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Abstract

To address environmental pollution issues and optimize the utilization of waste biomass
resources, this study proposes a novel eco-friendly sound-absorbing material based on
maple leaf waste and tests its sound absorption performance. The fibers were extracted
from maple leaf waste through a wet decomposition and grinding process. Metallurgical
microscopy was employed to observe the microstructural characteristics of maple leaf
fibers to identify the potential synergistic effect. The effects of two key factors—sample
thickness and mass density—on sound absorption performance were investigated. The
sound absorption coefficients were measured using the transfer function method in a dual-
microphone impedance tube to evaluate their sound-absorbing performance. Experimental
results demonstrate that the prepared maple leaf fibers, as acoustic materials, exhibit
excellent acoustic performance across a wide frequency range, with an average sound
absorption coefficient of 0.7. Increasing sample thickness improves the sound absorption
coefficient in low- and mid-frequency ranges. Additionally, increased sample mass density
was found to enhance acoustic performance in low- and mid-frequency bands. This study
developed an eco-friendly material with lightweight and efficient acoustic absorption
properties using completely biodegradable maple leaf waste. The results provide high-
performance, economical, and ecologically sustainable solutions for controlling building
and traffic noise while promoting the development of eco-friendly acoustic materials.

Keywords: acoustical materials; recycled maple leaf; acoustic absorption; plant fibers;
broadband sound attenuation

1. Introduction

Urbanization-induced noise pollution has emerged as a major global public health
challenge, posing significant threats to human health, including hearing impairment, cardio-
vascular diseases, and ecological imbalance. Addressing this urgent challenge necessitates
the development of sustainable, high-efficiency sound-absorbing materials. Conventional
absorbers such as mineral wool and glass fibers are associated with substantial energy
consumption during production, potential environmental contamination risks, and non-
biodegradable waste accumulation. Repurposing waste plant fibers for developing novel
green sound-absorbing materials not only fulfills noise mitigation requirements but also
aligns with circular economy principles. This approach offers an innovative pathway for
noise control, integrating ecological sustainability, economic viability, and superior perfor-
mance with enabling efficient resource valorization and a reduced environmental footprint.
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In recent years, investigations into the acoustic properties of sustainable plant-based
fibers have revealed their potential as effective sound-absorbing materials. Literature
reviews by Eun-Suk Jang et al. document that the sound absorption of lignocellulosic
materials (e.g., coir, kenaf, and rice husk) improves with greater thickness, especially at low-
to mid-frequencies. It also shows that a higher density at a given thickness and a larger air
gap behind the material enhances low-frequency performance [1]. Numerous natural fibers
exhibit substantial acoustic absorption capabilities. Lignocellulosic fibers including poplar
seed, pineapple leaf, and hemp fibers serve as sustainable alternatives to conventional glass
wool, with porous microstructure enabling effective sound energy dissipation. Notably,
hemp fiber demonstrates a stable sound absorption coefficient exceeding 0.8 [2]. Loofah
fiber panels with macro porous structures, when installed on 30% of ceilings and 65% of
side walls, reduced mean reverberation time from 4.0 s to 0.7 s [3]. Sugarcane bagasse
composites demonstrate notable structural stability and exceptional acoustic attenuation
performance across low-to-mid frequency ranges, achieving a sound absorption coeffi-
cient consistently above 0.7 [4]. Natural fibers (hemp, wool, reed, and cork) demonstrate
viability as environmentally sustainable and renewable materials, with wool fiber achiev-
ing o = 0.9 at mid-frequencies [5]. Hemp particles with calcium oxide demonstrate size
dependent acoustic properties, with a systematic evaluation of particle size distribution
effects. Characterization revealed multiscale porosity enabling consistent effective acoustic
absorption at targeted frequency bands [6]. Jute fiber has emerged as a promising acoustic
material due to its inherent sound-absorbing characteristics. Novel jute fiber matrix panels
show that the peak of the acoustic absorption coefficient increases with the depth of the
shot holes, and remains above 0.7 between 750 and 1500 Hz [7]. Addressing sustainable
construction demands, rice straw was fabricated into thermal-acoustic insulation panels.
Under 5 bar pressure, those bonded with PP (paper pulp) adhesive exhibited superior
low-frequency sound absorption, with an absorption coefficient of 0.51 [8]. Polylactic acid
(PLA) bio-composites reinforced with plant fibers exhibit sound absorption coefficients ap-
proaching 0.4 in the 100-500 Hz range. The composites demonstrate significantly improved
acoustic attenuation performance in higher-frequency bands exceeding 1000 Hz [9]. Rice
waste fibers (5-15 wt%) were incorporated as reinforcement in flexible polyurethane foam
through controlled blending. The 5 wt% rice fiber composites exhibited a 25-30% increase
in acoustic absorption properties compared with the unreinforced form [10]. Tire-derived
fibers from recycled rubber granules exhibit superior sound absorption owing to their
macro porous architecture. Optimal absorption occurs at low binder concentrations, with
an absorption coefficient of 0.85 [11]. Multilayer absorbers fabricated from coal bottom ash
establish innovative waste valorization pathways, demonstrating an inverse correlation
between elevated porosity and reduced static airflow resistivity in bottom ash-derived
composites [12]. Nonwoven composites manufactured from recycled cotton—polyester
textile waste deliver integrated acoustic attenuation and thermal insulation functional-
ity, with porous assemblies exhibiting outstanding high-frequency absorption efficiencies
above 2000 Hz [13]. Post-consumer denim waste was fiberized and consolidated with
phenolic resin into sound absorbers. The absorption coefficients increased monotonically
with surface density and bulk density, achieving values up to 0.7. Performance was further
enhanced by increasing the resin content at a constant bulk density [14]. Cellulose acetate
materials regenerated from discarded cigarette filters demonstrate excellent broadband
absorption, attaining near-ideal absorption coefficients throughout the tested spectrum
range of 5006400 Hz [15]. Acoustic specimens fabricated from reclaimed denim fibers and
waste jute fibers exhibit exceptional sound absorption performance, with experimental re-
sults confirming that the absorption coefficients of both materials exceeded 0.8, surpassing
those of commercial glass wool benchmarks [16]. Composites incorporating fruit kernels
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(olive, cherry, peach) and coconut fiber exhibited average sound absorption coefficients of
above 0.5 in a defined frequency band, reaching approximately 0.7 in the case of cherry
kernels [17]. Wood-reinforced cement board (WRCB), utilizing renewable wood fibers, pro-
vides a sustainable sound-absorbing solution. Studies indicate that WRCB with 30-50 mm
thickness and 400-500 kg/m?® density achieves near-ideal absorption in the 1000-2000 Hz
range [18].

Current research has utilized plant fibers as fillers in the fabrication of composites.
There is limited research on the acoustic properties of individual plant fibers, with studies
predominantly concentrating on the optimization of specific frequency bands. Compre-
hensive spectral analysis of plant fiber acoustic performance remains largely unexplored.
Maple trees, taxonomically classified as acer species within the sapindaceae family, serve
as ecologically and economically important species worldwide. As key components of
Northern Hemisphere temperate forests, they occupy vital ecological niches [19]. In China,
acer species predominantly occur in the northeastern provinces and southwestern high-
altitude regions. Occupying approximately 12-18 million hectares, they comprise 5.5-8.2%
of China’s forested cover, yielding 2.4-3.6 million tons of annual leaf litter. The distribution
area of maple trees across the country is illustrated in Table 1, where it is evident that the
area is characterized by abundant leaf litter resources. Current disposal methods generate
toxic gas emissions (CO, PM2.5, VOCs), eliminating potential valorization opportunities.
While waste fiber-reinforced acoustic materials have advanced significantly, few existing
studies have investigated dying maple leaves as primary sound-absorbing media.

Table 1. The distribution area of maple trees in China.

Maple
Regions Forest Area Distribution Area Ratio
(Hectares)
(Hectares)

Northeast 3500 280-700 8-20%
Southwest 4000 200-600 5-15%
Central/Eastern/Southern 5000 250-600 5-12%
Shandong province 1500 60-150 4-10%

This study investigates the potential application of maple leaf waste as acoustic
materials, aiming to fully utilize this discarded biomass resource while achieving organic
waste recycling and reuse. A method for extracting fibers from maple leaf waste was
developed, enabling the fabrication of eco-friendly sound absorbers. The sound absorption
coefficients were measured using the transfer function method in a dual-microphone
impedance tube to evaluate their sound-absorbing performance and analyze parameter
influence. This study innovatively proposes a maple fiber-based sound absorber, offering an
architectural acoustic solution that combines ecological benefits with economic feasibility.

2. Material and Sample Preparation
2.1. Extraction Procedures of Maple Leaf Fibers

The primary raw material was plant fibers extracted from maple leaf waste that natu-
rally fell during autumn. The maple fiber extraction methodology is illustrated in Figure 1.
The fiber extraction process begins with collecting fallen dry leaves and hydrating them
through water soaking. The leaves are then treated with a 5% sodium hydroxide solution
for one hour to soften the tissue and facilitate fiber separation. The post-treatment liquid
was collected and neutralized to an environmentally benign solution through acid-base
neutralization. Following alkaline treatment, the leaves undergo water rinsing and me-
chanical fiber separation through repeated crushing. A 10% sodium chlorate solution is
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subsequently introduced, with a two-minute soaking period for fiber decolorization. Resid-
ual sodium hypochlorite is finally neutralized and removed using a hydrogen peroxide
solution wash. The extracted fibers were subjected to a 48 h drying period at 28 °C under
ventilation to obtain purified fibers from maple leaves. Quantified fiber aliquots are then
placed in cylindrical compression mold. Sustained pressure application yields the final
fabricated sound absorber samples.

(©6)

Figure 1. Steps of the methodology for maple fiber extraction and sample fabrication. (1) fallen dry
leaves collection; (2) fiber separation; (3) decolorization; (4) drying fiber quantization; (5) compression;
and (6) sample.

2.2. Preparation of Sound Absorber Samples with Maple Leaf Fibers

This study investigates the acoustic properties of maple fiber-based sound absorbers
as sustainable materials for broadband sound absorption and noise control applications.
The extracted maple leaf fibers were compressed in a cylindrical mold to fabricate sound-
absorbing samples matching the inner diameter (29 mm) of the impedance tube. Sample
mass density directly influences porosity characteristics. Fiber mass was measured using
an electronic scale, while sample volume was calculated from the inner diameter of the
compression mold and the sample thickness. Mass density was then determined using
the relation p = m/V. For quantitative sound absorption evaluation, maple leaf fibers of
varying masses were placed in a compression mold. Prior to testing, a 50 N force was
applied to the sample and maintained in a ventilated indoor area for 48 h to achieve a
consistent density and the desired thickness under a constant compressive load. Sample
bulk density was calculated from areal density divided by thickness [20], and the porosity
() was evaluated by

Pb
=1-2 1
¢ Om )

where p;, denotes the bulk density and p,, signifies the density of the maple fiber, which
is approximately 540 kg/m3, similar to the density of wood [21]. Figure 2 illustrates
four thickness-varied samples and three mass density-varied specimens. The geometrical
parameters of the samples are summarized in Table 2. All samples were designed with
diameters matching the inner diameter of the impedance tube.
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Figure 2. Sound absorbers made from maple leaf fibers with different parameters. The geometrical
sample 1~6 parameters are summarized in Table 2.

Table 2. The geometric parameters of the sound absorber samples.

Sample Thickness (m) Mass (kg) B“it;;‘;f ity Porosity (%)
1 0.010 0.00181 273 49.4
2 0.015 0.00271 273 494
3 0.020 0.00361 273 494
4 0.012 0.00146 184 65.9
5 0.012 0.00198 249 53.9
6 0.012 0.00216 273 49.4

2.3. Microstructure Characterization of Maple Leaf Fibers

A metallographic microscope serves as a pivotal tool for characterizing material mi-
crostructural features via high-resolution imaging. Microstructural analysis was conducted
using metallurgical microscopy (MX6RTW) to characterize maple leaf fiber morphologies,
with results presented in Figure 3. Fiber samples were positioned on glass slides and
examined at 50 and 200 magnifications, respectively.

Figure 3. Metallographic microscope setup for microstructure observation.



Buildings 2025, 15, 3582

6 of 12

DAQ
(DHDAS)

2.4. Acoustic Performance Measurement of the Proposed Sound Absorber

To reduce experimental variability, three repeated measurements were conducted
for each specimen, involving complete remounting into the impedance tube prior to each
test. The sound absorption coefficient of the proposed sound absorber was evaluated
using an experimental setup developed in accordance with ASTM-E-1050, as illustrated
in Figure 4. The impedance tube (29 mm inner diameter) contained two microphones
spaced 20 mm apart, enabling measurements across the 250-6400 Hz frequency range. It
should be noted that this setup is effectively limited to frequencies above 250 Hz due to
its diameter. Measurements at lower frequencies below 250 Hz would require the 100 mm
inner diameter tube. Hence, the focus of this paper is only on high-frequency sound
absorption performance. The excitation system utilized a function generator (DG952) to
produce white noise, amplified by a power amplifier (PA50) and transduced through a
loudspeaker (4 (2/10 W). Two microphones (PCB, 130F20) were employed to measure
the incident and reflected waves, with signal processing performed by a data acquisition
system (DH5902N).

Function Generator Micl, Mic2
(DGY952) (PCB, 130E21)
— \ 3

'f'\‘ -l

Power Amplifier (PA-50) Impedance tube

Figure 4. Two-microphone impedance tube system.

Figure 5 presents a schematic of the impedance tube measurement system. The
reflection coefficient () was derived from the complex transfer function (Hj,) between
microphone signals. The transfer function (Hyy) is expressed by

P, elfox2 4 ye—ikox2

P eikox1 4 pe—jkox1’ @)
where p; and p, represent the acoustic pressures measured by the two microphones, and x;
and x; denote the distances from the reference plane (the sample position at x = 0) to each
microphone. Herein,

_ (Hi—e ™\ a4
— (ejks — e , 3)
ko = @ 4)
€o

where j denotes the imaginary unit, kg is the wavenumber, s = x; — x; represents the
distance between the two microphone sensors, [ is the distance from the sample surface
to the nearest microphone, f is frequency, and ¢y is the speed of sound. The normal
incident sound absorption coefficient is calculated by the formula a =1 — I 712 [22]. All
measurements were performed at standard temperature and atmospheric pressure, with
an air density of 1.202 kg/m? and sound velocity of 343.24 m/s.
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Figure 5. Schematic diagram of the impedance tube system.

3. Result and Discussion
3.1. Microstructure of Maple Leaf Fibers

Figure 6 shows the microstructural characteristic of maple leaf fibers (sample 1) ob-
served at various magnifications. The maple leaf fibers exhibited diameters ranging from
100 to 400 pm, with a median of 200 pm. The extracted maple leaf fibers exhibited a
predominantly regular, flattened strip-like morphology with a concomitant disordered
arrangement. At 200 magnification, an intricate hierarchical porous structure became
evident within the fibers. These interconnected structural units form a distinctive gra-
dient cavity system extending from surface to interior. The structure features a dense,
homogeneous mesh network throughout the fiber matrix. When acoustic waves penetrate
the fiber network, air molecules undergo an intense and repeated relative motion against
fiber surfaces, generating substantial viscous friction resistance. This mechanism facilitates
acoustic energy dissipation through conversion to thermal energy at molecular scales,
enabling broadband sound absorption.

Figure 6. Fiber structures at (a) 50 and (b) 200 magnification.

3.2. Influence of Sample Thickness on the Sound Absorption Coefficient

Figure 7 shows that the acoustic absorption coefficient increases significantly with
maple fiber-based sound-absorber thickness across both low- and high-frequency ranges.
This observed trend is consistent with the experimental findings summarized by Eun-
Suk Jang et al. in the introduction. As the sample thickness increased from 10 mm to
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20 mm, the peak sound absorption coefficient rose from 0.87 to 0.95. Concurrently, the
absorption curve shifted toward lower frequencies. Within the 250-2000 Hz range, the
sound absorption coefficient exhibited a substantial enhancement from 0.25 to 0.8 with
increasing thickness. The 10 mm thickness sample exhibited a particularly pronounced
sound absorption coefficient («x = 0.95) in the 3000-4000 Hz range. This behavior indicates
the shorter wavelengths of high-frequency waves, which exhibit reduced penetration
depth compared with low-frequency waves. Incident sound waves experience surface
attenuation and reflection, limiting their penetration to superficial layers [23]. Increased
sample thickness extends the propagation path of incident waves through the material.
This longer path length enhances visco-thermal losses through inter-fiber friction. This is
accompanied by increased friction and viscosity effects between fibers. Consequently, this
mechanism promotes more efficient sound-to-thermal energy conversion and subsequent
energy dissipation.

10 T T T T T T T T T T

0.9

0.8

0.7
0.6

0.5

04

03

02+ —0—¢=10 mm
—o—¢t=15mm
0.1 -
——¢=20 mm
OO L L | L | L | L
1000 2000 3000 4000 5000 6000
Frequence [Hz]

Figure 7. Measured sound absorption coefficient of sample 1-3 for analyzing thickness effect.

3.3. Effect of Mass Density Effect on the Sound Absorption Coefficient

Figure 8 reveals that increasing the mass density of the maple fiber-based sound
absorber induces a leftward shift in the absorption coefficient curve, particularly enhancing
low- and mid-frequency absorption coefficients. Higher mass density reduces inter-fiber
spacing, porosity, and average pore diameter, while increasing flow resistance. The elevated
flow resistance inhibits wave penetration, promoting acoustic-to-thermal energy conversion
primarily within the surface layers [24]. High-frequency sound waves exhibit limited
penetration depth. As the flow resistivity of the sample increases, majority of the acoustic
energy is reflected at the surface, allowing only a small fraction of high-frequency waves
to enter the material, resulting in a decrease in the high-frequency sound absorption
coefficient. For low- and mid-frequency waves propagating through the microporous
structure, enhanced air—pore wall friction induces viscous energy dissipation, significantly
improving absorption coefficients at these frequencies.
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Figure 8. Variation in sound absorption coefficient of samples 4-6 for analyzing mass density effect.

3.4. Comparison with Commercial Glass Wool

To compare the sound absorption properties of the proposed the maple fiber-based
sound absorbers and commercial glass wool samples, specimens with a consistent diameter
of 29 mm and thicknesses of 10 mm and 20 mm were prepared, as shown in Figure 9. The
geometrical parameters of the samples are summarized in Table 3. Figure 10 indicates that
the maple fiber specimens consistently achieved higher sound absorption coefficients across
the frequency spectrum from 250 to 6000 Hz, with a particularly notable enhancement
observed at the 10 mm thickness. This suggests that glass wool necessitates a greater
thickness (above 20 mm) to deliver high acoustic absorption performance. This charac-
teristic is in agreement with the results reported by Kim et al. [25] for glass wool. The
comparative outcomes underscore the advantageous acoustic characteristics of maple fiber-
based absorbers, especially in scenarios demanding reduced material thickness without
compromising sound absorption efficiency.

“

Figure 9. Sound absorbers made from maple fiber fibers and glass wool with the thicknesses of

10 mm and 20 mm, respectively. The geometrical sample 1~4 parameters are summarized in Table 3.

Table 3. The geometric parameters of glass wool samples.

Bulk Density

Samples Thickness (m) Mass (kg) (kg/m®) Porosity (%)
1 0.010 0.00181 273 49.4
2 0.010 0.00007 10.6 99.6
3 0.020 0.00361 273 49.4
4 0.020 0.00014 10.6 99.6
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Figure 10. Comparison of sound absorption coefficients between maple leaf fiber and glass wool at
identical thicknesses (10 mm, 20 mm).

4. Conclusions

Conventional sound-absorbing materials are typically non-biodegradable and con-
tribute to environmental pollution. To address these challenges while valorizing waste
biomass, this study developed a novel sustainable sound-absorbing material extracted
from maple leaf waste. This work systematically investigated the material’s acoustic prop-
erties to establish an experimental foundation for eco-friendly noise control applications.
Maple leaf fibers were successfully extracted via sequential permeation treatment and
mechanical grinding processes. The fibers were uniformly packed into cylindrical molding
and compressed to form maple fiber-based sound absorber samples. The normal incident
sound absorption coefficients were measured using a two-microphone impedance tube
system employing the transfer function method. Results demonstrate that maple leaf fibers
exhibit excellent broadband acoustic absorption capabilities. Absorption performance
shows strong structural dependence, with enhancement observed at increased thicknesses
and mass densities. The sound absorption coefficient increased significantly, within the
250-1000 Hz frequency band. This enhancement stems from an improved visco-thermal
energy dissipation mechanism in thicker, denser structures. This study has certain limita-
tions: acoustic measurements were restricted to 250-6400 Hz due to equipment constraints,
resulting in incomplete low-frequency characterization below 250 Hz. Nonetheless, the
use of maple leaf waste offers significant potential in supporting sustainable material
development. The future development of maple leaf fiber-based sound absorbers lies in ma-
terial modification for enhanced functionality, scalable production within circular economy
frameworks, and extended applications in green buildings and transportation, ultimately
promoting sustainability and reducing reliance on non-biodegradable acoustic materials.
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