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Hydrophobic Microcrystalline Cellulose/
Polyethyleneimine Composite Aerogel for Effective
Sound Absorption
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A hydrophobic and ultralight cellulose aerogel (CA) was reinforced by
polyethyleneimine (PEI) and functionalized by methyltrimethoxysilane
(MTMS). Adding PEI improved the mechanical strength and the elastic
resilience of the resulting material due to the flexibility enhancement of the
cellulose chains, which prevented the collapse of the pore structure and
contributed to the uniform pore size distribution. The hydrophobic property
of the aerogels with the functionalization of MTMS was improved, which
can prevent the pore structure from collapsing due to the absorption of
water. The maximum compression modulus of aerogel reached 1.1 MPa
at the strain of 80%, and its hydrophobic water contact angle was up to
112°. The hydrophobic composite aerogels exhibited ultrahigh efficiency
in sound absorption across a wide frequency range from 500 to 6300 Hz,
and their average absorption coefficient was greater than 0.74. The light
weight, high porosity, and environmentally friendly aerogels presented in
this work are promising for efficient sound absorption. They have potential
applications in noise pollution treatment.
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INTRODUCTION

As a major social problem, noise pollution threatens human physical and mental
health (Park et al. 2020; Moroe and Mabaso 2022). Therefore, developing advanced sound-
absorbing materials is crucial. Porous material presents excellent acoustic properties in the
wide frequency range (Cheng et al. 2016; Ren at al. 2022). Porous materials allow more
sound waves to enter into the matrix during the propagation process (Arenas and Crocker
2010). Furthermore, the vibrational friction of the air in the porous structure is beneficial
to dissipating the sound energy via heat losses and viscous losses. As a result, porous
materials work well over a wide frequency band.

Commercial porous acoustic materials are mostly inorganic materials or synthetic
polymer materials, including rock wool, glass wool, polyurethane, and other petroleum-
based polymer materials (Bagheri at al. 2022; Wang at al. 2022; Salino and Catai 2023).
These materials mostly have high costs and are difficult to degrade, resulting in irreversible
effects on the environment.

Recently, biomass degradable natural materials have found applications in
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acoustics (Pedroso et al. 2017). Some agricultural by-products (Lim et al. 2018; Samaei at
al. 2023), such as coconut fiber, natural red hemp fiber, oil palm empty fruit bundle fiber,
corn peel, and other organic natural fiber materials are readily available. More importantly,
their average absorption coefficients at 500 to 6000 Hz can reach more than 0.5 to 0.6.
Thus, the natural materials match some commercial synthetic materials in sound absorption
performance. However, natural fiber materials have the disadvantages of poor mechanical
properties, easy degradation by microorganisms, excessive density volume, and easy
moisture absorption, which affects the acoustic performance of the materials.

As an important natural fiber materials, cellulosic materials with the merits of
biodegradability, sustainability, and ease of modification (Soatthiyanon et al. 2020; Bian
et al. 2021), have received much attention in the development of biomedicine (Li et al.
2015; Duan at al. 2023), oil/chemical spill treatment (Zhou et al. 2020), thermal insulation,
and flame retardant materials (Yang et al. 2012; Guo et al. 2018). Moreover, cellulose can
be used to prepare nascent third-generation aerogels which are considered as efficient
porous sound absorption materials. The cellulose aerogels (CA) possess excellent
properties with high porosity, high specific surface area, low photorefractive index, and
low dielectric constant compared to traditional aerogels. The method of preparing cellulose
aerogels consists of three main steps including dissolution, regeneration, and drying (Wang
et al. 2012). Some intermediate treatment (e.g., freeze-thawing or pre-gelation) is usually
carried out after the cellulose has been dissolved (Lu et al. 2012; Wan et al. 2016) for
certain purposes such as increasing the entanglement of cellulose molecules. Among these,
the establishment of aerogel skeleton and the control of pore structure via physical cross-
linking (Zhang et al. 2018) or chemical cross-linking (Guo et al. 2018) during pre-gelation
of cellulose solutions are pivotal to carry out the application in various areas. Most research
on cellulose aerogels has focused on the application of oil absorption (Rafieian et al. 2018),
but no systematic report has been found in the acoustics field. According to acoustics
theory, the high porosity and the suitable pore structure of cellulose aerogels can increase
the dissipation of sound inside the material (Cao et al. 2018). The good compression
recovery can satisfy the application requirement of sound absorption materials, and the
necessary hydrophobic modifications can prevent the pore structure inside the cellulose
aerogels from collapsing due to the absorption of water.

In this study, a composite cellulose aerogel (CA) with excellent mechanical
properties, hydrophobicity, and ultrahigh efficiency in sound absorption was constructed
by adopting microcrystalline cellulose (MCC) as host material, epichlorohydrin (EC) as
crosslinker and polyethyleneimine (PEI) as reinforcing agent, and methyltrimethoxysilane
(MTMS) as hydrophobic agent.

EXPERIMENTAL

Materials

Microcrystalline cellulose (MCC, its number average molecular weight is about
28400) was provided by the Sinopharm Group Chemical Reagent Co. Sodium hydroxide
and urea were provided by Xi Long Chemical Co. Epichlorohydrin was purchased from
the Sinopharm Group Chemical Reagent Co; polyethyleneimine (PEI) was purchased from
the Nanjing Chemical Reagent Co. Methyltrimethoxysilane was provided by the Hubei
Nan Xing Chemical General Factory. Deionized water in this experiment was self-made.
All chemicals were used as received.
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Preparation of Cellulose/Polyethyleneimine Composite Aerogel

The microcrystalline cellulose was pretreated by rinsing repeatedly with deionized
water and anhydrous ethanol. After drying, 4 g of cellulose was added into a sodium
hydroxide/urea solution (NaOH: Urea=7 wt%: 12 wt%) and stirred continuously to
disperse the cellulose. After freeze-drying at -18 °C for 2 h, a clear solution with 4 wt%
cellulose was obtained. A certain amount of epichlorohydrin was poured into the cellulose
solution as a chemical cross-linker; the volume ratio of cross-linker to cellulose solution
was 1:10. Different amounts of polyethyleneimine (0, 0.4, 0.8, and 1.2 g) were poured into
the cellulose solution and mixed for 30 min, followed by ultrasonication for 15 min to
remove air bubbles from the system.

The well-dispersed cellulose/crosslinker/PEI mixtures were entered into the mould
and left to gel for 10 h. After gelation, the peeled hydrogels were dipped in deionized water
in order to wipe off NaOH and urea from the system. The water was exchanged every 2 h
until the neutral deionized water was obtained. The washed hydrogels were pre-cooled at
-20 °C for 12 h and transferred for freeze-drying treatment (-50 °C, 25 Pa, 48 h).

Chemical Vapor Deposition Hydrophobic Modification

The samples were coated with methyltrimethoxysilane on the surface of cellulose
through the chemical vapor deposition method. First, the cellulose/polyethyleneimine
composite aerogels were put into an oven at 60 °C and set aside after 1 h. A certain amount
of methyltrimethoxysilane was put into small beakers with the composite aerogels.
Subsequently, the cellulose/polyethyleneimine composite aerogels were placed on the
mouths and covered the mouths of the flask, in the manner of a stopper sealing the mouth
of a flask. The conical flasks were placed in an oven at 105 °C for 2 h. The samples were
removed and put into an oven at 70 °C for vacuum drying for 1 h, and the cellulose/
polyethyleneimine composite aerogels modified by methyltrimethoxysilane (Si-PEI-CA)
were prepared.

Characterizations

The functional group changes of the cellulose aerogel were characterized by
infrared spectroscopy using a Fourier Transform Infrared (FT-IR) spectrometer (Nicolet
6700, Thermo Electron, Waltham, MA, USA). The crystalline structure of the aerogel was
tested by the X-ray diffraction (XRD) (D8 Advance, Bruker, Karlsruhe, Germany) with the
condition of a scan rate of 5°/min in the 26 range from 2 to 50°. A scanning electron
microscope (JSM-5510LV, JEOL, Japan) was used to observe the morphology of cellulose
aerogel after a gold layer was sputtered onto the fractured surface of the sample.

The quality and the volume of the cellulose aerogel were measured as a means to
determine the apparent density. A true density analyzer (3H-2000 TDI, Beijing BSD
Instrument, China) was used to test the true densities of the samples., and according to the
Eq. 1, the apparent density and the true density of the cellulose aerogel were used to
calculate the porosity (P),

P=1-plps 1)

where p is the apparent density of cellulose aerogel, and ps is measured by true density
tester.

The mechanical properties of the aerogels were tested by an electro-mechanical
universal testing machine (CMT, MTS Systems Corporation), and the diameter and the
height of the cylindrical test samples were 30 mm and 10 mm, respectively. The stress-
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strain curve was measured at a compression speed of 1 mm/min and the compression strain
of 80%. The sound absorption coefficients of the samples were carried out in an impedance
tube (AWAG6128A, Beijing Shi ji Jian tong Co, China).

RESULTS AND DISCUSSION

XRD tests were conducted for microcrystalline cellulose and composite aerogels.
As shown in Fig. 1a, the typical diffraction peaks of microcrystalline cellulose at 16.9°,
22.9° and 34.9°, correspond to the (101), (002), and (040) crystalline faces of cellulose
type I, respectively (Aym et al. 2019). After cellulose dissolution, the crystalline shape of
the composite aerogel prepared by cross-linking changes significantly and the cellulose
type | crystalline plane disappeared. The reduced peak area intensity indicated that the
crystalline shape of cellulose was disrupted, and more amorphous regions and covalent
bonds were formed. The results show that the cellulose went through the process of
dissolution and regeneration. The crystallinity indexes (Crl) of microcrystalline cellulose
and composite aerogels were calculated by the diffraction intensities of the crystalline and
noncrystalline regions (Segal et al. 1959) (Eq. 2),

Crl= [(1200- Ima)/ 1200]%100 (2)

where Ima is the peak intensity of noncrystalline cellulose at 18°, and 1200 is the strongest
peak intensity of cellulose, attributing to 200 atomic planes at 21 to 23°.

From the FTIR spectra analysis of MCC, CA and Si-PEI-CA (Fig. 1b), a broad
FTIR peak of OH- stretching vibration for MCC between 3000 and 3600 cm™, because the
microcrystalline celluloses contain abundant intermolecular and intramolecular hydrogen
bonds. The peaks at 2970, 1343, and 1642 cm™ are the C-H stretching vibration peak, C-
H asymmetric bending peak, and OH- bending peak due to the absorption of water,
respectively. The multiple bands from 1000 to 1200 cm™ include the C-O stretching peak
and COC- pyranose ring vibrations peak. The presence of two bands at 1642 cm™ and a
band at 1343 cm™ illustrates N-H bending of acidamide and C-C bonds, respectively
(Ghafari et al. 2019). New peaks appearing near 779 and 2970 cm™ correspond to the
vibrational properties of the Si-C and the Si-CHs bending in the Si-O-Si unit, respectively.
These results imply that PEI was grafted within the cellulose aerogel and the silane bond
was successfully wrapped on the surface of the short cellulose chains.

Morphological changes in the internal microstructure of different PEI/MCC
samples are shown in Fig. 1(c-f). In the cross-sectional SEM images, as the PEI content
increased, the microstructure exchanged from a disordered layer structure to a regular
porous structure with a progressively uniform distribution of pore size. During freezing,
the water slowly nucleated to produce ice crystal structures to allow the short chains of
microcrystalline cellulose to concentrate into a close space. The subsequent drying process
can induce the sublimated ice, creating open pore channels throughout the structure.
Without PEI addition, the walls of the holes in cellulose aerogels are disrupted during the
sublimation of ice crystals due to the high surface tension of water, resulting in a disordered
and collapsed lamellar structure inside the pure cellulose aerogel sample. As the added PEI
content increases, the pore structure of aerogel became more uniform (Fig. 1c-f).
Furthermore, the corresponding porosity and skeleton density of Si-PEI-CA increased,
while the apparent density decreased (Table 1), indicating that PEI can strengthen the
skeleton of Si-PEI-CA and make the pore distribution of the aerogel more uniform.
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Fig. 1. (a) XRD pattern of MCC and Si-PEI-CA. (b) FTIR spectra of MCC, CA, and Si-PEI-CA.
SEM images of (c) Si-Owt%PEI-CA, (d) Si-20wt%PEI-CA, (e) Si-40wt%PEI-CA, (f) Si-60wt%PEI-
CA

Table 1. Apparent Density, Porosity and Skeletal Density of the Composite
Aerogels at Different PEI

Sample Apparent Dgensity Porosity Skeletal D?nsity
(g=cm’) (%) (g-cm”)
Si-0 wt% PEI-CA 0.085 94.43 1.526
Si-20 wt% PEI-CA 0.081 95.22 1.679
Si-40 wt% PEI-CA 0.074 95.63 1.692
Si-60 wt% PEI-CA 0.073 95.85 1.721
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Fig. 2. (a) Stress-strain curves of Si-PEI-CA at 80% strain. (b) Compression response physical
picture. (¢) Trends in water contact angle. (d) Water contact angle at t=0s, t=60s, t=150s, t=300s
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The stress-strain curves of the Si-PEI-CA are shown in Fig. 2. The maximum
compression modulus of sample gradually increased with the increase of PEI content, and
it could reach 1.1 MPa at the strain of 80% (Fig. 2a). Notably, the sample recovered quickly
and naturally after compression (Fig. 2b). These results indicated that the PEI can take part
in the construction of the firmer crosslinking network of the aerogels and improve the
mechanical strength.

Water contact angle measurements were adopted to demonstrate the hydrophobic
properties of the Si-PEI-CA. As shown in Fig. 2c, the aerogel was not significantly wetted
by water, and a hydrophobic angle can be up to 112°. The water contact angle decreases
slightly over time, due to the capillary penetration. These results indicate aerogel has
superior hydrophobicity, which can be ascribed to the rough surface of the porous aerogel
and the existence of hydrophobic -CHs groups on the aerogel surface.

The influences of the PEI contents and the thickness on the sound absorption
property of the aerogel are illustrated in Fig. 3.
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Fig. 3. Si-PEI-CA absorption coefficient at different thicknesses (a) t=10mm, (b) t=20mm, (c)
t=30mm. (d) Contrast of the ASAC/density between Si-PEI-CA and previous sound absorption
materials with various thicknesses

With the increase of the PEI content, the sound absorption coefficient of the
cellulose aerogel improved. Due to the enhanced strength of the pore wall inside the aerogel
and the more uniform distribution of the pores, it is beneficial to the reflection many times
inside the material and dissipation of sound waves. Besides, increasing the thickness is
beneficial to the sound absorption performance of the cellulose aerogel over a wide
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frequency range, especially within a low frequency range. Satisfyingly, the average sound
absorption coefficient (ASAC) exceeded 0.74 over a wide frequency range (500 to 6300
Hz) with the PEI content of 60 wt% and the thickness of 30 mm. Moreover, the
ASAC/density of the Si-PEI-CA, which represents the sound absorption coefficient per
unit density of the material, prevailed over the majority of the previous sound absorption
materials including the traditional porous materials (Berardi and lannace 2017; Kucukali
et al. 2018; Wang et al. 2019; Taban et al. 2019; Yang et al. 2020; Li et al. 2021; Wang et
al. 2021), composites (Wu and Chou 2016; Wu et al. 2017; Chen and Jiang 2018; Lee and
Jung 2019; Liu et al. 2019; Pinto et al. 2019; Oh et al. 2019), and ultralight aerogels (Si et
al. 2014; Feng et al. 2016; He et al. 2018; Cao et al. 2019; Jia et al. 2020; Shen et al. 2021,
Pang et al. 2022), reflecting the obvious advantage of the Si-PEI-CA in light weight and
sound absorption (Fig. 3d).

The synthetic process and mechanism of chemical cross-linking and hydrophobic
modification cellulose/polyethyleneimine aerogel coated with methyltrimethoxysilane (Si-
PEI-CA) are shown in Fig. 4. Cellulose is dissolved in an aqueous mixture solution of
sodium hydroxide/urea solution. The long cellulose chains are broken, and the short
cellulose chains are uniformly distributed in the system. The chemical reaction occurs after
the addition of the crosslinker, as the epichlorohydrin opens the ring under alkaline
conditions and reacts with the nucleophilic cellulose. The hydroxyl group of cellulose
reacts with epichlorohydrin in a first order nucleophilic substitution reaction to form
epoxidized cellulose. Owing to the reactive chemistry of ethylene oxide, the epoxide ring
undergoes a nucleophilic substitution reaction following a second order reaction process.
Due to the presence of a large amount of nucleophilic groups -NH2 from PEI, a grafting
reaction occurs between the epoxidized cellulose and PEI to complete cross-linking. The
hydrophobic modification of the cellulose aerogel is carried out by chemical vapor
deposition. Specifically, the hydrophobic modifier and the hydroxyl groups on the cellulose
surface form a siloxane network, which can achieve the hydrophobic effect (Fig. 4b-c).
The addition of PEI enhances the flexibility of the cellulose chains and prevents the pore
structure from collapsing in the process of freeze-drying for realizing the microstructural
control of the aerogels. This results in more open and semi-open pores inside the cellulose
aerogel. Thereby, the hydrophobic modification with MTMS is effective obviously,
preventing the pore structure from collapsing due to the absorption of water. Therefore, the
high porosity, the microstructural control of the pores structure and hydrophobic
modification guarantee the efficient sound absorption and widespread practical application.
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Fig. 4. Preparation process of (a) PEI/MCC aerogels, (b) hydrophobic modification. (c) chemical
cross-linking and hydrophobic modification mechanism. (d) diagram of Si-PEI-CA sample

CONCLUSIONS

1. A cellulose aerogel with low apparent density, high compressibility, and hydrophobic
character was prepared by a facile freeze-drying and hydrophobic process for sound
absorption in a wide frequency range.

2. The effective combination of poly(ethyleneimine) (PEI) and cellulose via the grafting
reaction and the cross-linking enhances the flexibility of the cellulose chains and
prevents the pore structure from collapsing in the process of freeze-drying. This effect
improved the mechanical strength, microstructural control of the aerogels, and uniform
distribution of pore size.

3. The composite aerogel exhibited good hydrophobic properties with the value of WCA
(112°) due to the constructed micro-nano rough layer on the surface by Si-O. The
composite aerogel presents many advantages such as lightweight, high porosity, and
high compression recovery.

4. The average sound absorption coefficient exceeded 0.74 over the frequency range from
500 to 6300 Hz, and the ASAC/density of the composite aerogel prevailed over the
majority of the previous sound absorption materials.

5. The research demonstrated a convenient strategy to prepare environment friendly
aerogels for absorbing sound waves efficiently.
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