The object of this study is sustain-
able acoustic panel materials for build-
ing noise-control and sound-insulation
applications. The large-scale generation of
expanded polystyrene (EPS) waste pres-
ents a significant environmental challenge
due to its inherent resistance to natural
degradation. Recycled expanded polysty-
rene (EPS) reinforced with coconut coir
fibers was investigated as a potential mate-
rial for these applications. The EPS waste
was first dissolved in commercial gaso-
line (Pertalite) via cold dissolution, sub-
sequently blended with 5-60 vol% coconut
coir fibers, and fabricated into compos-
ites using standard casting techniques. The
acoustic and mechanical properties of the
resulting materials were evaluated using
an impedance tube (ASTM E1050-98) and
flexural testing (ASTM D790-03), respective-
ly. Experimental results demonstrated that
the optimal solvent-to-EPS ratio was 3:1,
yielding a highly homogeneous matrix ideal
for composite fabrication. Acoustic analy-
sis revealed that most specimens achieved
a sound absorption coefficient exceed-
ing 0.2; the sole exception was the com-
posite containing a 5 vol% fiber fraction,
which recorded a value of 0.1 at 500 Hz.
Furthermore, the sound absorption capac-
ity consistently improved with increasing
frequency, highlighting the efficacy of the
composites across the mid- to high-frequen-
cy spectrum. Regarding mechanical perfor-
mance, evaluations indicated that the com-
posite incorporating a 30 vol% fiber fraction
achieved the maximum flexural strength
and modulus. Overall, these findings estab-
lish that bio composites derived from EPS
waste and coconut coir fibers possess sub-
stantial potential as sustainable acoustic
materials, delivering both functional per-
formance and tangible environmental ben-
efits
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1. Introduction

in the packaging, construction, and automotive sectors due

The rapid development of modern industry has led to a
significant increase in the production and use of synthetic
polymer materials, particularly expanded polystyrene (EPS),
commonly known as Styrofoam. While EPS is widely utilized

to its lightweight structure, chemical stability, and excellent
thermal insulation properties, its non-biodegradable nature has
rendered it a major contributor to urban solid waste [1]. Because
polystyrene requires hundreds of years to decompose natu-
rally, it significantly exacerbates environmental degradation.




According to a World Environment Day 2025 report [2], global
plastic production currently exceeds 400 million tons annually,
with nearly half designated for single-use applications. Given its
massive utilization — driven by ease of manufacture, low density,
and cost-effectiveness [3] — and the fact that only a marginal pro-
portion is successfully recycled, the remainder inevitably accu-
mulates in landfills and aquatic ecosystems. This accumulation
results in widespread ecological disruptions, including severe
soil and water pollution. Consequently, mitigating this environ-
mental burden requires a transition toward a circular economy.
In this context, the primary challenge extends beyond merely
reducing plastic consumption; it necessitates the development
of innovative strategies to upcycle EPS waste into value-added
materials. Such an approach not only aids in environmental pro-
tection but also offers economic benefits to local communities by
monetizing otherwise discarded resources.

To achieve this upcycling, composite materials engineering
offers a highly viable pathway, particularly through the incor-
poration of natural fibers. Coconut coir fiber, an abundant agri-
cultural by-product in tropical countries such as Indonesia-rec-
ognized as the world’s largest coconut producer-represents
a promising reinforcement material. Although traditionally
derived from coconut husk waste for products like mats, ropes,
and fuel, and more recently utilized in geotextiles and furniture,
the volume of unutilized coconut coir waste remains substan-
tial. Crucially, the structural composition of coconut coir fibers
features natural cavities (lacunae) along the fiber axis, which
inherently enhances their acoustic and thermal insulation capa-
bilities [4]. Previous study conducted by [5] on hybrid composites
comprising gypsum, pumice, adhesive, and coconut coir fiber
demonstrated excellent sound absorption performance, achiev-
ing a coefficient of 0.927.

Building upon these findings and addressing the dual chal-
lenges of synthetic and agricultural waste management, this
study aims to develop a sustainable sound-absorbing composite
utilizing EPS waste as the polymer matrix and coconut coir
fiber as the reinforcement. A critical methodological challenge
in repurposing EPS, however, lies in its effective dissolution.
While previous studies have employed thermal melting or var-
ious chemical solvents — such as acetone [6] or gasoline — many
conventional solvents, including benzene, toluene, xylene, chlo-
roform, and tetrahydrofuran, pose significant environmental
and health risks, making them incompatible with green chem-
istry principles [7]. To circumvent the toxicity associated with
solvents like acetone and methylene chloride, this study utilizes
commercial-grade gasoline (Pertalite) as the EPS solvent. This
approach is not only more cost-effective but also facilitates EPS
liquefaction at room temperature, thereby eliminating the emis-
sion of hazardous combustion fumes associated with thermal
processing.

Porous materials based on natural fibers are now receiving
significant attention in the development of sustainable acoustic
materials. Previous studies have confirmed that the sound ab-
sorption performance of these materials is highly dependent on
airflow resistance, porosity, and tortuosity, which collectively
govern the process of converting acoustic energy into heat [8, 9].
Specifically, natural fibers such as coconut husk exhibit supe-
rior acoustic characteristics due to their hollow structure and
surface roughness, which effectively enhance sound wave
scattering mechanisms and energy dissipation [10]. In line with
this, recent innovations in biocomposites demonstrate that
integrating porous structures with polymer matrices can signifi-
cantly enhance sound absorption capacity while maintaining
mechanical integrity [11, 12].

Therefore, amidst the escalating environmental crisis
caused by the accumulation of expanded polystyrene (EPS)
waste, as well as the surging demand for eco-friendly acous-
tic materials, the development of composite sound absorbers
utilizing this waste is a highly relevant and urgent step.

2. Literature review and problem statement

The transformation of Styrofoam waste into a poly-
mer matrix for composite materials represents a highly
sustainable approach to mitigating plastic pollution. Sev-
eral studies have demonstrated that thermoplastic wastes,
such as high-density polyethylene (HDPE), high-impact
polystyrene (HIPS), and general-purpose polystyrene, can
be engineered into structural or functional composites
exhibiting competitive mechanical, thermal, and acoustic
properties. For instance, in work [3] formulated a roofing
tile composite utilizing an amalgamation of sand and
reclaimed HDPE, which demonstrated augmented hydro-
thermal resistance and flexural robustness commensurate
with elevated HDPE loading. Corroborating these obser-
vations, in paper [13] delineated that HIPS composites
fortified with rice straw fibers attained an elastic modulus
surpassing 4900 MPa. Cumulatively, these empirical find-
ings substantiate the efficacy of reclaimed thermoplastics
as robust structural matrices.

Although these studies confirm the mechanical viability
of recycled polymer composites, study has primarily focused
on their structural applications, whereas the acoustic proper-
ties of these materials have largely been overlooked. Recycled
polymers are typically evaluated for their strength, thermal
insulation, or dimensional stability. However, the correlation
between the porous microstructure of these materials and
their sound-damping mechanisms has not been adequately
explored. Consequently, the potential of utilizing recycled
Styrofoam waste as a functional acoustic material warrants
further investigation.

Within the paradigm of sustainable acoustic materials,
natural lignocellulosic fibers have increasingly attracted
substantial scholarly scrutiny. This trajectory is propelled
by their intrinsic physicochemical attributes, encompassing
low specific gravity, superior recyclability, and a highly
porous morphology. Extant literature has established that
natural fibers — namely coconut coir, kenaf, rice straw, and
oil palm empty fruit bunches - manifest exceptional sound
absorption coefficients. This acoustic proficiency is ascribed
to the prevalence of internal micro-voids, pronounced sur-
face topographical roughness, and an interconnected retic-
ular pore network. Such structural configurations precipi-
tate the dissipation of acoustic wave energy via interfacial
friction and vibro-thermal conversion mechanisms intrinsic
to the material matrix [8, 9].

Furthermore, contemporary investigations have under-
scored the viability of polystyrene-based composites fortified
with bio-fillers and natural constituents for sustainable
engineering deployments. In paper [14], reported that the
addition of a biofiller derived from snail shell powder to a
polystyrene matrix improved the mechanical performance
of the composite due to better filler dispersion and stronger
interactions between the matrix and the filler. Their findings
highlight the importance of microstructural homogeneity
and interfacial adhesion in determining the overall behavior
of polystyrene-based composites.



In addition to their mechanical properties, natural fiber
composites have shown considerable potential for acoustic
damping applications. In paper [15] elucidated that porous
natural substrates and sandwich-structured composites dis-
play superlative sound absorption characteristics, a phe-
nomenon predicated upon interconnected pore networks
that facilitate acoustic energy dissipation. Analogously,
in work [16] articulated that green composites reinforced
with natural fibers can attain a sound absorption coeffi-
cient surpassing 0.8 at elevated frequencies. Congruent
with these observations, in work [17] discerned that co-
conut fiber-based porous composites manifest profound
acoustic attenuation within the 2000-4000 Hz frequency
spectrum, propelled by augmented airflow resistivity and
internal frictional dynamics.

Synthesizing these perspectives, extant study postulates
that the sound absorption mechanism within composite
materials is fundamentally governed by pore morphology,
fiber architecture, and internal spatial connectivity. Acoustic
attenuation in natural fiber composites is predominantly as-
cribed to viscous friction, thermal dissipation, and complex
internal reflections propagating through interconnected pore
channels [15-17]. Concurrently, microstructural parameters,
particularly filler distribution homogeneity and matrix-filler
interfacial adhesion, strongly influence the mechanical prop-
erties of polystyrene-based composites [14].

Despite previous studies have extensively explored poly-
styrene-based composites and natural-fiber acoustic mate-
rials, limited study has investigated the combined influence
of fiber volume fraction on the pore morphology, acoustic
attenuation, and flexural behavior of recycled EPS-based
composites. Consequently, the complex interplay among
fiber content, pore development, interfacial bonding, and
overall composite performance remains insufficiently un-
derstood. Investigations pertaining to polystyrene-based
composites have predominantly fixated on thermal and me-
chanical properties, largely to the exclusion of their acoustic
performance [14]. Conversely, the majority of inquiries into
natural fiber-reinforced acoustic materials have concen-
trated exclusively on sound absorption metrics, offering a
markedly deficient analysis of the concomitant mechanical
responses [15-17]. Furthermore, the intricate correlations
interlinking fiber volume fraction, micro-pore evolution
as characterized via scanning electron microscopy (SEM),
acoustic attenuation behavior, and flexural robustness have
yet to be systematically appraised, particularly concern-
ing composites that utilize reclaimed expanded polysty-
rene (EPS) waste as the continuous matrix.

While there have been previous studies on polystyrene-based
composites and natural fiber acoustic materials, study investi-
gating the combined acoustic and mechanical performance of
recycled EPS composites reinforced with natural fibers remains
limited. In particular, the relationship between fiber volume
fraction, pore morphology, interfacial bonding, acoustic absorp-
tion, and flexural behavior is not yet fully understood.

3. The aim and objectives of the study

The aim of this study is to determine the struc-
ture-property relationships among fiber volume fraction,
pore morphology, acoustic attenuation, and flexural be-
havior in recycled EPS-coconut fiber bio composites. This
will provide a scientific basis for optimizing sustainable

acoustic panel materials derived from recycled polymers
and agricultural waste for noise control and sound insula-
tion applications in buildings.

To achieve this aim, the following objectives have been
accomplished:

- to determine the optimal solvent composition for dis-
solving Styrofoam;

- to analyze the effect of fiber volume fraction on sound
absorption performance;

- to evaluate the mechanical properties of the composites;

- to investigate the relationship between microstructure
and acoustic behavior.

4. Materials and methods

The object of this study is sustainable acoustic panels and
sound insulation materials for building applications. Recy-
cled EPS-coconut coir fiber composites were investigated as
candidate materials for these applications.

The study is predicated on the hypothesis that an increase in
the fiber volume fraction will enhance sound absorption perfor-
mance by augmenting the porosity within the composite struc-
ture. Conversely, it is anticipated that excessive fiber content
will compromise mechanical strength due to weak interfacial
bonding between the polymer matrix and the reinforcing fibers.
To isolate these variables, the study assumes homogeneous
material mixing and consistent specimen geometry throughout
the fabrication process. Furthermore, the experimental design
adopts specific simplifications, notably neglecting the potential
influence of environmental factors, such as humidity and tem-
perature fluctuations, during specimen preparation and testing.

The fabrication of these composites utilized Styrofoam
waste sourced from Denpasar City, with Pertalite gasoline
serving as the solvent for polymer dissolution. Additional
materials included sodium hydroxide (NaOH) for the chem-
ical treatment of the fibers, glycerin, distilled water, and
coconut coir fibers, which acted as the primary reinforce-
ment. The experimental apparatus comprised digital scales,
a specimen press machine, an impedance tube, and a uni-
versal testing machine. For specimen casting, cylindrical
molds (100 mm in diameter and 10 mm in thickness) and
square molds (200 x 200 x 10 mm) were employed.

The preparation of the coconut coir fibers commenced
with mechanical cleaning to eliminate dust and surface
impurities. This was followed by an alkali treatment utiliz-
ing a 6% NaOH solution (6 g NaOH per 94 mL of distilled
water). To effectively remove wax, hemicellulose, and other
non-cellulosic components - thereby enhancing the fiber-
matrix interfacial adhesion - the treatment was conducted at
a fiber-to-solution ratio of 1 g to 40 mL, maintained at 95°C
for 3 hours [18]. Following the chemical treatment, the fibers
were thoroughly rinsed with running water until no residual
NaOH remained. Subsequently, the fibers were oven-dried
at 70°C for 24 hours [19] to guarantee the complete eradica-
tion of moisture prior to further processing.

Concurrently, the polymer matrix was prepared by shred-
ding the Styrofoam waste into small particulates to facilitate
rapid dissolution. These particulates were then dissolved in gas-
oline at a volumetric ratio of 1:3 (gasoline to Styrofoam) until a
highly homogeneous matrix was achieved. Once the matrix was
stabilized, the treated coconut coir fibers were systematically
incorporated into the Styrofoam solution at varying volume
fractions of 5%, 10%, 15%, 20%, 30%, 40%, 50%, and 60%.



Upon achieving a uniform dispersion of fibers within the
matrix, the mixtures were cast into the designated molds:
cylindrical specimens for acoustic evaluation and square
specimens for mechanical characterization. To ensure opti-
mal compaction and mitigate internal voids, a constant com-
pressive load of 40 kg was applied to the molds for 24 hours.
Following the curing and drying phases, the consolidated
specimens were demolded and conditioned at ambient room
temperature prior to testing.

To evaluate the acoustic performance, the sound absorp-
tion coefficient of the cylindrical specimens was measured
using an impedance tube apparatus, strictly adhering to the
ASTM E1050-1998 standard [19, 20]. The schematic of this
experimental setup is illustrated in Fig. 1 (ASTM E1050-1998
Impedance Tube Schematic).

During the experimental procedure, sound waves
generated by a signal generator are emitted through a
loudspeaker and directed into the impedance tube. As
these waves impinge upon the specimen, a portion of
the acoustic energy is absorbed by the composite struc-
ture, while the residual energy is reflected. The incident
and reflected waves are subsequently measured by pre-
cisely calibrated microphones and analyzed using the
transfer function method across a frequency range of
300-4000 Hz [15, 19, 21].

Support span
Fig. 2. Three-point bending

The flexural stress, flexural modulus of elasticity, and
flexural strain were calculated according to the following
equations:
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where o - flexural stress at the center
of the support span (MPa); P — applied
load (N); L - support span length (mm);
b - specimen width (mm); d — specimen
thickness (mm); E - flexural modulus
(MPa); m - slope of the initial linear por-
tion of the load-deflection curve (N/mm);
¢ — flexural strain (mm/mm); D - maxi-
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Flexural properties were eval-
uated using a three-point bend-
ing test in accordance with the
ASTM D790-03 standard [21],
with the experimental configura-
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Fig. 1. ASTM E 1050-1998 impedance tube schematic
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5. Results of sound absorption,
mechanical, microstructural and
Sample

chemical characterization

5.1. Determination of optimum
Styrofoam solvent composition

Data on the dissolution of Styrofoam
with various solutions is shown in the

tion illustrated in Fig.2. During |wo.

this procedure, each specimen was
supported across a specified span

and subjected to a central load

1
2
until failure. As a result, the ap- | 3
plied loading induced compressive | 4

stress on the upper surface and
tensile stress on the lower surface

of the specimen. Subsequently, the
flexural stress, strain, and mod-

ulus were calculated using the
standard equations outlined in the | 7

Table 1 below.
Table 1
Dissolution of Styrofoam
Solutl.o.n and Styrofoam Result
composition (ml) (gr)
Toluene (100 ml) 33 gr Styrofoam did not melt
Acetone (100 ml) 33 gr Styrofoam melted but not sticky or binding
Pertalite gasoline (100 ml) | 100 gr | Pertalite gasoline was insufficient for melting Styrofoam
Pertalite gasoline (100 ml) 50 gr Pertalite gasoline was insufficient to melt Styrofoam
. . Pertalite gasoline was capable of completely dissolving
> | Pertalite gasoline (100 ml) 3er Styrofoam and had the fastest solidification process
. . Pertalite gasoline was able to dissolve Styrofoam, but
6 | Pertalite gasoline (100ml) | 20 gr the solidification process took longer
Pertalite gasoline was able to dissolve Styrofoam, but
Pertalite gasoline (100 ml) 10 gr the result was too liquid, making it difficult to mold
and take too long to compact

ASTM protocol.



Preliminary tests evaluating three solvent types demonstrat-
ed that Pertalite gasoline was the most suitable, as it efficiently
dissolved the Styrofoam and facilitated robust bonding with the
coconut coir fibers. Building upon this, subsequent investigations
into the solvent-to-Styrofoam proportions revealed an optimal
mixture of 100 mL of Pertalite to 33 g of Styrofoam, corresponding
to a 3:1 ratio. Consequently, this standardized ratio was adopted
for the preparation of all specimens in the ensuing experiments.

5. 2. Effect of fiber fraction on sound absorption
Fig. 3 presents the sound absorption coefficients of Styro-
foam-coconut fiber composites across various fiber fractions

and frequencies (300-4000 Hz). To facilitate comparison, the
data are grouped into low-fiber-fraction (5-20%, Fig. 3, a) and
high-fiber-fraction (30-60%, Fig. 3, b) categories.

In general, the sound absorption coefficient increas-
es with increasing frequency, although fluctuations
are observed across all compositions. At low frequen-
cies (300-1000 Hz), most specimens exhibit minimal
absorption, rendering them less effective at damping
long-wavelength sound. For example, the 5% fiber-frac-
tion composite yields the lowest absorption coeffi-
cient (0.11 at 600 Hz). This indicates an insufficient po-
rous structure to effectively dissipate sound energy.
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Fig. 3. Relationship between sound frequency and sound absorption coefficient of the composite material:
a — low-fiber-fraction (5—20%); b —fiber-fraction (30—60%)



At mid-frequencies (1500-2500 Hz), the absorption coef-
ficients of all compositions increase significantly. Composites
with 20-50% fiber content exhibit higher and more stable
absorption than the low-fiber groups. A more uniform fiber
distribution within the Styrofoam matrix drives this im-
provement by forming interconnected pores that trap sound
energy. Additionally, the hollow internal structure of the
coconut fibers increases air friction and viscous losses. This
mechanism effectively converts acoustic energy into heat,
thereby optimizing sound absorption [15].

At high frequencies (3000-4000 Hz), all specimens ex-
hibit excellent sound absorption (coefficients > 0.60). Peak
performance (0.91 at 4000 Hz) is achieved by the composite
with a 40% fiber fraction. This fraction provides an optimal
balance between porosity and structural integrity, allowing
sound waves to penetrate and maximize energy dissipation.
Theoretically, pores and voids are crucial for sound absorp-
tion because the interaction between air particles and pore
walls generates frictional losses [22]. Increasing the pore
volume enhances the material’s capacity to absorb sound
energy [23] by converting acoustic energy into heat and me-
chanical vibrations until it is fully dissipated.

However, increasing the fiber fraction beyond the op-
timum point (50-60%) triggers fluctuations and a slight
decrease in the absorption coefficient at certain frequencies.
Fiber agglomeration and reduced inter-pore connectivity likely
cause this decrease by restricting airflow into the material and
increasing sound reflection. These find-
ings align with the literature [24], which

reports that low-density coconut fiber par- (1)’:2
ticleboards absorb sound more effectively !
due to their high porosity. 0,80
In conclusion, a non-linear relationship 0,70
exists between the fiber fraction and sound 5 0,60
absorption performance. A fiber fraction % 0.50
that is too low limits porosity formation, 5
whereas an excessive addition reduces the © 940
material’s structural homogeneity. A fiber 0,30
fraction range of 30-40% represents the 0,20
optimal balance between mechanical integ- 0,10
rity and acoustic performance. 0.00

0.35 MPa at 20% increased to 0.92 MPa at a 30% fiber fraction.
This increase indicates that at this composition, the distribu-
tion of fibers within the matrix is sufficiently homogeneous,
and the fibers are well bonded, thereby improving the com-
posite’s ability to withstand bending loads. After reaching a
maximum point at 30%, the bending stress value decreased
to 0.55 MPa at a fiber fraction of 40% and 0.36 MPa at a fiber
volume fraction of 50%. This decrease is thought to be caused
by fiber agglomeration, which results in uneven bonding
between the fibers and the matrix. However, at a fiber frac-
tion of 60%, the stress value increased slightly to 0.44 MPa,
indicating that despite fiber agglomeration, some force could
still be transmitted through sufficient fiber-to-fiber contact.
Overall, the test results show that increasing the fiber volume
fraction up to 30% has the most significant effect on enhanc-
ing the composite’s bending strength. Beyond this composi-
tion, the addition of fibers no longer provides a significant
increase in strength and tends to decrease it. This is because
the addition of fibers causes less matrix to be used, which
reduces the matrix’s ability to bind the fibers, resulting in the
addition of pores in the specimen [25]. Therefore, a fiber frac-
tion of 30% can be categorized as the optimum composition
for producing the highest bending strength in Styrofoam-co-
conut coir composites. These results are also in line with the
study by [26] namely the study on flax fiber/Styrofoam waste
composites, which obtained the highest bending stress at a
composition of 30wt% flax fiber.

ob vs. Fibers Volume Fraction

ni“l[

5. 3. Mechanical characterization 10%

of composites

The mechanical characterization was
conducted to evaluate the flexural behavior
of Styrofoam-coconut fiber composites under flexural loading.
The analysis included tests for flexural stress, flexural strain,
and flexural modulus in accordance with ASTM D790-03 to
determine the effect of fiber volume fraction on the mechani-
cal performance of the composites.

Bending stress testing. The results of the bending stress
testing of Styrofoam-coconut coir composites with varying
fiber volume fractions are shown in Fig. 4. The bending
stress values obtained changed significantly as the per-
centage of fiber in the composite increased. At fiber frac-
tions of 10% and 15%, the bending stress was still relatively
low at 0.13 MPa and 0.27 MPa, respectively.

These values indicate that at low fiber fractions, the role
of coconut coir in withstanding bending loads is not yet op-
timal due to the limited bond between the Styrofoam matrix
and the fibers. An increase in bending stress began to be seen
at a fiber fraction of 20% and continued to rise until it reached
a maximum value at a fraction of 30%. The bending stress of

15% 20% 30% 40%

Fibers Volume Fraction

50% 60%

Fig. 4. Graph of the relationship between fiber volume fraction and bending stress

Bending strain testing. The relationship between composite
fiber volume fraction and bending strain is presented in Fig. 5.

The results indicate that increasing the fiber volume frac-
tion generally contributes to an increase in bending strain, al-
though the trend exhibits fluctuations, reflecting the complex
influence of microstructural factors, such as fiber dispersion
and interfacial adhesion between the fibers and the matrix.
At a 10% fiber volume fraction, the recorded strain was 0.23,
indicating the initial contribution of fibers to the composite’s
flexural deformation capacity. This value slightly decreased
to 0.22 at 15%, suggesting the formation of an initial re-
inforcement system in which the mechanical interaction
between the matrix and the fibers began to effectively resist
flexural loads. When the fiber fraction increased to 20%, the
strain rose to 0.24, indicating a more effective load-sharing
mechanism between the matrix and the reinforcing fibers.
Interestingly, at a 30% fraction, the strain decreased to 0.20,
which may be attributed to a more uniform stress transfer



throughout the fibers, thereby reducing the resulting de-
flection. This reduction suggests that the fibers begin to
play a more dominant role in resisting bending strain, while
the matrix continues to function as a binding medium. A
notable increase in strain was observed at
a40% fiber fraction, reaching 0.35, indicat-

ing that the fiber-matrix ratio had exceeded 30,00

the optimal equilibrium composition. This
henomenon commonl rs when the 25,00

phenomenon commonly occurs whe

fiber content surpasses the matrix’s ability

to adequately wet the fibers, resulting in 20,00

some fibers becoming less effective in re- T

sisting flexural deformation and leading to % 15,00

greater deflection. At a 50% fiber fraction, o

the strain decreased again to 0.29, before - 10,00

increasing slightly to 0.32 at 60% fiber con-

tent. Despite these fluctuations, the strain 500

values at higher fiber fractions remained !

greater than those observed at 10%, 15%, 0.00

20%, and 30%, indicating that at elevated fi-
ber contents, interfacial cohesion decreases
and the formation of microvoids increases
due to non-uniform matrix dispersion. This
condition may lead to the development of
localized weak points within the composite
structure, thereby reducing mechanical strength and resulting
in greater deflection.
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nomenon indicates that excessive fiber content reduces the
integrity of the interfacial bonding, as the matrix is unable to
sufficiently bind all fibers, leading to the formation of voids
within the matrix (Fig. 6).

Eb vs. Fibers Volume Fraction
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Fig. 6. Graph of the relationship between fiber volume fraction and bending modulus

Consequently, inefficient stress transfer between the matrix
and the fibers significantly reduces the stiffness of the compos-
ite. The decrease in flexural stiffness at high-
er fiber fractions indicates that excess fibers
lacking adequate matrix support render the
composite brittle and diminish its elastici-
ty. Furthermore, insufficient matrix content
restricts interfacial bonding, potentially in-
ducing localized delamination under applied
loads. Overall, these findings establish a
fiber fraction of 30% as the optimal composi-
tion to maximize stiffness in Styrofoam-co-
conut fiber composites, effectively balancing
stress transfer and elasticity. Exceeding this
threshold degrades the mechanical prop-
erties due to poor interfacial adhesion and
microstructural inhomogeneity.

0,00

10% 15% 20% 30% 40%

Fibers Volume Fraction

Fig. 5. Graph of the relationship between fiber volume fraction and bending strain

Overall, the relationship between fiber volume fraction
and bending strain exhibits a non-linear trend, characterized
by an initial increase in strain up to a certain fiber fraction,
followed by a decrease and a subsequent increase at higher
fiber contents.

Bending modulus. Based on the obtained data, an increase
in the fiber volume fraction up to 30% resulted in a significant
improvement in the elastic modulus, reaching a maximum
value of 36.57 GPa. This increase reflects the effective in-
teraction between the coconut coir fibers and the dissolved
polystyrene (Styrofoam) matrix, where the fiber distribution
within this range remains relatively homogeneous and ca-
pable of effectively resisting bending deformation. However,
beyond this optimum composition, a drastic reduction in the
elastic modulus was observed. At fiber fractions of 40-60%,
the modulus decreased sharply to below 1 GPa. This phe-

50%

60% 5. 4. Microstructural and chemical

characterization

Microstructural characterization was
performed to elucidate the internal mor-
phology, fiber-matrix interactions, pore
distribution, and interfacial bonding within the Styrofoam-
coconut coir fiber composites. Consequently, this analysis is
fundamental for establishing a direct correlation between the
structural architecture of the composites and their resulting
acoustic and mechanical performance.

Microstructural characterization. Fig. 7 SEM photographs
show that composites with a fiber volume fraction of 5% are
very rich in matrix but poor in fiber.

The matrix surface appears smooth and non-porous, re-
sulting in a poor sound absorption coefficient. Similarly, the
Styrofoam matrix is very ductile, making it impossible to test
its bending strength.

Fig. 8 shows that the matrix and fiber bonds are generally
excellent, resulting in very good strength and, bending mod-
ulus. There are also pores and gaps between the fibers, in-
cluding the fibers themselves, which act as sound absorbers.
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Fig. 8. Scanning electron microscope photo of Styrofoam-30% coconut coir composite

The voids are clearly visible in Fig. 9, showing that not
all fibers can be bound by the matrix, resulting in weaker
bending strength than the composite with 30% fiber volume
fraction. However, this shortcoming gives the composite bet-
ter sound absorption capabilities.

Similar to the composite with a 40% fiber fraction, the
interfacial bonding between the matrix and fibers is rela-
tively weak, as not all fibers are adequately bound by the
matrix. This condition leads to the formation of numerous
voids, some of which may extend through the composite
structure (Fig. 10). As a result, the composite exhibits low-
er mechanical strength and bending modulus, although it
demonstrates a relatively good sound absorption coefficient.

Chemical characterization. Fourier transform infra-
red (FTIR) spectroscopy was used to analyze the chemical
structure and specifically identify the functional groups present
in the Styrofoam-coconut fiber composite. This analysis is im-
portant for determining the nature of the interaction between

the polymer matrix and the natural fibers, particularly to ascer-
tain whether the composite is dominated by chemical bonds or
physical interactions. The FTIR spectrum provides important
information regarding the characteristic bands associated with
molecular vibrations - such as those involving O-H, C-H, C=0,
and C-O groups — which are commonly found in lignocellulosic
fibers and polystyrene-based materials. The spectra obtained for
composites with varying fiber weight fractions (5%, 20%, 40%,
and 60%) are presented in Fig. 11, which shows the presence of
characteristic functional groups originating from the polysty-
rene matrix and lignocellulosic coconut fiber.

At a fiber weight fraction of 5% (Fig. 11, a), the broad ab-
sorption band at 3359 cm~! corresponds to the O-H stretching
vibration, indicating the presence of cellulose hydroxyl groups
and absorbed moisture. Peaks between 2938 and 2886 cm™! are
associated with aliphatic C-H stretching, while the bands at
1654 cm~! and 1600 cm™! represent the C=0 and aromatic C=C
stretching of the polystyrene structure, respectively.
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Fig. 10. Scanning electron microscope photo of Styrofoam-60% coconut coir fibers composite

Additionally, the C-O-C stretching vibrations
at 1043-993 cm~! confirm the presence of cellulose and
hemicellulose.

At a fiber content of 20% (Fig. 11, b), the increased
intensity of the O-H and C-O peaks reflects a greater con-
tribution from lignocellulose. Concurrently, a new band
near 2339 cm~! indicates absorbed CO, or weak triple-bond
vibrations. Despite these changes, the persistent aromatic
C=C peaks confirm that the polystyrene backbone remains
structurally intact.

At a fiber fraction of 40% (Fig. 11, ¢), functional groups
derived from the fibers, particularly O-H and C-O, domi-
nate the spectrum. These intense bands indicate increased
fiber-matrix interactions. However, the unchanged peak po-
sitions suggest that interfacial adhesion depends on physical
mechanisms - such as hydrogen bonding and van der Waals
forces — rather than new covalent bonds.

At a 60% fiber content (Fig.11,d), stronger hydroxyl
absorption and a complex band pattern indicate increased
structural heterogeneity. This suggests that excessive fiber
content leads to insufficient matrix coverage and weakened
interfacial bonding, consistent with the observed degradation
of mechanical properties.

Overall, the absence of new FTIR absorption peaks con-
firms that no chemical reactions occurred during composite
formation; the Styrofoam-coconut fiber interactions remain
largely physical in nature. SEM observations (Fig. 7-10) sup-
port this conclusion, revealing specific interfacial bonding
characteristics and pore formation that explain the trade-off
between acoustic performance and mechanical strength.
Ultimately, the hydroxyl-rich fiber surface enhances sound
absorption through internal friction and energy dissipation,
while inadequate matrix bonding at higher fiber fractions
compromises mechanical integrity.



80

%T
60

40
o ~ ©
R0 - —
©2 QT <+
20 28 § oloz8 2
© cnﬁ el N o »HP © ~
‘6_3 I =~ sz (= ©
2 °g
0 ® S
4000 3000 2000 1500 1000 750 500
5% 1/em
a
50
%T
40
30
20
[} o
S 13 o~
o& © 8 <
10~ Lo g 3 5 s g
°S T 5 N Qo
N Y_ '5
J —— . ey s . :
4000 3000 2000 1500 1000 750 500
40% 1/em

c

SRR
) e
S Lo © i
g3 U7 g - 2 g 3
15 [=3sed Q 3 |
o 2 e < S § |
- o
-0 . . - r . |
4000 3000 2000 1500 1000 750 500
20% 1/lcm
b
. S — T - - ">

80
%T |

60

o~ ~
- ©
40— 56 o
3| 3 R o | ‘ ©
83 T YT s .8 8 T |
= 26 g © N 3 N
20 ey Lo b ga e g
“q - T 9 © 8
4 ‘ A ~
4000 3000 2000 1500 1000 750 500
5% 1/em
d

Fig. 11. Fourier transform infrared (FTIR) spectra of Styrofoam-coconut fiber composites:
a—5% fiber; b—20% fiber; c — 40% fiber; d— 60% fiber

6. Discussion of the results of sound absorption,
mechanical, microstructural and chemical
characterization

As demonstrated in Table 1, an EPS-to-solvent ratio
of 1:3 yielded the most homogeneous matrix, reflecting effi-
cient polymer dissolution and enhanced workability during
composite fabrication. Deviations from this ratio proved
detrimental: an insufficient solvent concentration caused
incomplete dissolution, resulting in an uneven matrix and
localized agglomeration, whereas excessive solvent addition
prolonged evaporation times and reduced processing efficien-
cy. Consequently, the pronounced homogeneity achieved at
the 1:3 ratio signifies a highly effective interaction between
the solvent molecules and the EPS polymer chains, thereby
facilitating superior matrix continuity and uniform fiber
distribution. Ultimately, establishing this optimal baseline
ratio is critical, as matrix homogeneity fundamentally dic-
tates subsequent pore formation, interfacial bond quality, and
overall composite performance.

The effect of fiber volume fraction on sound absorption
performance is illustrated in Fig.3,a,b. In general, the
sound absorption coefficient increases with rising frequency
and fiber content percentage. Descriptive statistical analysis
shows that most composites have an average sound absorp-
tion coefficient above 0.2, confirming their suitability as
effective sound-absorbing materials. At lower fiber fractions
(5-20 vol%), the acoustic response tends to be moderate be-

cause the composite structure is still dominated by the ma-
trix, which inherently limits pore connectivity and obstructs
airflow pathways. However, as the fiber content increases,
scanning electron microscope (SEM) observations reveal the
progressive formation of interconnected pores, hollow fiber
lumens, and irregular internal channels. These microstruc-
tural characteristics significantly enhance airflow resistance
and acoustic energy dissipation. This phenomenon aligns with
findings in the literature [15-17], which confirm that porous
natural fiber composites dampen sound through mechanisms
of viscous friction, thermal dissipation, and double internal
reflection within the interconnected pore network. Therefore,
the observed statistical trends confirm that increasing the fiber
content actively enhances acoustic damping mechanisms, par-
ticularly in the mid-to-high frequency range.

As illustrated in Fig. 4, flexural strength increased pro-
portionally with fiber content, reaching a maximum value
at 30 vol%. This upward trend demonstrates that the coconut
fibers effectively enhance stress transfer within the expanded
polystyrene (EPS) matrix. Furthermore, statistical analysis
of the flexural data corroborates the 30 vol% fraction as the
optimal threshold, representing an ideal balance between re-
inforcement efficiency and structural continuity. Conversely,
when the fiber content exceeded 40 vol%, both the flexural
strength and elastic modulus experienced a precipitous de-
cline. The pronounced variability observed at these higher
fiber fractions indicates increased structural heterogeneity,
which is likely attributable to fiber agglomeration, excessive



void formation, and inadequate matrix wetting. These find-
ings align with existing literature [14], reinforcing the prem-
ise that the mechanical performance of polystyrene-based
composites is critically dependent on filler dispersion, inter-
facial adhesion, and overall microstructural uniformity.

SEM analysis was used to investigate how variations in pore
morphology and interfacial bonding influenced both acoustic
absorption and flexural performance. The micrographs con-
firm that an increase in the fiber volume fraction progressively
increases pore density, void formation, and surface roughness.
Crucially, this microstructural evolution exerts a dual effect that
is contradictory regarding acoustic and mechanical responses.
On one hand, the proliferation of interconnected pores en-
hances sound absorption through increased airflow tortuosity
and the lengthening of the propagation path of incident sound
waves, thereby reinforcing viscous and thermal dissipation
mechanisms [15-17]. On the other hand, excessive pore for-
mation inherently disrupts matrix continuity and weakens
interfacial cohesion, leading to a reduction in flexural strength
and elastic modulus [14]. Through the synthesis of acoustic, me-
chanical, and morphological data, a definitive structure-prop-
erty relationship for recycled EPS-coconut fiber composites
can be established. The overall performance of the composite
reaches an optimal point at a fiber fraction of approximately
30 vol%. At this critical threshold, pore connectivity has devel-
oped sufficiently to maximize acoustic attenuation, while still
maintaining matrix continuity and adequate stress transfer
capability. Ultimately, these findings demonstrate that acoustic
absorption and mechanical integrity are governed by compet-
ing microstructural mechanisms, such that optimal composite
performance depends heavily on a precise balance between
porosity development and interfacial cohesion.

Several limitations affect the interpretation and practical
application of these findings. First, the testing relied on labo-
ratory-scale specimens of constant thickness within a limited
frequency range (300-4000 Hz); thus, the performance of
full-scale panels under actual service conditions may differ.
Second, SEM provides only a qualitative evaluation of pore
characteristics, neglecting quantitative analysis of porosi-
ty, pore size distribution, and tortuosity. Third, this study
does not assess long-term environmental durability against
humidity, temperature fluctuations, ultraviolet radiation,
and biological degradation. Finally, the evaluation of critical
building properties, such as fire resistance and thermal insu-
lation, remains outside the scope of the current study.

Future study should better establish the structure-prop-
erty relationships of recycled EPS-based acoustic composites.
Specifically, quantifying porosity, air flow resistance, and tor-
tuosity will clarify the mechanisms of acoustic attenuation.
Assessing long-term durability, moisture resistance, thermal
stability, and fire resistance is also crucial for determining
suitability for building applications. Furthermore, optimiz-
ing fiber treatment and composite architecture can enhance
both acoustic and mechanical performance. Ultimately, this
investigation will yield the technical data necessary to design
and scale up the production of sustainable acoustic panels
made from recycled EPS and agricultural waste.

7. Conclusion

1. The optimal solvent-to-Styrofoam ratio was established
at 3:1, yielding a homogeneous matrix highly suitable for
composite fabrication. This structural uniformity is primari-

ly driven by the effective dissolution capacity and rapid solid-
ification behavior of the Pertalite gasoline solvent.

2. Furthermore, the resulting composites demonstrat-
ed exceptional sound absorption capabilities, particularly
within the high-frequency range (2000-4000 Hz), achiev-
ing a maximum absorption coefficient of 0.91. This en-
hanced acoustic attenuation is directly attributed to the in-
herent porous structure and internal cavities of the coconut
coir fibers.

3. In terms of composition, a fiber volume fraction of 30%
emerged as the optimal threshold. At this fraction, the mate-
rial achieved an ideal balance between mechanical strength
and acoustic performance, a synergy facilitated by enhanced
fiber-matrix interactions and superior structural integrity.

4. Microstructural analysis established a clear struc-
ture-property relationship in the composites. The develop-
ment of interconnected pores and voids enhanced acoustic
attenuation, whereas excessive porosity reduced flexural
performance due to lower matrix continuity and weaker fi-
ber-matrix interactions.
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