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A B S T R A C T

This study develops and characterizes high-density polyethylene (HDPE) composites
reinforced with 0–20 wt% baobab shell powder (BSP) as a sustainable bio-filler.
Composites were fabricated via compression molding and assessed for mechanical,
physical, and chemical properties. XRF analysis revealed high metal oxide content
in BSP—K2O (29.32%), MgO (16.27%), CaO (12.42%), Al2O3 (12.12%), and SiO2
(11.73%)—indicating multifunctional potential. FTIR confirmed lignocellulosic
functional groups (O–H, C–H, C=O, C–O). Tensile strength peaked at 10.996 N/mm2

(20 wt%, +6.14% vs. neat HDPE); yield strength peaked at 26.35 N/mm2 (15 wt%),
suggesting improved matrix interaction. Flexural strength dropped to 2.24 N/mm2 at 10
wt% but stabilized thereafter; elongation at break fell from 37.74% to 7.87%, indicating
increased rigidity. Impact energy dropped from 4.0 J to 1.63 J, while hardness and
density rose from 11.36 to 28.66 N/m2 and 0.87 to 0.93 g/cm3, respectively. Water
absorption remained low until day 6, then rose sharply to ∼20% (20 wt%) by day 8
due to interfacial degradation. Composites with ≤10 wt% BSP showed better moisture
resistance. The results demonstrated that BSP enhances stiffness, hardness, and tensile
strength but reduces ductility and impact resistance, making it suitable for non-structural
applications in automotive, packaging, and sustainable construction.
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1. INTRODUCTION
In recent years, the pursuit of materials with enhanced and mul-
tifunctional properties has intensified, driven by the limitations
of traditional ceramics, metals, and polymers [1]. As a result,
researchers have increasingly turned their attention to composite
materials. These engineered systems are formed by integrating
two or more distinct components at the macroscopic level, each
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maintaining its inherent characteristics while contributing to the
overall performance of the composite [2].

The demand for high-performance, cost-effective, and sustain-
able composite materials has significantly increased in recent
years, driven by advancements in material science and the need
for eco-friendly alternatives [3]. The renewable availability, high
mechanical strength, low density, biodegradability, and diverse
sources of cellulose make it a competitive material for polymer
reinforcement [4]. High-Density Polyethylene (HDPE) is one of
the most widely used thermoplastic polymers due to its superior
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mechanical strength, chemical resistance, and excellent process-
ability [5]. However, like most polymers, HDPE exhibits limita-
tions such as low stiffness, reduced thermal stability, and suscep-
tibility to environmental degradation. To overcome these chal-
lenges, the incorporation of reinforcing fillers has been explored
as an effective strategy to enhance the mechanical, thermal, and
barrier properties of HDPE-based composites.

Conventionally, synthetic fillers such as glass fibers and
carbon-basedmaterials have been employed to reinforce polymer
composites [6, 7]. However, these materials pose environmental
concerns related to non-biodegradability, high energy consump-
tion during production, and disposal challenges [8]. As a result,
there has been a growing interest in utilizing natural fibers and
bio-based fillers as sustainable alternatives. Among these, agri-
cultural waste-derived fillers have gained considerable attention
due to their availability, cost-effectiveness, and renewable nature.

Baobab shell powder (BSP), derived from the hard outer shell
of the Adansonia digitata fruit, is an emerging bio-filler with
promising attributes for composite reinforcement. It is abundant
in the northern regions of Nigeria. Its fibers are derived from
either the tree’s pod or bark, carefully stripped from the lower
trunk and husks. Additionally, the root bark serves as a valu-
able source of strong, durable fibers [9]. Rich in lignin, cellu-
lose, and hemicellulose, baobab shell possesses high structural
integrity, lightweight characteristics, and biodegradability, mak-
ing it a suitable candidate for polymer reinforcement [10]. By
incorporating BSP into HDPE, the resulting composite exhibit
improved mechanical performance, physical stability, and envi-
ronmental sustainability. Additionally, utilizing baobab shell,
which is often discarded as agricultural waste, aligns with the
principles of circular economy and waste valorization, reducing
environmental impact and promoting resource efficiency.

This study aims to fabricate a HDPE composite reinforced
with BSP, with a focus on its mechanical and physical proper-
ties. Various filler loadings were evaluated to identify the opti-
mal composition that achieves a balance between strength, dura-
bility, and processability. The research contributes to the ex-
panding field of natural fiber-reinforced polymer composites,
offering a sustainable alternative for applications in packag-
ing, construction, automotive components, and other engineer-
ing applications. The findings support the development of high-
performance, eco-friendly materials that align environmental re-
sponsibility with industrial demands.

Although natural fillers such as rice husk [11, 12] and coconut
shell [13, 14] have been extensively studied in polymer compos-
ites, the use of BSP in HDPE remains largely unexplored. As
a lignocellulosic byproduct rich in reinforcing oxides like SiO2,
CaO, and MgO, baobab shell offers promising potential as a bio-
filler in thermoplastics. We report for the first time, the inves-
tigation of HDPE composites reinforced with BSP, providing a
detailed assessment of their mechanical and physical behavior
across a filler loading range of 0–20 wt%. This work establishes
crucial structure–property relationships and identifies the opti-
mal filler content for achieving balanced performance in sustain-
able composite development.

2. MATERIALS AND METHODS

2.1. MATERIALS
The materials that were employed are ripe and matured baobab
pods, HDPE, NaOH, pellets, digital weighing balance (Model
No. D72336), ABG borosilicate glass beakers, filter paper and
stirrers. Others are grinding machine, roll mill machine (Model
No 5183), hydraulic press (Carver Incorporation New Jersey,
U.S.A Model No 12000), tensile machine (Instron, model 3369,
(CERD) No. 3369K1781), flexural testing machine (Serial No.
Cat. Nr 261), impact testing machine (Capacity 15J and 25J, se-
rial No. 412-07-15269C), and hardness testing machine (Vickers
hardness tester, model: MV1-PC).

2.2. METHOD
2.2.1. Preparation, treatment and production of baobab shell

powder and composite
Five (5) composite formulations containing BSP at varying filler
loadings—0 wt%, 5 wt%, 10 wt%, 15 wt%, and 20 wt%—
were fabricated using a standardized molding process. For each
composition, three (3) test specimens were prepared following
the relevant dimensional standards for physical and mechanical
property evaluations. The average values were plotted, and the
standard deviations were calculated and represented as error bars.
All samples were systematically coded to facilitate accurate iden-
tification and traceability during testing.
The filler material was obtained from baobab shells collected

from mature and fully ripened baobab pods. These pods were
sourced from baobab trees located in Katsina, Katsina State,
Nigeria (Figure 1). The pods were mechanically sliced open, and
the shells were manually separated from the fruit pulp. The sep-
arated shells were thoroughly washed first with tap water, then
with distilled water, and subsequently air-dried at ambient con-
ditions. To improve the surface and bonding properties of the
shell material, an alkaline pretreatment was applied, following
the general approach summarized by Li et al. [15]. The air-dried
baobab shells were subjected to an alkali pretreatment by im-
mersing them in a 6 wt% sodium hydroxide (NaOH) solution at
ambient temperature (approximately 25 ◦C) for 1 hour under gen-
tle stirring to ensure uniform exposure. This alkaline treatment is
known to disrupt the ester bonds between lignin, hemicellulose,
and cellulose, effectively removing amorphous components such
as lignin, hemicellulose, pectin, and surface waxes. The process
enhances the porosity and surface reactivity of the biomass, im-
proving its physicochemical properties for subsequent applica-
tions. After treatment, the shells were thoroughly rinsed mul-
tiple times with distilled water until a neutral pH (pH ∼7) was
attained, indicating the complete removal of residual alkali. Fi-
nally, the pretreated shells were air-dried at room temperature for
24 hours to eliminate moisture and residual chemicals, yielding
a cleaner and more reactive surface structure.
Following the drying step, the shells were ground using a lo-

cally fabricated milling machine to reduce their size. The result-
ing powder was sieved through a 1 mm mesh to achieve a uni-
form particle size distribution suitable for composite fabrication.
A schematic representation of the baobab shell processing steps
is provided in Figure 2.
The HDPE and sieved BSP were used to fabricate the compos-

ites. The compounding process was carried out using a two-roll
mill (preheated to 135 ◦C for 30 minutes), corresponding to the
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Figure 1. Map of Nigeria indicating Katsina State, the source location of the
baobab pods (adapted fromBadr [16]); (b) Image of harvested baobab pods.

Figure 2. Schematic diagram of the processing steps for baobab shell prepa-
ration, including collection, mechanical opening, washing, alkaline treat-
ment, and size reduction.

melting temperature of HDPE. Initially, 95 wt% of HDPE was
introduced and allowed to melt uniformly for approximately 5
minutes. Subsequently, 5 wt% of BSP was gradually incorpo-
rated into the molten polymer, ensuring homogeneous dispersion
throughout the matrix. The compounded material was then re-
trieved from the mill in the form of a continuous sheet. Compres-
sion molding was employed to form the final composite speci-
mens. The BSP/HDPE sheet was placed into a rectangular mold
with internal dimensions of 100 mm × 120 mm × 3 mm, lined
with aluminum foil to prevent adhesion. The molding assem-

Figure 3. (a) Reduced size baobab shells; (b) Prepared composition of
BSP/HDPE for (i) 0:100wt%, (ii) 5:95wt%, (iii) 10:90wt%, (iv)15:85wt%,
and (v) 20:80wt%; (c) Produced rectangular composite sheet of BSP/HDPE
matrixes for (i) 5:95wt%, (ii) 10:90wt%, (iii)15:85wt%, (iv) 20:80wt% and
(v) 0:100wt%.

bly was transferred into a preheated compression molding press
maintained at 135 ◦C. A uniaxial load of 10 kN was applied for
6 minutes to facilitate proper consolidation. Upon completion,
the mold was removed and cooled to ambient conditions before
demolding the solidified composite.

This protocol was replicated for additional formulations with
BSP loadings of 10, 15, and 20wt%, corresponding toHDPEma-
trix contents of 90, 85, and 80 wt%, respectively. A neat HDPE
sample (100 wt%) served as the control. Images of the resulting
composite sheets are presented in Figure 3.

2.2.2. Mechanical tests
The mechanical properties of the developed samples, including
tensile strength, flexural strength, impact energy, hardness, and
percentage elongation, were evaluated. Tensile testing was per-
formed according to ASTMD638 using an Instron universal test-
ing machine. Standard test specimens were gripped at both ends
and subjected to a continuously increasing uniaxial load until
fracture. The tensile strength was determined by dividing the
maximum load by the cross-sectional area, while the modulus of
elasticity was calculated as the stress-to-strain ratio. Percentage
elongation at break was measured as the percentage change in
specimen length at fracture.

Flexural strength, representing a material’s resistance to bend-
ing, was assessed via a three-point bending test following ASTM
D790. Rectangular specimens (100 mm × 20 mm × 10 mm)
were tested with a span length of 100 mm and a strain rate of 5
mm/min. Flexural strength was computed using eq. (1) [17]:

MOR =
3PS
2bt2
, (1)

where S is the length of support span (measured in mm), P is the
load applied (kN), b is the width of the specimen (measured in
mm), and t is the thickness of specimen (measured in mm).
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The impact test was conducted according to ASTM D256 us-
ing a Charpy V-notch impact testing machine. The dimensions,
gauge length, and V-notch were selected based on the standard.
Each specimen was positioned in a specialized holder with the
notch oriented vertically and facing the impact point. The spec-
imen was then struck by a tip attached to a swinging pendulum.
Upon impact, the specimen fractured at its notched cross-section,
and the upward swing of the pendulumwas used to determine the
energy absorbed during the process.
The hardness test was performed according to ASTM D2240

using a Shore durometer testing machine. The sample dimen-
sions and gauge length were selected in accordance with the stan-
dard. Each sample was cut into 25 × 25 × 10 mm square strips
for testing. The test involved gradually pressing a presser foot
with a diamond-tipped indenter into the specimen. The hardness
value was determined based on the depth of penetration of the
indenter into the sample.

2.2.3. Physical tests
Density determination
The densities of the samples were determined by measuring their
weight using a digital weighing balance and calculating their vol-
ume. Density was then computed using the following eq. (2):

ρ =
m
V
, (2)

wherem is themass, V is the volume, and ρ is the density (g/cm3).

Water absorption test
This test measures a material’s moisture absorption in a humid
environment. Samples were first dried in an oven at 60◦C for 4
hours, then placed in a desiccator for another 4 hours to stabilize
their weight. After weighing, they were submerged in a 250 ml
beaker of water for 24 hours. Following immersion, the samples
were removed, dried, and reweighed according to ASTM D570-
98. The percentage of water absorbed was then calculated using
eq. (3) [18]:

% of water absorbed =
wf − wi
wi

× 100, (3)

where wf is the weight of the sample after immersion in water
and wi is the weight of the sample before immersion in water.

3. CHARACTERIZATION
The elemental composition of BSP was analyzed using an En-
ergy Dispersive X-ray Fluorescence (EDXRF (EDX3500 bench-
top)) spectrometer. The powder was pressed into a pellet and ex-
amined under vacuum conditions, with XRF data recorded over
0–40 keV. Functional groups were identified using a benchtop
Fourier Transform Infrared (FTIR, 630) spectrometer with a dia-
mondATR accessory. The powder was placed on the ATR crystal
and analyzed over a wavenumber range of 4000–400 cm−1.

4. RESULTS AND DISCUSSION
4.1. XRF ANALYSIS
Figure 4 presents the XRF composition of the BSP revealing
a composition rich in various metal oxides, indicating its po-
tential for multiple applications, including refractory materi-
als, polymer reinforcement, catalysis, and adsorption processes

[19]. The dominant oxides present are potassium oxide (K2O,
29.32%), magnesium oxide (MgO, 16.27%), calcium oxide
(CaO, 11.50%), aluminium oxide (Al2O3, 12.12%), and silicon
dioxide (SiO2, 11.73%), all of which contribute to the mate-
rial’s thermal stability, mechanical strength, and chemical re-
activity [20]. The high SiO2 and Al2O3 content suggests that
baobab shell-derived materials could be used in ceramic com-
posites, refractory linings, and heat-resistant coatings, enhanc-
ing their durability under high-temperature conditions [21, 22].
Additionally, these oxides, along with CaO and MgO, can rein-
force polymer matrices [23], improving mechanical properties,
fire resistance, and stability in composite materials.
Beyond structural applications, the presence of transition

metal oxides, including iron oxide (Fe2O3, 4.68%), manganese
oxide (MnO, 0.25%), copper oxide (CuO, 1.29%), cobalt ox-
ide (CoO, 0.15%), and chromium oxide (Cr2O3, 0.27%), sug-
gests potential catalytic activity in redox reactions [24], pollutant
degradation, and hydrogen production [25]. These oxides, par-
ticularly Fe2O3 and CuO, are known for their adsorptive and cat-
alytic properties [26], making the material suitable for wastewa-
ter treatment, gas adsorption, and chemical processing. The pres-
ence of phosphorus pentoxide (P2O5, 1.48%) and sulfur trioxide
(SO3, 3.08%) further supports its adsorption potential [27].
For electrical and energy storage applications, oxides such

as tantalum pentoxide (Ta2O5, 0.03%), tungsten oxide (WO3,
0.05%), niobium oxide (Nb2O5, 0.12%), and cobalt oxide (CoO,
0.15%) indicate that the material could have applications in elec-
tronic devices, capacitors, and energy storage systems [28, 29].
The high potassium content (K2O, 29.32%) may also influence
ionic conductivity, making it relevant for electrochemical appli-
cations. The trace amounts of zirconium oxide (ZrO2, 0.13%)
and tin oxide (SnO2, 0.17%) contribute to high-temperature re-
sistance and wear resistance, which are essential for ceramics,
coatings, and advanced composites [30].
The rich oxide profile of BSP positions it as an effective mul-

tifunctional filler for advanced composites. Key oxides like
SiO2, Al2O3, CaO, and MgO enhance thermal stability, me-
chanical strength, and interfacial bonding in polymer matrices
[31]. Meanwhile, trace transition metal oxides (Fe2O3, CuO,
CoO, Ta2O5) provide catalytic and electrochemical properties,
enabling hybrid composites with combined structural and func-
tional capabilities [32]. This makes BSP a sustainable, cost-
effective bio-based additive for high-performance materials in
energy storage, catalysis, and structural applications.

4.2. FUNCTIONALIZATION ANALYSIS
Figure 5 displays the FTIR spectrum of BSP, elucidating the com-
plex chemical functionalities inherent in its lignocellulosic struc-
ture. The broad, intense band centered around 3280 cm−1 corre-
sponds to O–H stretching vibrations, which are typically associ-
ated with hydrogen-bonded hydroxyl groups prevalent in cellu-
lose, hemicellulose, and lignin [33]. This broadness is indicative
of extensive intra- and intermolecular hydrogen bonding, a hall-
mark of highly polar biopolymers [34].
The absorption band at ∼2918 cm−1 is attributed to asymmet-

ric and symmetric C–H stretching vibrations of –CH2 and –CH3
groups, confirming the presence of aliphatic hydrocarbons, par-
ticularly in the side chains of cellulose and hemicellulose [35].
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Figure 4. Elemental oxide profile of BSP determined by XRF analysis, show-
ing composition in weight percent (wt%).

The small but distinct peak near 2147 cm−1 may correspond
to C≡C (alkyne) or C≡N (nitrile) stretching modes, suggest-
ing minor contributions from unsaturated or nitrogen-containing
groups, possibly originating from protein residues or environ-
mental exposure [36].

Peaks at 1591 cm−1 and 1461 cm−1 are associated with aro-
matic C=C stretching, indicative of the phenylpropanoid unit’s
characteristic of lignin. These vibrations confirm the aromatic
backbone structure typical of lignin’s guaiacyl and syringyl units.
The band at ∼1481 cm−1 could also represent symmetric bend-
ing vibrations of –CH3 groups attached to the aromatic rings [37].
The 1375 cm−1 band is ascribed to C–H deformation (bending)
in cellulose and hemicellulose, while the 1259 cm−1 absorption
peak signifies C–O stretching in aryl ethers and esters, again
pointing to lignin and hemicellulosic ester linkages.

A prominent absorption band at ∼1028 cm−1 corresponds to
C–O–C stretching vibrations in pyranose rings, a strong indica-
tor of the glycosidic bonds in cellulose and hemicellulose. Mean-
while, the peak at 894 cm−1 represents β-glycosidic linkages (β-
1,4), a defining structural motif of cellulose, further validating
the polysaccharide-rich nature of the biomass [38].

Collectively, these spectral signatures confirm that the BSP
comprises a robust lignocellulosic matrix, with distinct contri-
butions from cellulose, hemicellulose, and lignin. This chemi-
cal fingerprint not only confirms its suitability for valorization
in bio-based composites, adsorbents, or functionalized materi-
als but also aligns with literature reports on other plant-derived
biomass [33].

4.3. MECHANICAL PROPERTIES
4.3.1. Tensile strength and percentage of elongation
Figure 6a presents the variation in tensile strength of HDPE com-
posites as a function of BSP loading. The neat HDPE matrix (0
wt% BSP) exhibits a tensile strength of 10.36 N/mm2, which is
consistent with values reported in prior literature for commer-
cially processed HDPE [39]. This baseline reflects HDPE’s in-

Figure 5. Functionalization spectrum of BSP.

herent strength, attributed to its semicrystalline structure and ef-
fective polymer chain entanglement, which resist tensile defor-
mation.

The introduction of 5 wt% BSP results in a moderate de-
crease in tensile strength to 10.052 N/mm2, corresponding to
a 2.97% reduction relative to neat HDPE. A further decline to
9.758 N/mm2 is observed at 10 wt% BSP loading, indicating an
overall 5.81% decrease from the neat polymer.

These initial reductions in tensile performance can be primar-
ily ascribed to the inadequate interfacial adhesion between the
hydrophilic BSP particles—rich in cellulose, hemicellulose, and
lignin—and the hydrophobic HDPE matrix [40]. This incom-
patibility weakens filler-matrix bonding, hindering load trans-
fer and promoting particle agglomeration, which creates stress
points that trigger microcracks under tension [41]. Similar ob-
servations were noted by Uzochukwu & Eze [40] in their study
of physico-mechanical properties of treated baobab fiber (Adan-
sonia Digitata) nano-filler/epoxy composite and Shakuntala &
Raghavendra [42] beyond a certain threshold.

At 15 wt% BSP, tensile strength recovers to 10.082 N/mm2—
just 2.68% below neat HDPE— suggesting improved filler dis-
persion and interfacial bonding. This results in a more uniform
microstructure and better stress distribution. The recovery likely
indicates a percolation threshold, where filler networking en-
hances the composite’s mechanical integrity.

The highest tensile strength is achieved at 20 wt% BSP, reach-
ing 10.996 N/mm2—a 6.14% increase over neat HDPE. This im-
provement is likely attributed to synergistic effects: (i) effective
dispersion andmechanical interlocking of filler particles enhance
stress transfer from the HDPE matrix to the rigid filler phase; (ii)
the intrinsic stiffness of lignocellulosic particles reinforces the
matrix by restricting polymer chain mobility; and (iii) the mi-
crostructural features of the filler likely act as nucleating sites,
promoting localized crystallinity and contributing to the overall
stiffness and strength of the composite [43, 44].

This reflects a typical non-monotonic behaviour in particulate-
reinforced thermoplastic composites [45, 46]. At low filler load-
ings, poor compatibility and filler agglomeration dominate, re-
ducing mechanical performance. However, as the filler content
approaches an optimum threshold, improved particle distribu-
tion and interfacial bonding begin to outweigh these detrimen-
tal effects, leading to mechanical enhancement. The peak per-
formance at 20 wt% BSP suggests that this is the optimal filler
loading under the current processing conditions to achieve max-
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imum reinforcement without compromising the integrity of the
polymer network.
Figure 6b shows the variation in percentage elongation of

HDPE composites with increasing BSP content. Elongation at
break is a key indicator of ductility, reflecting the material’s abil-
ity to deform plastically before failure—crucial for applications
requiring flexibility and impact resistance [47].
Neat HDPE (0 wt% BSP) exhibits a high elongation at break

of 37.74%, reflecting its inherently ductile thermoplastic nature
due to the slippage and realignment of semi-crystalline molecu-
lar chains under tensile stress. With the addition of 5 wt% BSP,
elongation drops sharply to 15.99%— a 57.6% reduction. This
decline in ductility is likely attributed to the rigid lignocellulosic
filler, which hinders polymer chain mobility. Moreover, poor in-
terfacial bonding and potential filler agglomeration at low load-
ings may introduce stress concentrations, leading to early crack
initiation and reduced deformation capacity.
At 10 wt% BSP, elongation further decreases to 8.24%, re-

flecting increased composite rigidity. The added filler restricts
HDPE chain mobility, resulting in a stiffer matrix with reduced
strain tolerance—consistent with trends observed in other natu-
ral fiber-reinforced polymers [41, 43]. Interestingly, at 15 wt%,
elongation rises slightly to 10.54%. This anomaly may be due
to improved filler dispersion and stronger filler–matrix interac-
tions at this concentration, which minimize stress concentrations
and promote better energy absorption during deformation. The
enhanced interfacial bonding at 15 wt% likely contributes to the
observed increase in ductility and toughness.
At 20 wt% BSP, elongation declines to 7.87%, reinforcing the

trend that higher filler content reduces ductility [48]. Despite this
reduction, the tensile strength reaches a peak of 10.996 N/mm2

(Figure 6a), indicating an inverse relationship between tensile
strength and elongation. The increase in tensile strength is at-
tributed to enhanced filler–matrix adhesion and effective stress
transfer. However, these same factors restrict polymer chain mo-
bility and increase the composite’s rigidity, thereby limiting its
ability to undergo plastic deformation.
This mechanical behaviour reflects the classic stiffness-

ductility trade-off in polymer composites: rigid fillers enhance
strength and stiffness but constrain ductility when well dispersed
and well bonded. The results at 20 wt% BSP illustrate this bal-
ance, emphasizing the need to tailor filler content based on ap-
plication requirements. While 15–20 wt% BSP enhances tensile
performance, it compromises elongation, highlighting the neces-
sity of optimizing filler levels to achieve a suitable balance be-
tween strength, stiffness, and flexibility for specific end-use ap-
plications.

4.3.2. Yield and flexural strengths
Figure 7a illustrates the yield strength variation of HDPE com-
posites as a function of BSP content, ranging from 0 to 20 wt%.
The neat HDPE matrix (0:100) demonstrates the highest yield
strength at 94.35 N/mm2, providing the baseline mechanical per-
formance of the unreinforced polymer. Upon the addition of 5
wt% BSP, the yield strength experiences a sharp decline to 39.99
N/mm2, corresponding to a 57.6% drop from the neat HDPE.
This significant decline is likely attributed to two primary fac-
tors: the reduction in polymer chain mobility due to filler incor-

poration and the inadequate interfacial bonding between the hy-
drophobic HDPE matrix and the hydrophilic BSP particles [49].
These mechanisms hinder effective stress transfer under load, re-
sulting in premature yielding.
Increasing BSP content to 10 wt% causes yield strength to

drop sharply to 20.60 N/mm2—a 78.2% reduction from neat
HDPE—likely due to filler agglomeration, voids, and stress con-
centrations that disrupt matrix continuity and load transfer. At
15 wt%, yield strength recovers to 26.35 N/mm2 (27.9% increase
from 10 wt%), likely from improved filler dispersion and interfa-
cial bonding near a percolation threshold enhancing matrix–filler
synergy. However, at 20 wt%, yield strength decreases again to
19.68 N/mm2 (25.3% decline from 15 wt%), indicating exces-
sive filler leads to agglomeration and defects that compromise
mechanical integrity.
The yield strength results show a non-linear, generally de-

creasing trend with increasing BSP content, highlighting that
low filler loadings can reinforce polymers, but excessive unmod-
ified filler weakens composite integrity. Similar observation was
noted by Kaurase & Singh [50] in their study on poly (vinyl alco-
hol) (PVA) composites reinforced with cellulosic fibres derived
from Delonix regia fruits. This underscores the complex rela-
tionship between filler content and mechanical performance in
natural fibre-reinforced composites. The findings emphasize the
importance of surface treatments or compatibilizers to improve
interfacial adhesion and stress transfer at the filler–matrix inter-
face, which is essential for achieving high-performance compos-
ite materials.
Figure 7b shows that the neat HDPE has the highest flexural

strength of 2.86 N/mm2, which slightly decreases to 2.71 N/mm2

at 5 wt%BSP. Thisminor reduction likely indicates that lowfiller
content does not significantly impair the matrix’s bending resis-
tance or induce brittleness. At 10 wt% BSP, flexural strength
drops to 2.24 N/mm2, likely due to interfacial debonding and mi-
crostructural heterogeneity that restrict polymer chain mobility
and create crack-prone areas. However, flexural strength slightly
recovers at 15 wt% (2.34 N/mm2) and 20 wt% (2.37 N/mm2),
suggesting improved filler interlocking and stress redistribution.
Unlike the sharp decline in yield strength, flexural strength

shows a moderate decrease followed by stabilization, indicating
greater tolerance to structural heterogeneity under bending loads.
This aligns with hardness trends (Figure 8b), where increased
filler content steadily stiffens the matrix, enhancing flexural per-
formance under static stress.
The yield and flexural strength profiles reveal how BSP con-

tent differently affects the composite’s mechanical behaviour.
Yield strength is highly sensitive to filler dispersion and matrix
integrity, while flexural strength benefits from increased stiffness
at higher loadings. This contrasts with impact strength, which
steadily declines, reflecting increased brittleness, and parallels
the continuous hardness improvement with BSP addition.
Notably, 15 wt% BSP appears to represent a transitional

point, where both yield and flexural strengths begin to recover—
indicating improved filler dispersion or partial interfacial com-
patibility. However, at 20 wt% BSP, while flexural strength con-
tinues to increase slightly, yield strength declines again, suggest-
ing that excessive filler content may compromise matrix conti-
nuity or stress transfer efficiency.
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Figure 6. Variation of (a) tensile strength with filler loading composition in BSP reinforced HDPE composite; (b) percentage elongation with filler loading
composition in BSP reinforced HDPE composite.

Figure 7. Variation of (a) yield strength and (b) flexural strength with filler loading composition in BSP reinforced HDPE composite.

Figure 8. Variation of (a) impact energy and (b) hardness values with filler loading composition in BSP reinforced HDPE composite.

4.3.3. Impact energy and hardness

The impact energy profile of HDPE composites reinforced with
varying contents of BSP reveals a consistent decline in impact
resistance as filler loading increases, as depicted in Figure 8a.
The neat HDPE sample (0 wt% BSP) exhibits the highest impact

energy value of 4.0 J, indicative of its superior toughness and
ductile nature, which allows efficient energy absorption under
sudden loading. However, as the proportion of BSP increases,
a gradual reduction in impact energy is observed, with values
decreasing to 3.03 J, 2.7 J, 2.5 J, and 1.63 J for 5 wt%, 10 wt%,
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Figure 9. Variation of (a) density with filler loading composition in BSP reinforced HDPE composite; (b) water absorption with time (days) on filler loading
of BSP reinforced HDPE composite.

15 wt%, and 20 wt% filler loadings, respectively.
This result is consistent with the commonly reported phe-

nomenon where natural filler reinforcement in polymer matri-
ces leads to a deterioration in impact strength [51, 52]. The pro-
gressive reduction in impact energy is likely attributed to the re-
stricted molecular mobility of the HDPE chains caused by the
presence of rigid filler particles. As the BSP content increases,
the matrix becomes stiffer, which limits its ability to undergo
plastic deformation and absorb impact forces effectively. This
mechanical stiffening is advantageous for load-bearing applica-
tions but negatively affects the material’s energy dissipation ca-
pability under dynamic stress conditions.
The interfacial adhesion between BSP and the HDPE matrix

is likely suboptimal due to polarity differences—BSP being hy-
drophilic and HDPE hydrophobic. This mismatch can lead to
poor bonding, void formation, and micro-gaps at the interface,
which act as stress concentrators under impact loading, promot-
ing early crack initiation and propagation.
At higher BSP loadings, particle agglomeration further con-

tributes to localized stress zones and microcrack formation [53],
degrading impact performance. Particle morphology also plays
a role—irregular or angular particles induce sharper stress fields,
lowering toughness compared to well-dispersed, rounded parti-
cles [54]. Moreover, the intrinsic brittleness of BSP limits its
ability to absorb impact energy [52], unlike elastomeric fillers.
While it reinforces stiffness and hardness, its lack of deformabil-
ity reduces impact resistance.
Nevertheless, BSP enhances properties like rigidity, dimen-

sional stability, and hardness, making it suitable for static ap-
plications. Hence, optimizing the balance between stiffness and
toughness is essential, depending on the intended application.
The hardness of HDPE composites increases consistently with

rising BSP content, as shown in Figure 8b. Neat HDPE exhibits
the lowest hardness (11.36), while composites with 5 wt%, 10
wt%, 15 wt%, and 20 wt% BSP show progressive increases to
14.5, 19.46, 23.6, and 28.66, respectively. This trend reflects
the stiffening effect of BSP, which restricts HDPE chain mobil-
ity and enhances resistance to localized deformation. The im-
provement is attributed to the inherent rigidity and structural in-

tegrity of BSP, which reinforces the matrix and reduces plastic
flow under indentation. Fine, well-dispersed BSP particles also
promote mechanical interlocking and act as localized barriers to
surface penetration, enhancing wear resistance [55]. This en-
hancement is likely due to the stiffening effect of the BSP and the
increased cross-link density formed between the baobab particles
and the epoxy chains [40]. Similar observation was reported by
Uzochukwu & Eze [40].
Despite the potential for agglomeration at higher loadings, the

continued rise in hardness suggests effective dispersion and min-
imal adverse filler–filler interactions. This makes HDPE–BSP
composites suitable for applications requiring enhanced surface
durability, such as automotive interiors, flooring, and industrial
components.
While hardness improves with increasing BSP content, this

enhancement does not extend uniformly across all mechanical
properties. Impact energy decreases significantly (Figure 8a),
and tensile strength (Figure 6a) initially drops before peaking at
20 wt% filler. These contrasting trends underscore that, rigid
fillers enhance surface resistance (e.g., hardness) but often com-
promise ductility and energy absorption. Moreover, the rise in
hardness may lead to increased brittleness, raising concerns un-
der dynamic or flexural loads. At higher filler loadings, parti-
cle agglomeration and poor interfacial adhesion can create stress
concentrators, promoting crack initiation.

4.4. PHYSICAL PROPERTIES
4.4.1. Density and water absorption
The density of HDPE composites reinforced with BSP increases
with filler content (Figure 9a), reflecting the higher specific grav-
ity of BSP compared to HDPE. Neat HDPE (0 wt%) shows the
lowest density (0.87 g/cm3), while 5, 10, 15, and 20 wt% BSP
composites exhibit densities of 0.88, 0.92, 0.89, and 0.93 g/cm3,
respectively. The slight dip at 15 wt% likely results from filler
agglomeration or voids disrupting uniform packing.
This density trend correlates with mechanical performance.

Tensile strength initially decreases due to weak interfacial bond-
ing but recovers at 20 wt%, aligning with maximum density. Im-
pact energy declines steadily (from 4.0 J to 1.63 J), indicating
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increased brittleness due to reduced chain mobility and higher
filler content. Hardness increases from 11.36 to 28.66, closely
following the density rise and reflecting enhanced stiffness and
surface resistance.

Increasing BSP content shifts the composite toward a denser,
stiffer material with improved hardness and tensile strength at
higher loadings, but reduced impact resistance. This trade-off
informs application suitability: higher density favors structural
uses (e.g., automotive, construction), while lower density is bet-
ter for impact-sensitive applications. Enhancing filler dispersion
or applying compatibilizers may further optimize performance
by improving interfacial bonding.

The variation inwater absorption over time for BSP-reinforced
HDPE composites highlights the influence of filler loading on the
material’s water resistance (Figure 9b). Figure 9b illustrates how
different filler concentrations (0%, 5%, 10%, 15%, and 20%) af-
fect the percentage of water absorbed over an 8-day period. The
behaviour observed indicates that while HDPE is inherently hy-
drophobic, the introduction of BSP significantly alters its water
absorption characteristics, especially at higher filler loadings.

For the neat HDPE (0% BSP) sample, a steady increase in wa-
ter absorption is observed over the first 6 days, peaking at ca.
7.5%. This gradual absorption aligns with HDPE’s low intrinsic
affinity for water, confirming its hydrophobic nature [56]. Sim-
ilar trend was also observed by Uzochukwu & Eze [40]. How-
ever, a sharp decline on day 7 suggests possible material satura-
tion, surface water evaporation, or the diffusion of water out of
the composite structure. Since HDPE has a non-polar molecu-
lar structure [57], it does not readily interact with water, and any
minor absorption may be due to surface irregularities rather than
bulk penetration.

For 5% and 10% filler composites, water absorption remains
low for the first 6 days, similar to pure HDPE. After day 6, ab-
sorption rises sharply—especially in the 10% sample, reaching
∼10% by day 8. This indicates that initial polymer resistance to
moisture is compromised over time due to weak polymer-filler
interfacial bonding, leading to microcrack formation and water
diffusion [58].

At 15% and 20% filler loadings, water absorption is negli-
gible initially but increases rapidly after day 6, with the 20%
composite absorbing nearly 20% by day 8. This surge reflects
increased moisture pathways from the porous BSP and greater
filler-polymer interfacial area. The hydrophilic nature of the
filler further accelerates water uptake at higher loadings, under-
mining long-term moisture resistance.

The threshold effect observed at day 6 is significant. Ini-
tially, composites show minimal water absorption, but beyond
a critical exposure point, absorption rises sharply—likely due
to polymer-filler interfacial degradation, filler swelling, or void
formation that facilitates water ingress. Higher filler content
reduces the matrix’s ability to encapsulate particles, increasing
diffusion pathways. Structurally, composites with ≤10% filler
maintain water resistance longer, suitable for moderate moisture
conditions. In contrast, ≥15% filler leads to rapid water uptake,
threatening long-term durability through swelling, dimensional
instability, and strength loss.

Enhancing water resistance at high filler loadings requires
surface treatments, chemical modifications, or hydrophobic

compatibilizers—such as silane coupling agents, plasma treat-
ments, or polymer grafting—to improve interfacial bonding and
reduce permeability. Optimizing processing and filler dispersion
can also minimize voids and moisture ingress.

While BSP improves certain properties, high loadings com-
promise water resistance, suggesting lower filler content or addi-
tional treatments for applications demanding long-term moisture
stability.

5. CONCLUSION
This study demonstrated that BSP is an effective and sustainable
bio-filler for enhancing themechanical and physical properties of
HDPE composites. BSP increased tensile strength (up to 10.996
N/mm2 at 20 wt%), hardness (from 11.36 to 28.66), and den-
sity (from 0.87 to 0.93 g/cm3), indicating improved rigidity and
surface resistance. However, these gains came at the expense of
ductility and impact strength, which decreased significantly with
filler loading—highlighting a clear stiffness–toughness trade-off.

Water absorption results showed a threshold behaviour, with
significant uptake after prolonged exposure, especially at ≥15
wt% filler content, due to interfacial degradation and filler poros-
ity. Despite this, composites with ≤10 wt% BSP maintained bet-
ter moisture resistance, while the 15 wt% composite exhibited
the best balance between strength, hardness, and flexibility.

BSP-reinforced HDPE composites are suitable for non-
structural applications requiring moderate strength and rigidity,
such as packaging, interior automotive components, and eco-
friendly building materials. Further improvements in moisture
resistance and interfacial bonding through surface modification
or compatibilizers are recommended to expand their applicability
in more demanding environments.
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