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Abstract

This study investigates the influence of two processing methods, namely wet and dry, on
the structural, physical, mechanical, and acoustic performance of green lignocellulosic
fiber-based composite panels. A comprehensive evaluation was carried out to compare
the vertical density profile, affinity to water, thermal insulation and sound absorption,
microstructural features, and mechanical performance of two types of experimental panels.
The dry-processed samples exhibited 24% more prominent vertical density profile and
superior dimensional stability, with lower thickness swelling (TS) and water absorption
(WA) due to their more compact fiber arrangement compared to those of the specimens
made using the wet process. However, the wet-processed panel demonstrated significantly
enhanced mechanical properties, including 36% higher modulus of elasticity (MOE), 61%
modulus of rupture (MOR), and 67% internal bonding strength (IB). Such findings could
be attributed to their increased fibrillation and improved inter-fiber bonding compared
with those of the panels made using the dry process. The thermal conductivity values of
the wet- and dry-processed panels were found to be 0.053 W/mK and 0.057 W/mK, respec-
tively. Acoustic analysis of the samples revealed that while the dry-processed panel slightly
outperformed in terms of low-frequency sound absorption, the wet-processed panel exhib-
ited superior high-frequency absorption, particularly when perforations were introduced.
Microscopic examination of the samples confirmed that wet processing produced a more
homogenous and fibrillated microstructure, correlating well with the observed enhance-
ments in mechanical and acoustic performance. In conclusion, it can be stated that the
processing strategies of such panels could be applied for diverse engineering applications,
including thermal insulation, acoustic damping, and sustainable structural materials.

Keywords: recycled cardboard; green composite panels; lignocellulosic fiber; acoustic
absorption behavior; mechanical properties

1. Introduction
Improving the energy efficiency of buildings has emerged as a critical strategy for mit-

igating global energy consumption and reducing greenhouse gas emissions. The building
sector alone accounts for a substantial portion of worldwide energy use, primarily due
to heating, cooling, and ventilation requirements. To address this issue, passive design
approaches, particularly thermal and sound insulation, have gained prominence as cost-
effective and sustainable solutions for minimizing energy losses and enhancing indoor
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comfort [1]. Generally, insulating materials offer benefits such as low density, a large
specific surface area, and adaptable raw material profiles [2,3].

Thermal and sound insulation play a pivotal role in maintaining a stable indoor
environment by reducing heat transfer and sound transmission through the building en-
velope. Conventional insulation materials encompass a range of inorganic and synthetic
options, including fiberglass, vermiculite, expanded polystyrene (EPS), and polyurethane
foams [4–6]. These materials exhibit favorable thermal performance. However, their pro-
duction often relies on non-renewable resources, involving energy-intensive manufacturing
processes, creating challenges for end-of-life disposal due to poor biodegradability and
toxic emissions [7–9].

Consequently, there is a growing impetus to explore environmentally benign alter-
natives that align with the principles of sustainable development and the circular econ-
omy. Research has increasingly focused on insulation materials derived from renewable,
biodegradable, and recycled sources. Lignocellulosic biomass, including agricultural
residues, wood fibers, and recycled paper products, has shown promise as a sustainable
insulation feedstock due to its low cost, high availability, and favorable thermal and me-
chanical properties [2,9]. Among recycled materials, paper and cardboard stand out as
particularly attractive, given their high cellulose content, biodegradability, and widespread
post-consumer availability. Furthermore, it results in optimizing resource consumption
due to the utilization of recycled materials [1].

Corrugated cardboard, a primary component of global packaging systems, is largely
composed of recycled cellulose fibers and exhibits excellent mechanical strength, low den-
sity, and good recyclability [10]. Globally, more than 50 million metric tons of corrugated
cardboard are produced annually, with recycling rates approaching 90% in many coun-
tries [11]. While such a resource can be recycled up to 25 times [12], fiber degradation
and environmental burdens associated with cardboard manufacturing and waste disposal,
such as high water and energy consumption and methane emissions from landfills, remain
persistent challenges [13,14].

Valorizing recycled cardboard into high-performance insulation composites offers
a compelling solution to extend the lifecycle of paper-based materials while addressing
environmental concerns. Previous studies have demonstrated the integration of recycled
cardboard into structural components such as fiber-reinforced concrete [15], sandwich
beams manufactured by using cardboard in the core [16,17], and gypsum-based insulation
boards [18]. However, applications in thermal and acoustic insulation remain underex-
plored, particularly using low-energy, non-toxic manufacturing methods.

One emerging approach involves combining recycled cardboard fibers with foaming
and leavening agents, such as sodium bicarbonate and yeast, to create lightweight, porous
insulation composites. These agents promote gas formation during processing, resulting
in materials with low thermal conductivity and enhanced sound absorption. In a recent
study, eco-panels made from recycled cardboard, sodium bicarbonate, and baking pow-
der achieved a thermal conductivity coefficient near 0.05 W/mK and sound absorption
coefficient of 0.85 at 700 Hz [19].

However, cellulose can also serve as the sole structural component for producing
lightweight, porous materials without the need for an additional supporting matrix.
Cellulose-based foams are commonly fabricated via a two-step wet processing route. In the
first stage, an aqueous fiber suspension is transformed into a wet foam by introducing gas
bubbles through mechanical agitation or air sparging, thereby generating a highly aerated
structure. The second stage involves removing the liquid phase, typically achieved through
freeze-drying, evaporation, or supercritical drying, to preserve the porous architecture and
achieve the desired density and structural stability [20,21].
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Despite these promising outcomes, there is still limited information on the characteris-
tics of such panels, and further research is needed to optimize the composition, processing
parameters, and performance characteristics of cardboard-based insulation materials to
meet regulatory and functional standards. In particular, understanding how foaming
agents interact with recycled fibers to influence porosity, mechanical integrity, and moisture
resistance is important for the practical use of these materials.

Therefore, the objective of the present study is to develop lightweight, eco-friendly
insulation-type composites by repurposing recycled corrugated cardboard and incorporat-
ing commonly available foaming and leavening agents. The research focuses on evaluating
the thermal, acoustic, physical, and mechanical properties of the proposed composites
through a simplified, sustainable manufacturing process. The data and information from
the results of this work are expected to provide us with a better understanding of cir-
cular, biodegradable insulation alternatives with the potential to reduce dependence on
conventional inorganic and synthetic materials in the construction industry.

2. Materials and Methods
2.1. Preparation of the Raw Materials

Unprinted cardboard was obtained from the recycling bin of a local store. Two dis-
tinct wet and dry defibration methods were employed to process the material. For the
wet defibration method, the cardboard was first manually torn into smaller fragments
before being immersed in water for two hours to facilitate softening. Once sufficiently
saturated, the material was mechanically defibrated using a high-speed blender operating
at 9000 rpm for one minute. A cardboard-to-water ratio of 1:12 by weight was maintained
throughout this process. In the dry defibration method, the unprinted cardboard was also
manually pre-torn into small fragments. Subsequently, the material was processed using a
mechanical impact mill operating at approximately 1500 rpm to achieve fiber separation.
The physical [22], chemical [23,24], and morphological [25,26] characteristics of the fibers
defibrated from the cardboard are displayed in Table 1.

Table 1. Properties of cardboard fibers.

Physical
Properties Morphological Properties Chemical Properties

Cellulose
Fibers

Density
(kg/m3) Length (µm) Width (µm) Diameter

(µm) Cellulose % Hemicellulose
% Lignin % Ash % Additives %

1500–1600 192 53 10–50 40–80 5–15 10–15 15 15

To manufacture the experimental panels, both wet- and dry-defibrated fibers were
used in a formulation comprising four components: 500 g of processed unprinted cardboard,
2.5 L of water, sodium bicarbonate 12% by weight of the total mixture, and yeast 8% by
weight of the total mixture.

2.2. Manufacturing of the Panels

Two types of green composite samples were manufactured under controlled laboratory
conditions using defibrated fibers derived from unprinted cardboard. These fibers, as
primary material, were prepared for both dry and wet defibration techniques, as illustrated
in Figures 1a and 1b, respectively. Prior to shaping, sodium bicarbonate and yeast were
incorporated into the mixture to aid in the expansion and structuring of the composite
matrix. The prepared mixtures were then poured onto mold-lined trays covered with
baking paper, as depicted in Figure 1c. Manufacturing was carried out by baking in an
oven for 15 h at a temperature of 150 ◦C. Following thermal treatment, the composites were
cooled off at ambient temperature, as shown in Figure 1d.
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        (a) (b) (c) (d) (e) (f) 

Figure 1. Panel manufacturing phases: defibrated fibers via dry (a) and wet (b) techniques; prepared
mixture for dry (c) and wet (d) method; composite panel before cutting (e); composite panel after
cutting (f).

To ensure dimensional consistency and eliminate any overcooked or uneven surface
layers, the panels were planed and cut to achieve uniform thickness (Figure 1e). For both
wet and dry processing methods, four rectangular panels measuring 320 mm × 250 mm
(length × width) were manufactured. After final trimming and surface preparation, the
average thickness of each panel was reduced to 30 mm.

2.3. Vertical Density Profiles (VDPs) of the Samples

The VDPs of the resulting composites were determined using the IMAL X-ray density
profiler DPX300 (San Damaso, Italy). Eight square specimens (50 mm × 50 mm) were cut
from the panels for this purpose. Measurements were taken across the entire thickness of
each specimen to assess the internal density distribution. Prior to profiling, each sample
was weighed with a high-precision balance, model EU C-LCD made by Gibertini Elettronica
(Novate Milanese, Italy). The analyzer’s built-in measurement system was also used to
confirm the sample dimensions, ensuring accurate density evaluation.

2.4. Affinity to Water

The absorption of water (WA) and the swelling in thickness (TS) were assessed ac-
cording to the European standard SR EN 317:1996 [27] by immersing the specimens in
distilled water. Five square specimens with nominal dimensions of 50 × 50 mm were
sectioned from the experimental panels and subsequently subjected to a conditioning phase
of 24 h at 20 ± 2 ◦C and 65 ± 5% relative humidity. The water absorption assessment was
conducted in a controlled bath, wherein the specimens were fully submerged in distilled
water maintained at 20 ± 1 ◦C for a duration of 24 h. Dimensional measurements were
taken using a digital caliper with an accuracy of 0.01 mm. The mass of each sample was
recorded at three specific intervals, namely before immersion, after 2 h, and after 24 h,
employing an electronic balance with an accuracy of 0.01 g. The samples’ thicknesses were
measured at the central point along the diagonal of each specimen during every weighing
phase to ensure consistency.

2.5. Thermal Conductivity Coefficient (λ) of the Samples

The thermal conductivity coefficient (λ) of the composite specimens was determined
using a heat flow meter, model HFM436 Lambda made by Netzsch manufacturer from
Selb, Germany. Two experimental composite configurations were tested in accordance
with the guidelines of ISO 8301 [28] and DIN EN 12667 [29]. The sample was positioned
between two flat plates, one that was heated up to 20 ◦C and the other that was cooled to
as low as −10 ◦C, to measure the heat flux. The instrument calculated thermal conductivity
automatically based on Fourier’s Law, utilizing the temperature gradient between the
plates. Before conducting the measurements, the system was calibrated following standard
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protocols, which accounted for both the temperature difference (∆T) and the average
temperature (Tm) across the specimen (Table 2).

Table 2. Set parameters for the determination of λ.

Number of
Tests

Temperature 1
Lower Plate

Temperature 2
Upper Plate

∆T
T2 − T1

Average
(T1 + T2)/2

1 −10 20 30 5
2 −5 20 25 7.5
3 0 20 20 10
4 5 20 15 12.5
5 10 20 10 15
6 15 20 5 17.5

2.6. Sound Absorption Coefficient of the Samples

The sound absorption performance of the composite panels was evaluated across both
low- and high-frequency ranges using impedance tube methods adapted to each frequency
domain. To ensure accuracy and standardization, each method adhered to the relevant
international testing standards.

2.6.1. Low-Frequency Sound Absorption Coefficient (α) Measurement

Low-frequency α-coefficient measurements were performed using a SCS80 FA
impedance tube, from Vibro-Acoustic S.R.L. (Campodarsego PD, Italy), equipped with a
two-microphone configuration. The procedure followed the guidelines of ISO 10534-
2:1998 [30], which specifies the sound transfer method under normal incidence. α-
coefficient was measured over a frequency range of 50 to 1390 Hz, with an incident sound
pressure level of 75 dB.

For each type of composite, two specimens were tested. The maximum α-values for
each specimen were calculated by the system’s analysis software, and the average of these
maximum values was used to assess the performance of the corresponding panel. This
approach enabled effective comparison between the wet- and dry-processed composites
within the low-frequency domain.

2.6.2. High-Frequency Sound Absorption Measurement

The high-frequency α-coefficient was evaluated using the impedance tube Brüel &
Kjær (model 4206, Nærum, Denmark) based on the transfer function method with two mi-
crophones (TFM), in accordance with ISO 11654:1997, ISO 10534-2:1998, and ASTM E1050-
12:1998 [30–32]. The measurements were performed under normal incidence conditions
(0◦ angle) over a controlled frequency range of 100 Hz to 6400 Hz.

Each circular sample had a diameter of 29 mm and was tested using the sample holder
of the impedance tube. Acoustic signals generated by the internal speaker were transmitted
through the tube, and two microphones captured the responses. A data acquisition (DAQ)
board and a signal conditioner processed and then analyzed the sound through a computer
interface equipped with specialized acoustic analysis software.

To investigate the acoustic behavior of the samples under the effect of perforations, in
addition to the standard wet- and dry-processed samples, modified versions of the same
samples featuring seven uniformly distributed holes (each 3 mm in diameter) were also
tested under identical conditions.

All measurements were conducted in a controlled laboratory environment, with
ambient temperature of 22 ± 2 ◦C and 55 ± 5% relative humidity. This setup ensured
repeatable and reliable characterization of the materials’ sound absorption performance of
the samples across the high-frequency spectrum.
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2.7. Sample Porosity

The porosity volume of the specimens was measured using AccuPyc III 1350 Gas Pyc-
nometer. For this analysis, five rectangular samples measuring 10 mm × 10 mm × 35 mm
were prepared for each type. Precise dimensional measurements were obtained using a
digital caliper with a resolution of 0.01 mm. The AccuPyc provides the true density (ρtrue)
by displacing gas within the solid material, excluding interparticle voids but including
closed pores. It also measures the bulk density (ρbulk) of the sample, accounting for pores
and interparticle spaces. Porosity is calculated with Equation (1):

Porosity (%) =
ρbulk
ρtrue

·100 (1)

2.8. Microscopic Evaluation of the Samples

Stereo-microscopic observations were conducted using a Nikon SMZ18-LOT2 stere-
omicroscope manufactured by Nikon Corporation (Tokyo, Japan). This analysis facilitated
the visual assessment and measurement of fiber dispersion, inter-fiber spacing, yeast in-
corporation within the composite matrix, and the integrity of fiber bonding. Images were
acquired at a magnification of 120× on the two different composite types, selecting for this
evaluation three samples cut from each composite.

2.9. Mechanical Properties of the Samples

Mechanical tests were conducted in accordance with applicable European standards,
adhering to the specified procedures for sample preparation, including quantity, shape, and
size. The MOE and MOR of the samples were measured by the universal testing machine
Zwick/Roell Z010 (Ulm, Germany), with a loadcell with a capacity of 10,000 N, following
the methodology described in EN 310:1993 [33]. Eight test specimens were prepared per
composite type according to the specifications outlined in EN 326-1 [34].

IB strength, measured perpendicular to the panel surface, was evaluated according to
EN 319 [35] using the Zwick/Roell Z010 testing system. For this test, eight square samples
(50 mm × 50 mm) cut from each composite were examined.

2.10. Statistical Analysis

Statistical analyses were conducted to assess the significance of the differences between
the composite groups. Standard deviations were calculated in Microsoft Excel, applying
a 95% confidence interval with a significance threshold of α = 0.05 (p < 0.05). To examine
the effect of the two defibration techniques on the primary material properties, a two-
sample t-test was performed using Minitab statistical software, version 19.2020.1. The
analysis compared the mean values of the key parameters, including the vertical density
profile, dimensional stability, thermal conductivity, MOE, MOR, and IB strength across the
composite types.

3. Results and Discussion
The physical and mechanical properties of the samples are displayed in Table 3.

Table 3. Physical and mechanical properties of the samples.

Panel
Type

Density
(Kg/m3)

WA
(%)

TS
(%)

λ

(W/mK) αmax
Porosity

(%) Flexural (N/mm2)
IB

(N/mm2)

2 h 24 h 2 h 24 h MOE MOR

Wet 155.5 507.07 526.38 6.44 7.41 0.053 0.89 90 42.48 0.26 0.06
Dry 204.94 376.07 395.77 4.76 5.36 0.057 0.94 86.3 27.23 0.10 0.02
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The performance of green lignocellulosic fiber-based insulation composites manu-
factured from recycled corrugated cardboard is fundamentally governed by the interplay
between fiber morphology, degree of fibrillation, porosity, and gas expansion dynamics
during the manufacturing process. Among these factors, the processing route, whether wet
or dry, plays a decisive role in shaping the microstructural characteristics of the material,
thereby exerting a direct influence on its physical, mechanical, thermal, and acoustic be-
havior. The choice of method is therefore not merely a processing decision but rather a key
determinant of the functional performance and sustainability of the final product.

From a physical standpoint, the density and porosity of these composites are strongly
dictated by the preparation method. Dry processing, typically involving hammer milling,
produces coarser and less fibrillated fibers. These fibers exhibit reduced surface area and
a more rigid morphology, which allows for denser packing during panel formation. As
a result, the dry-processed composites generally attain a higher bulk density and lower
void fraction. High porosity is obtained by accommodating enhanced gas retention and
expansion when foaming agents, such as sodium bicarbonate and yeast, are activated
during thermal treatment. The outcome is a foam-like, lightweight structure with im-
proved open-cell architecture, reduced density, and the potential to optimize both thermal
insulation and high-frequency acoustic absorption.

The degree of fibrillation achieved during wet processing holds particular significance.
It increases the available surface area for hydrogen bonding between fibers and fines,
thereby strengthening inter-fiber adhesion without relying on synthetic binders. Beyond
simple adhesion, the fibrillated fibers act as reinforcement points within the matrix, dis-
tributing stress more uniformly and limiting crack initiation and propagation. Refining
through wet processing further contributes to the regulation of pore size distribution,
creating a more homogeneous structure that balances mechanical integrity with functional
properties. Such improvements are directly reflected in mechanical indices, including
flexural MOE, MOR, and IB strength. Composites characterized by finer fibers and uni-
form porosity are therefore anticipated to display superior stiffness, greater resistance to
bending-induced fracture, and stronger cohesion through enhanced inter-fiber bonding.

The acoustic performance of these composites is similarly governed by the interaction
between density and pore architecture. Panels with a higher density and compact structure
typically exhibit improved absorption at lower frequencies, where mass-related damping
and panel resonance dominate. On the other hand, higher-porosity panels with finely
interconnected pore structures are more effective at attenuating high-frequency sound. This
is achieved through viscous and thermal dissipation mechanisms occurring as sound waves
penetrate the pore network. The balance between these two behaviors highlights a unique
opportunity for design flexibility; by adjusting processing parameters and pore structure,
cardboard-based composites can be tuned to target either low-frequency or high-frequency
sound absorption or engineered to perform across a wider frequency range. Additional
structural modifications, such as controlled surface perforation, may further expand the
acoustic response, potentially enabling nearly total absorption at certain frequencies, which
is a characteristic highly desirable for architectural and industrial noise-control applications.

Thermal conductivity, a key criterion for insulation materials, is closely correlated
with density and porosity. Lower-density composites with higher void fractions contain
a larger proportion of entrapped air, which functions as an efficient thermal barrier and
minimizes heat transfer. Conversely, higher-density composites, while offering enhanced
mechanical stability, facilitate greater solid-phase conduction pathways, thereby raising
thermal conductivity. However, once their porosity exceeds 80%, the differences in density
or porosity have only a minor influence on thermal conductivity, since heat transfer occurs
mainly through stagnant air rather than the solid matrix.



Appl. Sci. 2025, 15, 10378 8 of 18

From the perspective of sustainable material engineering, these interrelationships
highlight a critical opportunity to tailor recycled cardboard-based insulation products to di-
verse functional applications without the need for synthetic polymers, formaldehyde-based
adhesives, or energy-intensive binders. This advantage directly supports global efforts
to reduce dependency on petroleum-derived construction materials while aligning with
circular economy principles. Wet processing, owing to its ability to generate lightweight,
mechanically resilient, and acoustically efficient panels, can be prioritized for applications
emphasizing energy efficiency and sound management in building envelopes. In con-
trast, dry processing offers value in contexts requiring mass-related damping or enhanced
low-frequency acoustic response, where the trade-off of higher density may be beneficial.

Equally important, the utilization of recycled corrugated cardboard as a feedstock
confers significant environmental benefits. With global cardboard recycling rates already
approaching 90%, redirecting this abundant post-consumer resource into high-value insu-
lation products extends its lifecycle and mitigates the environmental burdens of landfilling
or incineration. Moreover, integrating foaming and leavening agents, such as sodium
bicarbonate and yeast, introduces a low-energy, non-toxic manufacturing pathway that
avoids the challenges of conventional insulation production, such as high embodied energy,
poor biodegradability, and hazardous emissions.

All in all, the influence of fiber morphology, processing method, and pore architecture
demonstrates the versatility of green lignocellulosic fiber-based composites in advanc-
ing sustainable construction materials. By leveraging simple yet effective manufacturing
strategies, it becomes possible to design insulation products with tailored combinations
of mechanical, thermal, and acoustic performance, thereby offering viable, biodegradable
alternatives to conventional inorganic and synthetic insulations widely used in the con-
struction sector. A summary of the statistics for the measured properties of the samples is
shown in Table 4.

Table 4. Statistical significance of the measured properties of the samples.

Property Wet (Mean ± SD) Dry (Mean ± SD) p-Value Significance

Density (Kg/m3) 155.5 ± 13.83 204.94 ± 8.70 0.000 Significant
WA 2 h (%) 507.07 ± 95 376.07 ± 38 0.132 Not Significant
WA 24 h (%) 526.38 ± 91 395.77 ± 41 0.055 Not Significant

TS 2 h (%) 6.44 ± 0.5 4.76 ± 0.4 0.010 Significant
TS 24 h (%) 7.41 ± 0.5 5.36 ± 0.4 0.024 Significant
λ (W/mK) 0.053 ± 0.001 0.057 ± 0.003 0.048 Significant

MOE (N/mm2) 42.48 ± 2 27.23 ± 3 0.000 Significant
MOR (N/mm2) 0.26 ± 0.01 0.10 ± 0.02 0.000 Significant

IB (N/mm2) 0.06 ± 0.005 0.02 ± 0.005 0.001 Significant

3.1. Vertical Density Profiles (VDPs) of the Samples

The VDPs of the panels made using the wet and dry processing methods exhibited dis-
tinct differences reflecting the influence of manufacturing conditions on panel compaction
and internal structure. The dry-processed panel demonstrated a significantly higher aver-
age density of 204.94 kg/m3, whereas the wet-processed panel showed a relatively lower
density of 155.5 kg/m3. Statistical analysis has shown that this difference was significant
(p < 0.05), indicating a strong influence of the processing method on the bulk density of
the panels.

This variation can be primarily attributed to differences in fiber morphology [20] and
gas expansion behavior [36,37] during processing rather than compaction efficiency. The
dry-processed fibers, obtained from the hammer mill, were coarser and less fibrillated,
enabling denser packing and reducing void formation, which is consistent with the lower
porosity value of 86.3%.
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In contrast, the wet-processed fibers, prepared with a blender, underwent significant
fibrillation and water-induced swelling, promoting a looser fiber network. Additionally,
the water-induced swelling likely enhanced CO2 evolution from the sodium bicarbonate
and yeast system during baking, generating a more foamed structure. Consequently, the
wet-processed panel exhibited a markedly higher porosity (90%), resulting in a 24% lower
bulk density compared to its dry-processed counterpart.

The VDP curves in Figure 2 further illustrate the density distribution across the panel
thickness for both processing methods. The wet-processed panel in Figure 2a also exhibited
a more irregular density profile, characterized by a lower and relatively uniform core
density with a value of ~155 kg/m3. The smoother transition from surface to core density
indicates an integrated structure, consistent with the higher porosity and greater water
absorption behavior observed for this panel.

  

(a) (b) 

Figure 2. Typical vertical density profiles of the wet-processed (a) and dry-processed (b) samples.

In contrast, the dry-processed panels shown in Figure 2b exhibited a relatively stable
density profile, maintaining values close to the average of ~205 kg/m3 across the core
region, with slight fluctuations between 180 and 220 kg/m3.

3.2. Water Affinity of the Composites

The affinity to water, evaluated in terms of water absorption and thickness swelling,
exhibited significant differences between the wet- and dry-processed composites (p < 0.05
for TS; p > 0.05 for WA), as illustrated in Figure 3. The wet-processed panel demonstrated
markedly higher water absorption values, reaching 507.07% after 2 h and increasing slightly
to 526.38% after 24 h. In contrast, the dry-processed panel absorbed substantially less
water, with water absorption values of 376.07% and 395.77% after 2 and 24 h, respectively.
However, the differences in water absorption between the two panels were not statistically
significant, with p > 0.05, group A in Figure 3. This pronounced difference can be attributed
to the greater porosity and open-cell structure of the wet-processed panel, with 90% porosity
compared to the corresponding value of 86.3% for the denser and more compact dry-
processed samples. The highly fibrillated and water-swollen fibers generated during wet
processing likely created interconnected voids, promoting rapid water penetration and
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retention, whereas the coarser, less fibrillated fibers of the dry-processed panel contributed
to reduced capillary water uptake.

 
Figure 3. WA and TS after 2 h and 24 h of water immersion.

Similarly, TS followed the same trend, with the wet-processed panel exhibiting higher
swelling values of 6.44% after 2 h and 7.41% after 24 h, compared to 4.76% and 5.36% for the
dry-processed panel for the same time intervals. Unlike water absorption, the differences
in TS were statistically significant at both time intervals, with p < 0.05, (groups A and
B). The greater thickness swelling in the wet-processed panel is consistent with its higher
water absorption and its less consolidated fiber network, which undergoes more significant
expansion when saturated. The dry-processed panel, with its denser internal structure,
exhibited better resistance to swelling, highlighting its superior dimensional stability under
humid conditions.

These findings indicate that while the wet-processed panel may offer potential ad-
vantages for applications where low density and high porosity are desirable (e.g., thermal
or acoustic insulation), its poor dimensional stability limits its suitability for structural
or load-bearing applications. In contrast, the dry-processed panel demonstrates better
dimensional stability, making it more appropriate for applications requiring improved
resistance to moisture-induced deformation.

3.3. Thermal Conductivity Coefficient (λ) of the Samples

The panels exhibited a significant difference between the wet- and dry-processed
composites (p < 0.05) in terms of λ-values, highlighting the influence of processing method
and resulting microstructural characteristics on the heat transfer behavior, as shown in
Figure 4. The wet-processed panels demonstrated a lower thermal conductivity value of
0.053 W/mK, whereas the dry-processed panel had a λ value of 0.057 W/mK. Although
this absolute difference appears small, it is statistically meaningful (groups A and B) and
consistent with the distinct structural features of the two panels.

The lower λ-value of the wet-processed panel can be attributed to its higher porosity
(90%) and lower bulk density (155.5 kg/m3), which are consequences of extensive fiber
fibrillation and gas expansion during wet processing. The open, foam-like structure likely
entrapped more air within the panel matrix, and since air is a poor thermal conductor, this
resulted in reduced heat transfer. Conversely, the dry-processed panel, with its denser fiber
packing (204.94 kg/m3) and lower porosity (86.3%), provided increased solid–solid contact
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between fibers, enhancing conduction pathways and thus increasing thermal conductivity.
A direct relationship between density and thermal conductivity has been consistently
documented in previous research [1,38], underscoring the critical role that bulk density
plays in governing heat transfer behavior within lignocellulosic composites. However,
both panels are highly porous, and the dominant contributor to thermal insulation is still
the entrapped air phase, which has very low thermal conductivity (0.025 W/mK). In such
low-density composites, once the porosity exceeds 80%, further changes in density or
porosity have only a minor influence on thermal conductivity, since heat transfer occurs
mainly through the entrapped air, rather than the solid matrix [39]. Several researchers have
emphasized that thermal transport in porous media is largely dictated by the characteristics
of the pore network. In agreement with this, Clarke [40] reported that the decrease in
thermal conductivity is critically influenced by the pore volume fraction, the aspect ratio,
and the spatial distribution of the pores. Other properties, such as mechanical strength and
water absorption, are more strongly influenced by these structural differences.

 
Figure 4. Thermal conductivity coefficient versus density of the samples.

These findings suggest that the wet-processed panel, due to its superior thermal
insulation capability, may be more suitable for non-structural applications, such as thermal
or acoustic insulation. In contrast, the dry-processed panel, despite its slightly higher
thermal conductivity, is more appropriate for applications requiring enhanced mechanical
performance and dimensional stability.

3.4. Sound Absorption Coefficient (α) of the Samples

The sound transfer through the panels was evaluated over both low-frequency
(50–1390 Hz) and high-frequency (100–6400 Hz) domains, revealing distinct effects of
processing method and panel configuration on acoustic performance.

In the low-frequency range (Figure 5), both panels exhibited high sound absorption
potential, with the dry-processed panel slightly outperforming the wet-processed one.
Specifically, the dry-processed panel achieved a maximum sound absorption coefficient
(αmax) of 0.94, compared to 0.89 for the wet-processed panel at 700 Hz frequency. Despite
the wet-processed panel’s higher porosity and fibrillated structure, the more compact
structure of the dry-processed panel appears to favor the dissipation of low-frequency
acoustic waves, potentially due to better impedance matching with the surrounding air.
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Figure 5. α-coefficient of the samples (measured for low-frequency range).

In the high-frequency range (Figure 6), the results indicated a clear advantage for
the wet-processed panels, especially when modified with perforations. Among the un-
perforated samples, the wet-processed panel recorded an αmax of 0.84, outperforming the
dry-processed counterpart, which reached 0.75. This enhancement is attributed to the
highly porous and interconnected fiber network of the wet-processed composite, which
promotes efficient absorption through viscous losses and internal friction mechanisms [41].

 
Figure 6. α-coefficient of the samples (measured for high-frequency range).

When perforations were introduced, sound absorption performance improved signifi-
cantly for both processing methods. The wet-processed panel with holes had an αmax of
0.98, the highest among all the samples, while the dry-processed panel with holes reached
0.90. The presence of perforations likely facilitates multiple acoustic wave reflections and
longer travel paths within the panel matrix, amplifying energy dissipation. The combina-
tion of wet processing and structural perforation proved particularly effective, suggesting
a strong synergistic effect between fiber morphology and design optimization. Composite
density is influenced by substrate choice, processing method, and post-treatment [42].
Foam layer performance improves with higher pore density and contact area achieved
through optimized geometry, finer fibrils, and controlled density [42]. Resonance tuning
is possible by adjusting thickness and perforation design, including cavity number, size,
depth, and distribution [43].

These findings demonstrate that both material processing and structural modifica-
tion have a substantial influence on acoustic behavior. While the dry-processed panel
offered slightly better low-frequency absorption, wet-processed panels, especially with
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perforations, exhibited superior broadband sound absorption, making them well-suited for
applications requiring effective acoustic damping across a wide frequency spectrum.

3.5. Mechanical Behavior of the Samples

The performance of the composite panels (Figure 7) was assessed through measure-
ments of flexural MOE, MOR, and IB strength. All three properties of the wet- and dry-
processed panels exhibited statistically significant differences (p < 0.05) between them
(different groups A and B), indicating that the processing method plays a pivotal role in
determining their mechanical performance.

Figure 7. Mechanical properties of the samples.

The wet-processed panel demonstrated a superior MOE of 42.48 MPa, significantly
higher than the 27.23 MPa observed for the dry-processed panel. This 36% increase in
stiffness is attributed to the finer, more fibrillated fibers generated during the wet process,
which likely created more extensive fiber–fiber contact areas and improved stress transfer
within the composite matrix.

Similarly, the MOR of the wet-processed panel reached 0.26 MPa, more than double
that of the dry-processed panel, with a value of 0.10 MPa, reflecting its greater resistance to
failure for 61% under bending stress. The increased MOR further supports the hypothesis
that the wet processing method leads to a better-integrated fiber network with improved
structural cohesion.

Internal bonding strength followed the same trend. The wet-processed panel achieved
a value of 0.06 N/mm2, compared to 0.02 MPa for the dry-processed sample. This substan-
tial difference (67%) may result from the improved fiber surface area and bonding potential
induced by mechanical fibrillation in the wet processing stage, which promotes stronger
inter-fiber adhesion during thermal cooking.

These improvements are primarily attributed to the finer, more fibrillated fibers pro-
duced during wet processing, which increase fiber–fiber contact areas, facilitating stress
transfer within the composite matrix, and enabling additional hydrogen bonds between
fibers and fines. Furthermore, the refining effect inherent to wet processing can regulate
and control foam microstructure, leading to more uniform stress distribution and enhanced
load-bearing capacity. Such synergistic effects of fiber morphology modification and mi-
crostructural optimization provide a clear mechanistic basis for the superior mechanical
performance of wet-processed panels [20].

Collectively, these results indicate that the wet processing method produces composite
panels with significantly enhanced mechanical properties, suggesting its potential for use
in applications where flexural strength and internal cohesion are critical. In contrast, the
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lower mechanical performance of the dry-processed panels may limit their suitability for
structural uses, but they could be acceptable in applications where the mechanical demands
are less stringent.

3.6. Microscopic Evaluation of the Samples

A microscopic investigation was conducted using stereo-microscopy at a magnifica-
tion of 120× to evaluate the morphological characteristics of fibers within the composite
structure, providing insight into how processing methods influenced fiber dispersion and
surface texture (Figure 8). The dry-processed composite (Figure 8a) revealed a network of
coarser fibers with minimal fibrillation and relatively smooth surfaces. The fiber diameters
ranged from approximately 15.38 µm to 42.28 µm, with most fibers appearing intact and
less mechanically degraded. This morphology is indicative of the hammer milling process
used in dry preparation, which preserves the structural integrity of the fibers but limits
surface area exposure and matrix interlocking. The observed compact fiber arrangement is
consistent with the lower porosity (86.3%) and higher density (204.94 kg/m3) measured for
the dry-processed panels.

 
(a) 

 
(b) 

Figure 8. Microscopic investigation of the samples at 120× magnification; (a) dry-processed compos-
ite; (b) wet-processed composite.
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In contrast, the wet-processed composite (Figure 8b) exhibited a markedly different
microstructure. The fibers were significantly more fibrillated and entangled, with finer
elements distributed throughout the matrix. Fiber diameters ranged from 16.24 µm to
43.72 µm, but many fibers appeared fragmented, with frayed ends and delaminated sur-
faces. These features are a direct result of the high-shear blending and water-induced
swelling that occur during wet processing. The enhanced fibrillation leads to an open and
more porous network, in line with the measured porosity of 90% and reduced density
(155.5 kg/m3) for the wet-processed panels. Moreover, this loose fiber architecture is be-
lieved to facilitate greater gas expansion during foaming and higher water absorption due
to increased capillary pathways.

These microstructural features are consistent with the superior mechanical perfor-
mance observed for the wet-processed panel. These substantial improvements are at-
tributed to enhanced fibrillation, increased fiber surface area, and stronger inter-fiber
bonding potential resulting from the wet processing method. Statistical analysis of the
mechanical properties confirmed that these differences were significant (p < 0.05), further
supporting the positive influence of fiber morphology and microstructural refinement on
the mechanical behavior of binder-less fiber composites.

4. Conclusions
This study comprehensively investigated the influence of wet and dry processing

techniques on the structural, physical, mechanical, thermal, and acoustic performance of
binder-less natural fiber composites. The results clearly indicate that the processing method
plays a pivotal role in defining the internal microstructure and, consequently, the overall
behavior of the panels across multiple performance domains.

The dry-processed panels with a higher density value of 204.94 kg/m3 and lower
porosity value of 86.3% demonstrated superior dimensional stability, particularly in terms of
their thickness swelling. Although the water absorption differences between the two meth-
ods were not statistically significant from each other, the dry-processed samples maintained
better structural integrity under moisture exposure. In the case of thermal conductiv-
ity, the wet-processed panel showed a significantly lower thermal conductivity value of
0.053 W/mK versus 0.057 W/mK for the dry samples, reflecting enhanced insulation
performance due to its more porous internal architecture.

Contrary to expectations based on their lower density, the wet-processed panels
exhibited superior mechanical properties, achieving statistically significant increases in
MOE, MOR, and IB strength compared to the dry-processed panel. Such enhancement could
be attributed to improved and homogeneous fibrillation and inter-fiber bonding facilitated
by the wet processing method. Microscopic examination supported these observations,
revealing a more compact, homogeneous, and well-bonded fiber network in the wet-
processed panel, while the dry-processed composite appeared to be more heterogeneous,
with poorly integrated fiber bundles and voids. These microstructural differences can also
be directly contributed to the observed variation in mechanical strength of the samples.

The acoustic performance of the panels further highlighted the nuanced impact of
processing methods. In the low-frequency range (50–1390 Hz), the dry-processed panel
achieved a slightly higher maximum sound absorption coefficient, with α_max reaching
0.94, compared to 0.89 for the wet-processed sample. However, in the high-frequency range
(100–6400 Hz), the wet-processed panel outperformed its dry counterpart, with α_max
recorded at 0.84 versus 0.75. The perforations with seven holes and 3 mm diameter in
both panel types further enhanced the overall high-frequency absorption, with the wet-
processed perforated panels attaining an α_max of 0.98, while the dry-processed perforated
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panels reached 0.90. These results emphasize the potential of structural modifications to
improve acoustic performance and tailor composites for targeted frequency ranges.

In conclusion, wet processing, despite yielding composites with lower dimensional
stability, resulted in materials with improved mechanical strength, thermal insulation, and
high-frequency sound absorption capabilities. Conversely, dry processing favored dimen-
sional stability and low-frequency acoustic performance. These findings offer valuable
insights for engineering multifunctional, eco-friendly composites and demonstrate how pro-
cessing routes can be chosen strategically to meet the diverse requirements of applications
in building materials, acoustic insulation, and sustainable construction systems.
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