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Abstract: The growing environmental concerns related to synthetic adhesives and wood-based composites have
encouraged research into renewable and biodegradable alternatives. Ficus racemosa sawdust, a widely available
wood residue, and bone glue, a natural protein-based adhesive, represent promising bio-sourced materials. This
study aims to investigate the effect of particle size and bone glue content on the physical and mechanical
properties of eco-friendly particleboards made from Ficus racemosa sawdust. Particleboards were manufactured
using four adhesive contents (7.5%, 10%, 12.5%, and 15%) and five particle size ranges. The mixtures were hot-
pressed at 160 °C under 11 bar pressure. Physical tests (density, water absorption, and thickness swelling) and
mechanical tests (modulus of rupture, MOR, and modulus of elasticity, MOE) were conducted according to the
ANSI A208.1-2022 standard. The results show that increasing the adhesive content raised the density (640—844
kg/m?) while reducing water absorption and swelling. The best formulation achieved an MOE of 2450 MPa and
an MOR of 15.24 MPa, values close to the M-3i standard. This study demonstrates the potential of Ficus
racemosa sawdust reinforced with bone glue for producing bio-based particleboards suitable for interior
applications.
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1. Introduction

The construction and furniture manufacturing sectors are increasingly challenged to reduce their environmental
impact while maintaining high technical performance. The production and use of conventional materials such as
plywood, particleboard, and medium-density fiberboard (MDF) contribute significantly to greenhouse gas
emissions and deforestation [1], [2], [3]. In this context, the development of bio-based, renewable, and non-toxic
materials has emerged as a sustainable and necessary alternative for the wood and composite industries [4], [5],

(61, [7].
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Composite materials produced from agricultural residues and organic binders have gained growing attention in
recent years due to their biodegradability, local availability, and low production cost [8], [9], [10]. Various
agricultural and forestry by-products such as rice straw [11], coconut shells [12], maize stalks, and kenaf fibers
etc [13], [14], [15] have already been successfully used for the manufacture of eco-friendly particleboards and
fiberboards.

The use of bone glue as a natural binder represents a promising alternative to synthetic adhesives. This animal-
derived material exhibits strong adhesive properties, high biodegradability, and non-toxic behavior [16], [17].
Ficus racemosa, a tropical tree belonging to the Moraceae family, generates large amounts of sawdust as a by-
product of woodworking activities. These residues represent a renewable and underutilized resource with
potential for producing environmentally friendly composite panels. Their valorization can contribute to reducing
deforestation while promoting local and sustainable production chains.

The main objective of this study is to develop and characterize particleboards made from Ficus racemosa
sawdust using bone glue as a natural binder. The work aims to evaluate the influence of particle size distribution
and binder content on the physical and mechanical properties of the resulting panels. This research aligns with a
broader effort to valorize local resources and promote the development of sustainable, eco-friendly construction
materials.

2. Materials and Methods

Raw Materials

The Ficus racemosa wood sawdust used in this study was collected from local carpentry workshops in the
Badou region of Togo. Ficus racemosa, a species belonging to the Moraceae family, is an evergreen tree widely
distributed across tropical regions of South Asia and West Africa. It is commonly exploited for timber
production and traditional medicine.

After collection, the sawdust was air-dried for seven days and then sieved to obtain five particle size classes (g):
2<0.8mm,08<g<1.6mm,1.6<g<2.5mm,2.5<g<5mm, and unsieved (raw). This classification was
adopted to better evaluate the influence of particle size on the final properties of the panels, as previously
demonstrated in studies on other tropical wood species [18], [19], [20], [21].

The binder used in the panel fabrication was a natural animal-based adhesive known as bone glue pearls. This
adhesive is obtained from the processing of animal bone residues, primarily composed of collagen. Traditionally
used in woodworking and restoration crafts, bone glue offers several advantages, including non-toxicity,
biodegradability, and good compatibility with lignocellulosic fibers [17], [22]. It was selected for this study due
to its local availability, strong adhesive performance, and low environmental impact, aligning with the
objectives of developing bio-based and sustainable materials.

Particleboards Preparation

The particleboards were produced from a homogeneous mixture of Ficus racemosa sawdust and pearls bone
glue. Each panel was prepared using a total dry weight of 600 g, with varying binder rates of 7.5%, 10%, 12.5%,
and 15% by weight relative to the sawdust. This variation aimed to assess the influence of binder content on the
internal cohesion and mechanical performance of the panels, following methodologies reported in previous
studies on bio-based composites [7], [19], [23]. Water was added at 20% of the total mixture weight (i.e., 120 g
for 600 g).

The mixture was thoroughly hand-mixed to ensure a uniform distribution of the bone glue over all wood
particles. The resulting paste was then poured into a 30 x 30 cm metallic mold, whose inner surfaces were
previously coated with a releasing agent to facilitate demolding after pressing.

Hot pressing was carried out using a CARVER-type hydraulic press. The operating parameters were
established based on recommendations from previous studies: a pressing temperature of 160 °C, an applied
pressure of 11 bar, and a pressing duration ranging from 30 to 36 minutes. These conditions were selected to
ensure proper plasticization of the binder, efficient impregnation into the wood particles, and adequate structural
cohesion of the boards, while avoiding carbonization or thermal degradation of the fibers.

After pressing, the panels were left to cool under pressure before being carefully demolded. They were then
conditioned at room temperature (~25 °C) and protected from humidity for a period of seven days, allowing
complete binder hardening and dimensional stabilization.
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This fabrication process is simple, reproducible, and accessible for local artisans and small-scale production
units, making it particularly suitable for potential semi — industrial applications.

Physical Properties Determination

Density

The density of the materials was determined by calculating the ratio of the mass of each specimen to its volume,
following the method described in [24]. Measurements were conducted in accordance with the ANSI A208.1-
2022 standard on ten (10) specimens taken from each of the six types of boards produced. The density was

calculated using Equation (1):

p=1 (1)

where p is the density of the material (kg/m?), M is the mass of the specimen (kg), and V is its volume (m?). The
mass was measured using a high-precision digital balance, while the volume was obtained from dimensional
measurements of the samples after pressing.

Determination of Water Absorption and Thickness Swelling

The water absorption test evaluates the amount of water absorbed by a material after immersion for a defined
period, while the thickness swelling test measures the variation in specimen thickness after immersion.

In this study, both tests were performed according to the ANSI A208.1-2022 standard using twelve (12)
specimens measuring 50 mm x 50 mm. Before immersion, the initial mass and thickness of each specimen were
carefully measured. The samples were then immersed in water, and six specimens were withdrawn after 2 hours
and the remaining six after 24 hours. The mass and thickness were measured again. To remove surface water,
the specimens were left at room temperature for 15 to 20 minutes before the final weighing and thickness
measurements.

These measurements allowed the calculation of water absorption (WA) and thickness swelling (TS), which
are key indicators of the performance of materials under humid conditions. The thickness swelling (TS) was

calculated using Equation (2):

TS (%) =12
0
where to is the initial thickness of the specimen (mm), and t; is the thickness after immersion (mm), measured

after 2 or 24 hours.

Similarly, water absorption (WA) was determined using Equation (3):

WA (%) = WW;;N" x 100 3)

where Wo is the initial mass of the specimen (g), and W; is the mass after immersion (g), measured after 2 or 24
hours.

Mechanical Properties Determination

The mechanical properties of the samples were determined using a universal testing machine equipped with
specific accessories for three-point bending and tensile tests. All tests were carried out under controlled
environmental conditions, maintaining a relative humidity of 65% and a temperature of 20 £+ 3 °C to ensure
consistency and comparability of the results.

Three-Point Bending Test

The specimens used for the bending tests had dimensions of 150 mm % 100 mm. The tests were performed in
accordance with the standards EN 312-2:2004 and EN 310 [25], [26]. The calculation of the mechanical
properties, namely the Modulus of Elasticity (MOE) and the Modulus of Rupture (MOR), followed the
procedures described in NF B51-124:1993 and NBN EN 310:1999 [27], [28].

The Modulus of Elasticity (MOE) was determined using Equation (4):
F.13

MOE = m (4)

x 100 )

With F = (F, — F;) and y = (y, — y1), leading to the expression:
(Fp—F).3

MOE = —-2 (%)
4be®(y2-y1)
The modulus of rupture (MOR) was calculated using Equation 6:
MOR = (6)

2be?
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In these equations, 1 represents the distance between the supports (mm), e is the thickness of the specimen (mm),
and b is its width (mm). F denotes the maximum load at failure (N), while F: and F: correspond to 10% and
40% of the maximum load, respectively. The parameters y: and y- represent the deflections corresponding to Fi
and F2, respectively

3. Results and Discussion

This section presents the experimental results obtained from the physico-mechanical tests performed on
particleboards made from Ficus racemosa sawdust bonded with bone glue pearls. The parameters investigated
include, on one hand, the physical properties such as density, water absorption (WA), and thickness swelling
(TS) after 2 and 24 hours of water immersion, and on the other hand, the mechanical properties, including the
tensile strength (MOT), modulus of elasticity (MOE), modulus of rupture (MOR), and Young’s modulus (E).
The results related to physical properties provide insight into the dimensional stability and moisture resistance of
the panels, while the mechanical results offer an evaluation of their stiffness, strength, and suitability for
structural or semi-structural applications.

For the presentation and comparison of results, the panels were classified into five categories based on particle
size distribution: G1 (g < 0.8 mm), G2 (0.8 <g < 1.6 mm), G3 (1.6 <g<2.5 mm), G4 (2.5 <g <5 mm), and G5
corresponding to unsieved: raw particles.

Density

The density results of the Ficus racemosa particleboards as a function of binder content and particle size are
presented in Figure 1. Overall, the density increases with higher binder content across all particle sizes. Panels
made from finer particles (G1, g < 0.8 mm) exhibit the highest densities, reaching 844.05 kg/m* at 15% binder
content, indicating better compaction and internal cohesion. In contrast, panels from groups G2 to G5 show
lower and relatively similar density values.

All panels display densities ranging from 640 to 800 kg/m?, except those made with fine particles and higher
binder levels (12.5-15%), which exceed 800 kg/m?®. According to ANSI A208.1-2022, most panels fall within
the medium-density fiberboard (MDF) category, while the densest ones can be classified as high-density
fiberboards (HDF).

These findings align with previous studies by Kadja [29], who developed bone glue—bonded panels from cotton
and kenaf fibers, and by Drovou et al. [19], who used tannin-based binders from Parkia biglobosa pods and
Pithecellobium dulce bark to produce eco-friendly panels. Generally, higher binder contents promote stronger
fiber adhesion and fewer voids, resulting in increased density, consistent with trends reported in the literature
[12],[19].
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Figure 1: Variation of density according to granulometry and binder rate

Thickness Swelling and water absorption
Figure 2 shows the variation in thickness swelling of the particleboards after 2 and 24 hours of water immersion
as a function of bone glue content. In general, thickness swelling decreases progressively with increasing binder
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content. For instance, in G1, swelling drops from 65.78% at 7.5% binder to 38.42% at 15%, representing a
reduction of about 42% after 2 hours of immersion. Similar trends are observed across other formulations.

The G3 formulation behaves differently, showing higher swelling values (113.05% at 7.5% and 75.89% at 15%)
despite an overall decrease with increased binder content. This suggests higher water sensitivity, possibly due to
internal porosity or uneven binder distribution, though density results do not fully support this hypothesis [30],
[31].

As expected, after 24 hours of immersion, all panels exhibit higher swelling values than after 2 hours,
confirming continuous water absorption over time. Nevertheless, the decreasing trend with increasing binder
content persists, with a noticeable slowdown in swelling between 2 and 24 hours, suggesting stabilization of
water uptake.

According to the ANSI A208.1-2022 standard, acceptable thickness swelling limits are 20% for flooring panels,
8% for roofing panels (after 2 hours), and 50% for general-purpose panels (after 24 hours). The values obtained
in this study exceed these limits and also remain above the stricter EN 317 standard [32], highlighting the
panels’ high moisture sensitivity and the need for further improvement, such as binder modification or surface
treatment to enhance dimensional stability.
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Figure 2: Thickness swelling variation according to the granulometry and binder a) after 2 hours b) after 24
hours immersion

Figure 3 shows the variation in water absorption of the panels as a function of bone glue content after 2 and 24
hours of immersion. Overall, water absorption decreases progressively with increasing binder content, following
the same trend observed for thickness swelling. For example, in G1, absorption drops from 114.84% to 49%
after 2 hours and from 171.13% to 68.73% after 24 hours as the glue content increases from 7.5% to 15%.

After 2 hours, G2 and G3 exhibit the highest absorption values (185.7% and 154.23%, respectively), while G4
shows the lowest (71.36% at 7.5% binder). The same pattern persists after 24 hours, with all panels showing
increased absorption over time, indicating continuous water uptake. Panels with higher binder content (15%)
consistently display the lowest absorption values, confirming that increasing the glue ratio enhances water
resistance. However, G2 and G3 remain more sensitive, likely due to internal structural differences or less
uniform binder distribution.

The water absorption values obtained are comparable to those reported by Diop et al. [33] (120-160%) for
fiberboards made from thermomechanical pulp and lignocellulosic nanofibrils. However, they are much higher
than those reported by Rodriguez et al. [34] (18—-60%) and Boran and Torun [35] (20-25%) for MDF-based and
cellulose—antimony trioxide composite panels, respectively.
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Figure 3: Water absorption (WA) variation according granulometry and binder a) after 2 hours and b) 24 hours
immersion.

Three-point bending test properties

Moduli of elasticity (MOE)

Figure 4 shows the variation of the modulus of elasticity (MOE) of Ficus racemosa particleboards as a function
of bone glue content for the different formulations (G1-G5). Overall, MOE increases with higher binder
content, indicating improved stiffness. For instance, in G1, MOE rises from 1627.06 MPa at 7.5% binder to
2450.07 MPa at 15%, a significant enhancement. Similar trends are observed for all formulations.

G1 exhibits the highest MOE values (above 2000 MPa at 15%), consistent with its higher density, while G3
shows the lowest initial values (948.95 MPa) but improves to 1671.9 MPa at 15%, reflecting strong dependence
on binder content. This confirms that increasing glue content enhances internal bonding and mechanical rigidity.
However, none of the panels meet the ANSI A208.1 requirement for grade M-3i (MOE > 2500 MPa), indicating
a need for optimization in formulation or processing (e.g., higher density, improved binder distribution, or
surface treatment). These findings are consistent with previous studies on bio-based panels from agricultural
residues, where MOE values generally remain below industrial standards due to material heterogeneity and
lower internal cohesion [33].
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Figure 4: Variation of modulus of Elasticity (MOE) according to binder content and particule size.

Modulus of Rupture (MOR)
Figure 5 shows the variation of the modulus of rupture (MOR) with bone glue content for the different
formulations (G1-GS5). A general increase in MOR is observed as binder content rises, indicating improved
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bending strength. For example, in G1, MOR increases from 10.1 MPa at 7.5% binder to 15.24 MPa at 15%,
demonstrating significant strengthening. G1 panels exhibit the highest MOR values, meeting the ANSI A208.1
requirement for grade M-3i (MOR > 15 MPa). G4 and G5 show intermediate performance, close to the M-2
grade threshold (MOR > 13 MPa), while G3 remains the weakest (6.29-10.28 MPa), likely due to structural
heterogeneity.

These results confirm that higher binder content enhances internal bonding and flexural strength, while particle
size distribution also significantly affects mechanical behavior. Similar trends have been reported in studies on
bio-based particleboards from agricultural residues, where performance strongly depends on fiber type and
binder composition [36], [37].
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Figure 5: Variation of modulus rupture (MOR) according to binder content and particle size.

4. Conclusion

This study aimed to develop and characterize particleboards made from Ficus racemosa sawdust using bone
glue as a natural binder. The results demonstrated that both particle size and binder content significantly
influence the physical and mechanical properties of the panels.

The density ranged from 640 to 844 kg/m?, classifying most panels as medium-density fiberboards (MDF)
according to ANSI A208.1-2022. Finer particles and higher binder content (12.5-15%) produced denser, more
cohesive panels. However, water absorption and thickness swelling tests revealed high sensitivity to moisture,
exceeding ANSI and EN 317 standards, indicating a need to improve dimensional stability—possibly through
binder modification or surface treatments.

Mechanically, increasing binder content enhanced stiffness and strength. The best-performing formulation (G1,
15% binder) achieved a modulus of elasticity (MOE) of 2450 MPa and a modulus of rupture (MOR) of 15.24
MPa, approaching the ANSI M-3i grade requirements (MOE > 2500 MPa, MOR > 15 MPa). Coarser particles,
however, yielded weaker panels.

Overall, the study confirms the technical feasibility of producing eco-friendly Ficus racemosa particleboards
using bone glue. While mechanically promising, further optimization is needed to improve water resistance and
durability for broader industrial application.
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