced. Follow-up
research will focus on exploring the mechanical
properties, as well as the internal relationship
between structural control and acoustic absorption
properties to deeply clarify the dissipation mecha-
nism of sound energy in the structure of the CNC
aerogels. Characterized by such advantages as ultra-
lightness, good thermal stability, and high diffuse
reflection for light, the CNC aerogels can be used as a
promising green multifunctional sound-absorbing
material for various applications.
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