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Abstract. The prohibition of asbestos in ceiling board production due to its serious health risks has prompted the search for
safer, more sustainable alternatives. Current solutions often rely on non-renewable synthetic fibers, which pose environmental
concerns. In Indonesia, eggshell waste from households and the food service industry amounts to approximately 483,920 tons
annually, while Calotropis gigantea grows widely along the country’s coastal areas. These two abundant resources represent
promising renewable materials for sustainable product development. This study aims to develop and evaluate an eco-friendly
biocomposite ceiling board using C. gigantea leaf fibers and eggshell-derived calcium carbonate as renewable reinforcements.
The research objectives include assessing the resulting board’s density, water absorption, impact resistance, and thermal
stability to determine its feasibility as a sustainable alternative to conventional ceiling materials. The biocomposites were
formulated by combining leaf fiber powder and eggshell-derived calcium carbonate (32.63-33.92% CaCO:s) in a resin matrix
at various ratios. The resulting panels were evaluated for density, water absorption, drop resistance, and gradual heating. All
samples exceeded the national density standard (SNI 03-2105) and demonstrated superior water and thermal resistance
compared to commercial gypsum and kalsiboard panels. No sample failed under impact or heating up to 200°C. The presence
of CaCO:s contributed to improved mechanical and thermal performance while supporting the substitution of cement-based
materials. These findings demonstrate the feasibility of using post-consumer and plant-based tropical waste to produce
environmentally friendly construction materials, offering a promising pathway for sustainable resource use, waste reduction,
and green building practices in tropical regions.
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I. INTRODUCTION In Indonesia, Government Regulation No. 5/2018 on
occupational health and safety and Law No. 32/2009
Ceiling boards serve essential architectural functions concerning environmental protection further emphasize
such as concealing utilities, improving interior aesthetics, the elimination of hazardous synthetic materials and
and providing thermal and moisture protection [1]. encourage the adoption of safer, natural-fiber-based

Traditionally, ceiling boards were manufactured using alternatives [3].
asbestos mixed with cement. However, inhalation of Composite materials—comprising a matrix and a
asbestos fibers is associated with serious health risks, reinforcing component—are widely explored as
including lung cancer and mesothelioma, which has environmentally friendly substitutes for conventional
resulted in national and international regulations building products. The reinforcement component, which
prohibiting its use in construction materials [2]. may be in the form of fibers or particles, contributes
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mechanical strength, while the matrix binds and protects
it against environmental factors such as moisture [4, 5].
Numerous studies have examined the use of natural fibers
as reinforcement in composites, including palm [6], wood
[7], pineapple [8], oil palm empty fruit bunches [9], corn
husks [10], umbrella grass (Cyperus alternifolius) [11],
wool [12], and Calotropis gigantea [13-15]. These
materials have drawn increasing attention due to their
renewability, availability, and compatibility with
sustainable construction goals.

Calotropis gigantea (Figure 1) is a robust plant
species native to Southeast Asia and commonly found
across Indonesia’s extensive coastal landscapes. It thrives
in dry, saline environments and produces cellulose-rich
leaf fibers suitable for short-fiber composite applications
[16-17]. These fibers have a natural toughness and
structural integrity that support their use as reinforcement
materials in biocomposites. Their compatibility with resin
matrices and ease of processing further strengthen their
potential as sustainable alternatives to synthetic fibers.

Figure 1. Calotropis gigantea [18].

Eggshells (Figure 2), another abundant agricultural
waste product in Indonesia with an estimated annual
production of 483,920 tons, contain approximately 95%
calcium carbonate (CaCQs). This mineral content makes
eggshells a promising filler material that can improve
density, reduce shrinkage, and enhance mechanical and
thermal stability in composite formulations. Utilizing
eggshell waste also aligns with circular-economy
principles and supports waste-reduction initiatives [19].

In recent years, increasing attention has been directed
toward the use of biological and plant-based fibers in
ceiling board production, reflecting a global shift toward
sustainable construction materials. Studies have
demonstrated the feasibility of using banana fiber [20-
23], coconut coir [24, 25], rice husk [26], and sugarcane
bagasse [27] as reinforcements in composite boards,
achieving satisfactory mechanical and thermal
performance comparable to or even superior to asbestos-
based boards. These developments underscore the

potential of plant-derived materials as safe, renewable,
and high-performing alternatives—providing the key
rationale for the present study’s exploration of C.
gigantea fibers and eggshell-based fillers in biocomposite
ceiling boards.

Figure 2. Chicken Eggshells [22].

Conventional ceiling boards—such as gypsum,
kalsiboard, and other fiber—cement products—still
present limitations related to water absorption, durability,
and environmental impact [28, 29]. Combined with the
mandated elimination of asbestos-based boards, these
issues highlight the urgency of developing safer,
renewable, and environmentally responsible materials. In
response, this study investigates a biocomposite ceiling
board reinforced with C. gigantea leaf powder and
eggshell-derived CaCOs within a resin matrix. The
resulting composites are evaluated through density, water
absorption, impact resistance, and thermal stability tests
to determine their feasibility for sustainable ceiling
applications.

II. MATERIALS AND METHODS

Research Site and Period

This research was conducted between January and
February 2021 at the Materials Laboratory, Department
of Civil Engineering, Udayana University, Bali,
Indonesia.

Experimental Design

The factorial structure applies specifically to the
formulation stage (Table 1), in which eggshell powder and
leaf powder serve as the independent variables. The
subsequent performance evaluations—including density,
water absorption, impact resistance, and thermal
stability—were conducted as individual procedural tests.
These tests were designed to characterize material
behavior and were not part of the factorial structure used
for formulating the composite mixtures.

Fiber Preparation
C. gigantea leaves and chicken eggshells were
separately sun-dried, then ground using a household
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blender and sieved to produce a fine powder suitable for
homogeneous mixing (Figure 3a and 3b).

TABLE 1.
EXPERIMENTAL DESIGN
Sample  Eggshell Leaf Resin  Catalyst
No. (%) (%) (%) (%)
P1 30 10 40 40
P2 20 20 40 40
P3 10 30 40 40

Biocomposite Production

The powdered leaf and eggshell materials were mixed
with resin and catalyst in accordance with the proportions
detailed in Table 1. The mixture was stirred until a
uniform dough-like consistency was achieved, then
poured into pre-designed molds (Figure 3¢ and 3d). The
composites were allowed to cure at room temperature
overnight. Each formulation was replicated three times to
ensure reproducibility.

Density Test
The density of each cured ceiling board was calculated
using the standard mass-to-volume formula:

density (p) (kg/m’m?) = %
Water Absorption Test

Water absorption was tested in accordance with
ASTM C1186-08. Each sample was submerged in water
for 24 hours, then removed, surface-dried with paper
towels, and weighed. The water absorption percentage

was calculated using:

. Final mass-initial mass .
WA (%)= initial mass x 100%

Drop Test

To assess impact resistance, each cured sample was
weighed and then dropped from approximately 2 meters.
After the fall, the samples were reweighed to determine
mass loss and assess structural integrity (Figure 3e).

Gradual Heating Test

Thermal resistance was assessed by placing samples
in an oven at 120°C, increasing the temperature by 20°C
every 10 minutes to 200°C [30]. Heating was stopped
when material deformation, melting, or structural failure
was observed. This procedure served as a simple
incremental heating assessment to determine material
tolerance and was not structured as a factorial experiment.

These four tests were selected to evaluate the key
performance criteria required for ceiling board
applications: density, water resistance, impact resilience,
and thermal stability

(b)

(©)

(e)

Figure 3. Composite Preparation and Testing Procedures.
(a) Eggshell powder preparation, (b) C. gigantea leaf
powder preparation, (c—d) Molding and casting of
composite boards, () Drop test simulation

III. RESULTS AND DISCUSSION

The factorial design is applied exclusively to the
formulation stage; therefore, the performance tests
(density, water absorption, impact resistance, and thermal
behavior) are presented descriptively rather than analyzed
through factorial interactions.

Density Test

The results of the density test for samples P1, P2, and
P3, along with comparisons to commercial kalsiboard and
gypsum board, are illustrated in Figure 4. The recorded
densities for the experimental samples were 1410 kg/m?
(P1), 1320 kg/m? (P2), and 1170 kg/m? (P3). In contrast,
the commercial kalsiboard and gypsum board exhibited
densities of 1180 kg/m?® and 630 kg/m?, respectively.

Among the tested composites, sample P3 showed a
density closely resembling that of commercial kalsiboard,
while all three samples significantly outperformed
gypsum board in terms of material compactness. The
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trend indicates that increasing the proportion of eggshell
powder correlates with increased density, a finding
consistent with previous research by Matschei et al. [28],
which identified calcium carbonate as an inert filler that
enhances material packing in composites.

All three biocomposite samples satisfied the
minimum density requirement of 1000 kg/m? stipulated
by SNI 03-2105 for particleboard and kalsiboard
standards [1]. Notably, these densities are significantly
higher than those reported for ceiling boards fabricated
from waste paper and urea-formaldehyde adhesive, which
ranged between 46.62 kg/m* and 76 kg/m?® depending on
the material ratio [31].

In terms of comparative performance, samples P1
through P3 exhibited greater mass than gypsum board but
were still lighter than traditional asbestos boards, as also
reported in previous studies [31]. This balance between
weight and strength underscores the potential of these
natural-fiber-reinforced composites for environmentally
friendly ceiling applications. In addition to the CaCOs
contribution from eggshells, the presence of C. gigantea
fibers also supports the overall density profile by
providing a natural fibrous framework that helps the
matrix retain structural cohesion during curing.
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Figure 4. Density of ceiling board samples
Water Absorption Test

The water absorption capacities of the composite
samples P1, P2, and P3 were measured at 1.82%, 14.36%,
and 9.23%, respectively. For comparison, commercial
kalsiboard absorbed 25.4% of its initial weight, while
gypsum board absorbed 75.5% of its initial weight
(Figure 5). Among the biocomposites, sample P2—which
contained an equal ratio of eggshell and C. gigantea
powders—exhibited the highest water uptake.

Despite variations in absorption, all biocomposite
samples complied with the maximum allowable water
absorption limit of 50%, as specified by SNI 03-2105 for
ceiling boards [1]. In contrast, gypsum board exceeded
this limit, highlighting its relative vulnerability to
moisture.
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Figure 5. Water Absorption Values of Ceiling Boards

The superior performance of the experimental
samples, particularly P1, with the lowest absorption rate,
is largely attributed to the epoxy-based resin matrix,
which provides strong hydrophobicity. These results
compare favorably with ceiling boards made from waste
paper and urea-formaldehyde adhesive, which
demonstrated significantly higher water absorption rates
of 115.68% and 84.93% depending on the formulation
[31].

In a separate study, Ataguba [32] reported that ceiling
boards made from waste paper and rice husks had water
absorption values ranging from 7.5% to 14.5% and
densities of 103-201 kg/m*. In contrast, the present
biocomposites offered a superior balance of higher
density and lower water absorption, both of which are
critical for material durability in humid tropical
environments.

The behavior of the composites is also influenced by
the intrinsic properties of C. gigantea fibers. Their
cellulose-based structure contains polar sites that interact
with moisture; however, when embedded in the resin—
CaCOs matrix, these fibers contribute to a more stable,
interconnected internal structure, helping to moderate
water uptake across the samples [33].

These findings suggest that the incorporation of
eggshell-derived calcium carbonate, in conjunction with
C. gigantea fibers and epoxy resin, can significantly
improve the water resistance of composite ceiling boards,
an essential property for environmental resilience and
longevity in building materials.

Drop Test

The drop test results, summarized in Table 2, show
that all tested samples—P1, P2, and P3—as well as
commercial kalsiboard and gypsum board, remained
intact and retained 100% of their initial mass after being
dropped from a height of approximately 2 meters. This
indicates that the biocomposite boards possess sufficient
structural integrity for use as ceiling materials in real-
world conditions.
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Although this test provides only preliminary data on
mechanical durability, it demonstrates promising impact
resistance comparable to that of existing commercial
products. These findings align with studies exploring
natural fiber-reinforced materials as partial substitutes for
conventional building components.

TABLE 2
DROP TEST
Sample Initial Final Integrity
Mass mass retained (%)
P1 18.6 18.6 100%
P2 25 25 100%
P3 28.6 28.6 100%
Kalsiboard 25 25 100%
Gypsum 28.6 28.6 100%

For instance, Bheel et al. [34] reported that while
natural fibers such as Costus englerianus bagasse fiber
and bagasse ash used in concrete mixtures tend to yield
slightly lower compressive and flexural strengths than
conventional cement concrete, the use of mineral-based
fillers, such as bagasse ash, may enhance -certain
mechanical properties. In line with this, calcium
carbonate (CaCOs) has been extensively studied as a
partial substitute for cement in concrete production,
contributing to more environmentally sustainable
formulations (Antoni, 2013). Furthermore, the addition of
natural fibers, such as wool, has been shown to improve
the structural performance of gypsum-based composites
[12], supporting the feasibility of using biocomposite
materials in building applications.

The impact resistance observed in the biocomposites
is partly attributable to the reinforcing role of C. gigantea
fibers, whose toughness and natural flexibility help
distribute the applied impact energy throughout the
matrix. This behavior is consistent with prior studies
reporting the capacity of natural fibers to enhance crack
resistance and reduce brittle failure in composite systems
[35].

The drop test results thus reinforce the viability of
using C. gigantea fiber and eggshell-derived CaCOs in
composite materials, not only for environmental
sustainability but also for meeting functional and safety
standards in tropical civil engineering applications.

Gradual Heating Test

The results of the gradual heating test, presented in
Table 3, reveal that none of the samples—P1, P2, P3,
kalsiboard, or gypsum board—experienced melting or
visible deformation when exposed to a controlled
temperature increase from 120°C to 200°C. All samples
remained solid and exhibited surface hardening within a
few minutes upon cooling to ambient temperature.

However, it was observed that sample P2, along with
several replicates of P3, released a small quantity of water
at elevated temperatures. This moisture is likely derived
from residual content within the plant fibers themselves.

The material's stability at elevated temperatures also
reflects the thermal characteristics of C. gigantea fibers,
which possess inherent resistance to moderate heating
due to their lignocellulosic composition. When combined
with eggshell-derived CaCOs, these fibers help maintain
structural integrity during gradual thermal exposure [36].

These observations suggest that further research is
necessary to better understand the influence of thermal
treatment on C. gigantea fibers. Controlled heating may
facilitate the removal of surface-bound compounds such
as waxes, hemicellulose, and other non-cellulosic
substances, resulting in cleaner fiber surfaces. This, in
turn, may enhance the fiber—matrix interfacial bond and
improve the overall mechanical performance of the

biocomposite materials.
TABLE 3.
GRADUAL HEATING TEST RESULTS
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Note: "0" indicates no melting or visible change.

Fathoni et al. [30] emphasized that thermal treatment
can enhance bonding between natural fibers and the
surrounding matrix by eliminating volatile compounds,
such as waxes and hemicellulose. This process improves
fiber surface roughness and enhances interfacial
adhesion, both of which are critical to the mechanical
integrity of fiber-reinforced composites.

When left untreated, fiber surfaces often retain
impurities or exhibit a smooth texture, both of which
hinder effective bonding to the matrix and reduce the
tensile strength of the final material. Heat treatment
promotes surface etching and the evaporation of oils and
moisture, which in turn increases the available bonding
surface area and supports mechanical interlocking
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between fiber and matrix—a phenomenon illustrated in
Figure 6 [37].
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Figure 6. Types of interfacial bonding in fiber
reinforcement composites [37].

In addition to fiber behavior, the thermal stability and
structural integrity of the biocomposites may also be
attributed to the presence of calcium carbonate (CaCOs)
from eggshells. According to Cao et al. [38], CaCOs
reduces pore size in composites, thereby enhancing
adhesion between filler and aggregate materials. Under
heating, calcium carbonate decomposes into calcium
oxide (CaO) and carbon dioxide (COz), as represented by
the reaction:

CaCO; — Ca0O + CO»

This reaction is particularly vigorous when CaCO:s is
in fine powder form, due to the higher surface area
available for heat transfer [39]. Reddy et al. [39] also
reported that the addition of CaCOs in concentrations
between 0.025 g/L and 0.3 g/L to blended cement
concrete significantly improved its compressive strength.

Conversely, Purnawan & Prabowo [40] found that
incorporating limestone reduced the compressive strength
of cement composites, illustrating that the mechanical
effects of CaCOs may vary depending on formulation.
Nevertheless, CaCOs is widely acknowledged to improve
the workability of cement pastes, enhance particle
packing, and increase the overall durability of concrete
[41].

Importantly, calcium carbonate (CaCOs) can be
derived from various natural and waste-based sources,
including cuttlebone powder, periwinkle shell ash, and
even captured CO: emissions [42, 43]. Demonstrating
that green concrete incorporating cuttlebone-derived
CaCOs achieved compressive strengths comparable to
those of traditional cement-based formulations.
Furthermore, CaCQOs, when combined with biochar, can
act as a carbon storage medium, contributing to climate
mitigation efforts [44]. As noted by Antoni [45],
replacing a portion of cement with natural materials, such
as CaCOs, is a promising approach to producing

environmentally friendly construction materials with
adequate mechanical performance.

Collectively, these findings support integrating
CaCOs-rich waste—such as eggshells—into tropical
biocomposites to reduce environmental impact in the
construction sector. In parallel, the contribution of C.
gigantea fibers is equally significant in this formulation.
Their natural cellulose-rich structure, intrinsic thermal
tolerance, and surface roughness enhance fiber—matrix
interactions, thereby supporting mechanical integrity
under impact and heating. The combination of mineral-
based CaCO:s and plant-based C. gigantea fibers therefore
provides a complementary reinforcement system: the
CaCOs improves packing density and thermal stability,
while the fibers contribute to structural resilience and
moisture performance. Together, these attributes align
with the objective of developing a sustainable, plant-
integrated composite suitable for tropical building
applications.

Taken together, the dual contribution of C. gigantea
fibers as a natural reinforcement and eggshell-derived
CaCO:s as a mineral stabilizer demonstrates a synergistic
pathway for developing robust, eco-friendly ceiling
materials suitable for tropical environments.

IV. CONCLUSION

This study demonstrated that biocomposite ceiling
boards formulated with varying proportions of Calotropis
gigantea leaf powder and eggshell-derived CaCOs met key
performance requirements for tropical construction
applications. All samples exceeded the minimum density
standard (>1000 kg/m*) and showed lower water
absorption compared to commercial gypsum and
kalsiboard. The boards also maintained full integrity in the
drop test and exhibited thermal stability up to 200°C
without deformation. These results confirm that the
combination of CaCOs and C. gigantea fibers can produce
ceiling boards with adequate mechanical strength,
moisture resistance, and thermal tolerance.
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