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ABSTRACT

In this study, olive pomace (OP), an abundant agro-industrial by-product, was incorporated into a high-density
polyethylene (HDPE) matrix at loadings of 0–20 wt.% to develop sustainable polymer composites. The influence of OP
loading on the physical, mechanical, structural, and thermal properties of the composites was systematically investigated.
Increasing OP loading resulted in elevated moisture content and water absorption, attributed to the hydrophilic nature
of the lignocellulosic filler. Composite density and Shore D hardness exhibited a progressive increase with OP loading. In
contrast, tensile and impact properties remained statistically not significantly changed at 5 wt.% OP loading, while higher
filler loadings (10–20 wt.%) resulted a significant decrease in mechanical performance, accompanied by a transition from
ductile to more brittle fracture behavior. Fourier-transform infrared spectroscopy (FTIR) analysis indicated a decrease
in the intensity of characteristic HDPE bands and partial disruption of polymer crystallinity, suggesting predominantly
physical interactions between the matrix and filler. Thermogravimetric analysis (TGA) revealed a decrease in the onset
degradation temperature with OP addition; however, enhanced char formation contributed to improved thermal stability
at higher degradation stages. Overall, the findings suggest that OP is more suitable for use in HDPE composites at
relatively low filler loadings.

Keywords: Olive pomace, HDPE composites, Mechanical properties, Thermal stability, Sustainable materials

1. Introduction

The increasing global population, growing sustain-
ability concerns, and the depletion of fossil-based
resources have intensified the demand for environ-
mentally friendly and innovative materials across
various industrial sectors [1, 2]. In recent years,
bio-based composites, which are innovative materi-
als produced from renewable raw resources, have
attracted considerable attention as an effective ap-
proach to reducing the environmental impacts of
conventional plastics, particularly in the compos-
ites industry [3, 4]. These materials, reinforced with
plant-derived fillers, are valued for their low density,

cost-effectiveness, ease of processing, and favorable
thermal and acoustic insulation properties [5]. Bio-
based composites are increasingly replacing synthetic
alternatives in fields such as construction, automo-
tive, aerospace, and electronics [6–8].

Plastic materials are widely used in numerous in-
dustrial applications, including textiles, construction,
food packaging, and the medical sector, owing to
their low cost, lightweight nature, versatile process-
ability, and high chemical stability [9]. Global plastic
production has exceeded 300 million metric tons
annually, raising significant environmental concerns
due to the persistence and low biodegradability of
plastics [10]. In this context, the development of
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sustainable and environmentally friendly polymer-
based materials has attracted increasing attention.

Thermoplastic polymers-including polyethylene
(PE), polypropylene (PP), polyvinyl chloride (PVC),
polystyrene (PS), polymethyl methacrylate (PMMA),
and polyamide (PA) are widely used in composite
manufacturing. PE is particularly preferred due
to its low cost, high processability via extrusion
and injection molding, mechanical robustness, and
excellent chemical resistance [2, 11]. In recent years,
the addition of bio-based fillers into thermoplastic
matrices has emerged as an effective approach to
reduce environmental impact while maintaining
acceptable material performance. Plant-based fillers
are considered promising alternatives to synthetic
reinforcements due to their low environmental
footprint, low density, renewability, and favorable
mechanical properties [12]. Besides natural fibers
such as hemp, jute, sisal, and bamboo, different
agricultural wastes, including hazelnut, walnut,
almond, and pistachio shells have also been
investigated as particulate fillers in polymer
composites [13–18]. The utilization of agricultural
by-products with high waste generation potential in
composite production not only contributes to waste
valorization and resource efficiency but also supports
the development of sustainable composite materials
with reduced environmental effects [19].

Olive pomace (OP), composed of pits, skins, and
pulp remaining after olive oil extraction, stands
out as a promising lignocellulosic filler due to its
high cellulose-hemicellulose-lignin content, low cost,
and chemical functionality [20–22]. Chemically, OP
contains cellulose (8–23%), hemicellulose (9–24%),
lignin (21–42%), and a high amount of extractives
(>30%), depending on the olive variety and pro-
cessing conditions [23, 24]. Although traditionally
used as fuel, feed additive, activated carbon precur-
sor, or pellet raw material, OP has recently attracted
growing interest for bioplastic and biocomposite ap-
plications [25, 26].

Recent studies have increasingly focused on the
utilization of agricultural and agro-industrial wastes
as reinforcing agents in thermoplastic composites
in order to improve sustainability and reduce envi-
ronmental burdens associated with synthetic fillers
[27]. Numerous lignocellulosic wastes, including rice
husk, wood flour, wheat straw, coconut shell, almond
shell, hazelnut shell, and olive-derived by-products,
have been incorporated into polymer matrices such
as PP, PE, PLA, PVC, and epoxy systems [28–
32]. These studies demonstrated that natural fillers
can significantly influence the mechanical, thermal,
rheological, and physical properties of composites
depending on filler morphology, particle size, in-

terfacial adhesion, and dispersion quality [33]. In
particular, agricultural waste-based composites have
been reported to offer advantages such as low den-
sity, renewability, biodegradability, reduced material
cost, and a lower carbon footprint compared with
conventional petroleum-based composites [34, 35].
Furthermore, the valorization of olive industry wastes
has gained increasing attention due to the large quan-
tities of waste generated annually in Mediterranean
countries and the environmental concerns associated
with their disposal [36, 37].

Studies investigating OP-filled polymer composites
have demonstrated that the resulting material proper-
ties depend on the polymer matrix, filler loading, and
processing conditions. High filler ratios in polyester
and polystyrene matrices, for example, have been
shown to reduce yield stress, elastic modulus, and
overall mechanical integrity, largely due to agglomer-
ation and weak interfacial bonding [37–39]. Similar
decreases in tensile strength, elongation at break,
impact resistance, and elastic modulus have been
reported for high-density polyethylene (HDPE), low-
density polyethylene (LDPE), and polyvinyl chloride
(PVC) matrices containing OP [40]. These negative
effects are generally attributed to insufficient matrix-
filler compatibility and restricted polymer chain
mobility at high filler contents [33].

Conversely, several studies demonstrate that
OP can enhance mechanical, thermal, or thermo-
mechanical performance when utilized under
suitable conditions. Improvements in thermal
stability and Young’s modulus have been observed in
polypropylene-OP composites [30], while PLA-based
systems have shown increased stiffness with varying
particle sizes of OP [41]. Furthermore, OP addition
into modified recycled PP has been shown to
increase both flexural and tensile modulus [26], and
similar enhancements in Vicat softening point, heat
distortion temperature, and tensile strength have
also been reported in multiple polymer matrices
[14, 18, 21, 28].

Despite the increasing number of studies on nat-
ural fiber- and agricultural waste-reinforced ther-
moplastics, comprehensive investigations focusing
specifically on OP-filled HDPE composites remain
limited [36]. Most previous studies primarily concen-
trated on selected mechanical properties or thermal
behavior, while integrated evaluations combining
physical, chemical, thermal, and mechanical charac-
terization are still scarce. In addition, inconsistencies
in the reported findings regarding the effect of
OP loading on composite performance indicate the
need for systematic optimization studies. Therefore,
further research is required to better understand
the structure-property relationships of OP-reinforced
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HDPE composites and to determine suitable filler con-
tents for sustainable industrial applications.

In this study, OP was incorporated into an HDPE
matrix at 5, 10, 15, and 20% by weight to pro-
duce bio-based composites. The resulting materials
were extensively characterized in terms of moisture
content, water absorption, density, hardness, tensile
strength, impact strength, Fourier-transform infrared
spectroscopy (FTIR), and thermogravimetric analysis
(TGA). This comprehensive approach aims to eluci-
date the structure-property relationships of HDPE- OP
composites and to evaluate the influence of different
OP addition levels on composite performance for sus-
tainable material development.

2. Materials and method

2.1. Materials

The HDPE used in this study was supplied by Altan
Plastik (İstanbul, Türkiye). Its technical specifications
are as follows: density of 0.946 g/cm3, melt flow in-
dex of 6.0 g/10 min (190 °C/21.6 kg), tensile strength
at yield of 24.0 MPa, tensile strain at break greater
than 600%, flexural modulus of 1000 MPa, and a
processing temperature range of 190–240 °C for blow
molding.

The OP used as the lignocellulosic filler was
obtained from Tıngır Olive Oil Factory (Sakarya,
Türkiye). This by-product consists of a mixture of
olive pits, husks, skins, and small fragments of leaves
and branches. The OP was first dried in a vacuum
oven at 105 °C for 24 h. The dried material was sub-
sequently ground using a Wiley-type mill (Retsch SM
100) and fractionated with a laboratory shaker sieve
(Retsch AS 200). The moisture content of the fraction
retained on the 40-mesh sieve was determined in
accordance with ASTM D4442M-20 [42].

2.2. Composite production

Composite production was conducted in accor-
dance with the mixture ratios provided in Table 1,
and the resulting formulations were coded accord-
ingly. In the preparation stage, powdered OP and
HDPE granules were premixed and subsequently

Table 1. Sample codes and formulation compositions of OP-
reinforced HDPE composites.

Composite code HDPE (wt.%) OP (wt.%)

HDPE-OP-0 (control) 100 0
HDPE-OP-5 95 5
HDPE-OP-10 90 10
HDPE-OP-15 85 15
HDPE-OP-20 80 20

Fig. 1. OP-reinforced HDPE composites.

compounded in a twin-screw extruder operating at a
screw speed of 40 rpm, under a processing pressure
of 30 bar, and at a temperature profile ranging from
170 to 200 °C. Upon completion of the compounding
process, the extrudates were dried at 105 °C to ensure
the removal of residual moisture prior to molding.

The dried materials were then shaped into test
specimens using an injection molding machine, with
specimen dimensions conforming to the ISO 527-2
[43] standard (Fig. 1). During injection molding, the
melt temperature was controlled within the range of
170–200 °C, while the screw speed was set to 45 rpm.
For compression molding applications, a processing
temperature of 170 °C and a pressure of 100 bar were
employed.

2.3. Testing and characterization of composites

2.3.1. Physical properties
The moisture content of the composite samples was

determined in accordance with ASTM D4442M-20
[42], density was measured following ASTM D792-20
[44], hardness (Shore D) was evaluated according
to ASTM D2240-15 [45], and water absorption was
assessed in compliance with ASTM D570-98 [46]. All
physical test results are given as the average of at least
three samples.

2.3.2. Mechanical properties
Tensile tests were conducted using a BESMAK

universal testing machine in accordance with the
ISO 527-2 [43] standard. The impact strength was
determined using a notched Charpy impact tester
(XJJ-50W) in accordance with ISO 179-1 [47]. Dur-
ing the test, the pendulum energy was set to 7.5 J,
and the impact speed was 3.8 m/s. All mechanical
test results are given as the average of at least three
samples.
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Fig. 2. Physical properties of OP-reinforced HDPE composites: (a) Moisture content, (b) water absorption at 50 days, (c) density, and (d)
hardness (shore D). Different lowercase letters indicate significant differences among groups. Statistical significant levels are expressed as
****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, and ns: not significant.

2.3.3. Fourier-transform infrared (FTIR) spectroscopy
analysis

FTIR spectra were recorded using an IRPrestige-21
FT-IR spectrophotometer (BRUKER, ALPHA model)
equipped with a single-reflection ATR sampling mod-
ule. Spectra were collected at a resolution of 4 cm–1

in the 400–4000 cm–1 wavenumber range, averag-
ing 32 scans. The spectral data were analyzed using
the Gaussian curve-fitting method in OriginPro 2013
(OriginLab Corporation, Northampton, MA, USA).
Optimal Gaussian fits were selected for four charac-
teristic bands, where the reduced chi-square values
were < 1×10–6 and the coefficients of determination
(R2) ranged between 0.94 and 0.96.

2.3.4. Thermogravimetric (TGA) analysis
Thermogravimetric analysis (TGA) was performed

using a HITACHI STA7300 instrument under a nitro-
gen atmosphere, with a heating rate of 20 °C/min
from room temperature up to 800 °C.

2.3.5. Statistical analysis
Statistical analysis was performed using one-way

analysis of variance (ANOVA) in GraphPad Prism 6
(GraphPad Software, USA) to evaluate differences in

moisture content, water absorption, density, hardness
(Shore D), tensile strength, elongation at break, and
impact strength of the composites. Mean comparisons
were conducted using Tukey’s multiple comparison
test at a significance level of P < 0.05.

3. Results and discussion

3.1. Physical properties of OP-reinforced HDPE
composites

The moisture content, water absorption (at 50
days), density, and Shore D hardness values of OP-
reinforced HDPE composites are presented in Fig. 2,
while their water absorption behavior on different
days is presented in Fig. 3.

The moisture content of the HDPE-OP-0 composite
was 0.64%, while the addition of 5, 10, 15, and 20
wt.% OP increased the moisture content to 0.75%
(ns), 0.92% (P < 0.05), 0.96% (P < 0.05), and
1.02% (P < 0.01), respectively (Fig. 2A). A similar
trend was observed for water absorption. After 50
days of soaking in water, the water absorption of
the HDPE-OP-0 remained limited to 0.11%, while
the values for HDPE-OP-5, HDPE-OP-10, HDPE-OP-
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Fig. 3. Water absorption behavior of OP-reinforced HDPE compos-
ites after 50 days of soaking in water.

15, and HDPE-OP-20 increased to 0.14% (ns), 0.27%
(P < 0.05), 0.32% (P < 0.01), and 0.42% (P <
0.001), respectively (Fig. 2B).

The saturation time also varied depending on OP
loading. Water absorption reached equilibrium on
day 7 for HDPE-OP-0, day 28 for HDPE-OP-5, and
approximately day 35 for composites containing 10
wt.% OP and above (Fig. 3). The progressive delay
in equilibrium with increasing OP loading indicates
enhanced moisture diffusion and retention within the
composite structure.

Both moisture content and water absorption in-
creased systematically with increasing OP loading,
consistent with previous studies [28]. This behavior
is mainly attributed to the addition of hydrophilic
OP into the inherently hydrophobic HDPE matrix.
The lignocellulosic structure of OP, rich in hy-
droxyl groups, promotes hydrogen bonding with
water molecules, thereby facilitating moisture up-
take and swelling within the filler phase. Moisture
absorption continues until equilibrium is reached, re-
sulting in mass gain and possible dimensional changes
[48]. In addition to the chemical nature of the
filler, the formation of interfacial voids and micro-
defects at the matrix–filler interface likely further
contributes to the observed increase in water up-
take. Similar observations were reported by Kuzmin
et al. [49], who demonstrated that the addition of
hydrophobic waste rubber reduced moisture absorp-
tion in HDPE/barley straw composites, emphasizing
the dominant role of filler chemistry in moisture-
related behavior. Although increasing OP loading
adversely affected water resistance, the overall water
absorption values remained relatively low (<0.5%
after 50 days), suggesting that the composites may
still be suitable for indoor or semi-protected appli-

cations where prolonged direct moisture exposure is
limited.

The density of the HDPE-OP-0 composite was 0.943
g/cm3, while the addition of 5, 10, 15, and 20
wt.% OP increased the density to 0.955 g/cm3 (P <
0.01), 0.964 g/cm3 (P < 0.0001), 0.972 g/cm3 (P
< 0.0001), and 0.998 g/cm3 (P < 0.0001), respec-
tively (Fig. 2C). A progressive increase in density was
observed with OP loading, with density increases of
1.28%, 2.22%, 3.01%, and 5.75% for the composites
containing 5, 10, 15, and 20 wt.% OP, respectively.
This trend is consistent with the findings of Tuna and
Şen [50], who reported a 3.62% increase in density
following the addition of 10% OP into LDPE com-
posites. The gradual increase in density indicates that
OP can contribute to the production of more compact
composite structures, which may be advantageous in
applications requiring improved rigidity and dimen-
sional stability.

The hardness (Shore D) of the HDPE-OP-0 com-
posite was 67.9, while the addition of 5, 10, 15,
and 20 wt.% OP increased the hardness to 68.8 (ns),
69.6 (P < 0.001), 70.7 (P < 0.0001), and 72.0
(P < 0.0001), respectively (Fig. 2D). A progressive
increase in hardness was observed with increasing
OP loading, with improvements of 1.33%, 2.50%,
4.12%, and 6.04% for the composites containing 5,
10, 15, and 20 wt.% OP, respectively. Similar results
were reported by Tuna and Şen [50], who observed
a 7.48% increase in hardness in LDPE composites
reinforced with 10% olive mill waste. In contrast,
Anaç et al. [51] reported a 9.71% decrease in hard-
ness following the addition of 10% OP into a PLA
matrix. This discrepancy highlights the determining
role of the polymer matrix chemistry and filler-matrix
interfacial interactions on composite hardness. The
increased hardness observed in the present study sug-
gests that OP addition may improve surface resistance
and rigidity, potentially supporting the use of these
composites in non-structural applications such as in-
terior panels, decking components, and wood-plastic
composite products where enhanced surface hardness
is desirable.

3.2. Mechanical properties of OP-reinforced HDPE
composites

The tensile strength and elongation at break values
of OP-reinforced HDPE composites are presented in
Fig. 4, while the corresponding tensile stress-strain
curves are shown in Fig. 5.

The tensile strength of the HDPE–OP–0 composite
was 21.2 MPa, while the addition of 5, 10, 15, and 20
wt.% OP decreased the tensile strength to 20.6 MPa
(ns), 14.6 MPa (P < 0.0001), 9.39 MPa (P < 0.0001),
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Fig. 4. Tensile strength-elongation at break values of OP-reinforced
HDPE composites. Different lowercase letters indicate significant
differences among groups. Statistical significant levels are ex-
pressed as ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, and
ns: not significant.

Fig. 5. Tensile stress-strain curves of OP-reinforced HDPE
composites.

and 9.70 MPa (P < 0.0001), respectively (Fig. 4).
The tensile strength decreased progressively with
increasing OP loading, corresponding to decreases
of 2.83%, 31.1%, 55.7%, and 54.2% relative to the
control composite.

The elongation at break of the HDPE–OP–0 com-
posite was 626.8%, while the addition of 5, 10, 15,
and 20 wt.% OP decreased the elongation at break
to 90.1% (P < 0.0001), 44.9% (P < 0.0001), 78.1%
(P < 0.0001), and 46.2% (P < 0.0001), respectively
(Fig. 4). Overall, increasing OP loading resulted in
a pronounced decrease in both tensile strength and
elongation at break. The decrease in tensile strength
can be attributed to the weak interfacial adhesion
between the OP particles and the HDPE matrix [52].
Magalhães et al. [53] similarly reported that OP parti-

cles primarily behave as fillers rather than reinforcing
agents in polymer matrices. Likewise, decreases in
tensile strength have been associated with insuffi-
cient wetting of OP particles, particle agglomeration,
and weak interfacial adhesion between the filler
and polymer matrix [54, 55]. Although a relatively
uniform dispersion of filler particles may help min-
imize agglomeration-induced stress concentrations,
effective dispersion alone is not sufficient to ensure
improved mechanical performance. In the absence of
strong interfacial bonding, stress transfer from the
polymer matrix to the filler phase becomes ineffec-
tive, leading to interfacial debonding, fiber pull-out,
and the initiation of microcracks under tensile load-
ing [56, 57]. Consequently, the reinforcing efficiency
of the lignocellulosic filler is significantly reduced.
Such decreases in tensile strength are commonly re-
ported in lignocellulosic filler-hydrophobic polymer
systems due to the inherent incompatibility between
the hydrophilic filler surface and the nonpolar poly-
mer matrix [58].

Examination of the tensile stress-strain curves pre-
sented in Fig. 5 further supports these findings. The
neat HDPE exhibited typical ductile behavior with
high deformation capacity, while increasing OP load-
ing resulted in a transition toward more brittleness.
This change is mainly related to the inherently rigid
and brittle nature of lignocellulosic OP particles [59].
Moreover, the increase in hardness (Shore D) val-
ues observed with higher OP loadings (Fig. 2D) is
consistent with the decreased ductility and increased
brittleness of the composites.

The impact strength values of OP-reinforced HDPE
composites are presented in Fig. 6. The Charpy im-
pact strength of the HDPE-OP-0 was measured as
40.4 kJ/m2. The addition of 5 wt.% OP resulted in
a slight increase in impact strength of 8.66% (ns),
indicating that low filler loading does not signifi-
cantly alter the energy absorption capability of the
matrix. However, this change is statistically not sig-
nificant, suggesting that the observed increase should
be interpreted as a minor fluctuation rather than a
meaningful improvement in toughness. In contrast,
further increases in OP loading to 10, 15, and 20
wt.% led to substantial decreases in impact strength
of 20.5% (P < 0.001), 22.8% (P < 0.001), and
32.7% (P < 0.0001), respectively. These results in-
dicate that the impact resistance of the composites
deteriorates beyond low filler loadings, highlight-
ing a filler-loading-dependent transition in dynamic
mechanical performance. A similar trend has been
reported by Banat et al. [14], who observed a de-
crease in impact strength upon exceeding 5 wt.% OP
addition in HDPE-based composites. This behavior
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Fig. 6. Impact strength values of OP-reinforced HDPE composites.
Different lowercase letters indicate significant differences among
groups.Statistical significant levels are expressed as ****P < 0.0001,
***P < 0.001, **P < 0.01, *P < 0.05, and ns: Not significant.

was associated with changes in the energy dissipa-
tion mechanisms under impact loading and increased
restriction of plastic deformation. In comparison,
LDPE-based composites reinforced with OP exhib-
ited a more pronounced sensitivity to filler addition,
with impact strength decreases of 58.2% and 72.1%
reported at OP loadings of 5 and 10 wt.%, respec-
tively [50]. Consistent findings were also presented
by Jurado-Contreras et al. [26], who associated the
progressive decline in impact strength with increas-
ing OP loading to insufficient interfacial interaction
between the polymer matrix and OP particles and lim-
iting efficient stress transfer during dynamic loading.
Furthermore, Naghmouchi et al. [3] demonstrated
that rigid filler particles can act as stress concentra-
tion sites within the polymer matrix, reducing crack
initiation energy and promoting premature interfa-
cial debonding, ultimately leading to inferior impact
performance.

Overall, the mechanical results indicate that OP
acts primarily as a particulate filler rather than
a reinforcing agent in the HDPE matrix, with its
effectiveness strongly dependent on loading level.
While high filler loadings significantly compromise
tensile and impact performance due to interfacial
limitations, low-to-moderate additions can still be
considered for applications where moderate mechan-
ical requirements are acceptable. In this context,
the present findings suggest that HDPE–OP com-
posites may be suitable for non-load-bearing and
semi-structural applications, particularly in prod-
ucts where sustainability, cost reduction, and waste
valorization are prioritized over high mechanical
strength. However, the use of untreated OP also de-
fines the practical scope of these composites in terms
of performance limitations.

3.3. FTIR analysis of OP-reinforced HDPE
composites

The FTIR spectra of OP-reinforced HDPE compos-
ites are presented in Fig. 7, and the percentage
changes in selected band intensities are summarized
in Table 2. Characteristic vibrations belonging to
CH2 groups are clearly observed in the spectrum of
pure HDPE. Accordingly, the intense bands at 2911
and 2846 cm–1 correspond to the asymmetric and
symmetric stretching vibrations of methylene (CH2)
groups, the band at 1467 cm–1 corresponds to the
CH2 bending vibration, and the band at 718 cm–1

corresponds to the CH2 rocking vibration, which
is an indicator of the crystalline phase of HDPE
[60, 61].

Due to the dispersion of OP particles within the
HDPE matrix, the characteristic bands of lignocel-
lulosic components (cellulose, hemicellulose, and
lignin) were largely masked by the strong CH2 bands
of HDPE. However, with increasing OP loading, a
clear decrease in the intensities of all major HDPE
bands was observed. In the HDPE-OP-20 sample con-
taining 20% OP, the band areas at 2911, 2846, 1467,
and 718 cm–1 decreased by 45.9%, 45.7%, 43.3%,
and 42.4%, respectively, compared to HDPE-OP-0
(Table 2). This decrease can be attributed to the
physical disruption of the ordered packing of HDPE
chains by the OP particles, and the presence of weak
van der Waals interactions between the hydrophilic
functional groups of OP and the hydrophobic HDPE
matrix [30, 60].

The decrease in the intensity of bands at 1467
cm–1 and 718 cm–1 suggests a partial decrease in
the crystalline ordering of HDPE chains, indicating a
transition toward a more disordered structure with
increasing filler loading [62]. This structural mod-
ification is consistent with the mechanical results,
particularly the decrease in ductility at higher OP
loadings. In addition, the emergence and progressive
intensification of absorption bands in the 1500–1730
cm–1 region with increasing OP loading indicates the
gradual addition of lignocellulosic constituents into
the HDPE matrix, despite their relatively low inten-
sity due to the dominant spectral contribution of
HDPE. The bands observed in this region are mainly
attributed to C=O stretching vibrations associated
with ester, carboxylic acid, and ketone functionalities
present in hemicellulose and lignin fractions, as well
as to C=C and conjugated C=O vibrations originating
from aromatic structures. These assignments are con-
sistent with previously reported FTIR characteristics
of lignocellulosic biomass, where hemicellulose- and
lignin-derived carbonyl groups typically appear in the
1730–1740 cm–1 region due to acetyl and uronic ester
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Fig. 7. FTIR spectra of OP-reinforced HDPE composites.

Table 2. Peak intensity (%) of OP-reinforced HDPE composites at different wavelengths.

Peak intensity (%)

Composite type 718 cm–1 1467 cm–1 2846 cm–1 2911 cm–1

HDPE-OP-0 (control) 23.1 24.1 24.7 24.6
HDPE-OP-5 23.5 22.3 23.2 23.2
HDPE-OP-10 21.5 21.0 20.2 20.5
HDPE-OP-15 18.7 19.0 18.5 18.4
HDPE-OP-20 13.3 13.6 13.4 13.3

functionalities in hemicellulose and lignin structures
[63, 64]. Moreover, OP wastes are known to con-
tain significant amounts of lignin, hemicellulose, and
residual lipidic compounds, which also contribute
to carbonyl-related absorptions in this spectral re-
gion [40]. In particular, FTIR studies on OP-based
composites have similarly reported the presence of
absorption bands around 1730–1750 cm–1, attributed
both to lignocellulosic carbonyl functionalities and
residual oil-derived components within the biomass
structure [64]. Therefore, the systematic increase in
the intensity of these bands with increasing OP load-
ing confirms the successful addition and dispersion
of the lignocellulosic filler within the HDPE matrix
and is fully consistent with the intrinsic chemical
composition of OP reported in the literature [65].
Overall, FTIR results confirm that the interaction
between HDPE and OP is predominantly physical,
indicating limited interfacial compatibility without
chemical bonding, which plays a key role in the ob-
served mechanical performance.

3.4. TGA analysis of OP-reinforced HDPE
composites

The thermogravimetric (TGA) curves of OP-
reinforced HDPE composites are presented in Fig. 8,
while the corresponding TGA data are summarized
in Table 3. All samples exhibited thermal stability
up to approximately 300 °C, after which a single
dominant degradation stage was observed. This be-
havior indicates that the thermal decomposition of
the composites is mainly governed by the HDPE ma-
trix, with the lignocellulosic fraction influencing the
early degradation stage [66].

The temperature at 5% weight loss (T5%) for neat
HDPE was 463 °C. With the addition of OP at 5,
10, 15, and 20 wt.%, T5% values decreased to 459,
427, 420, and 350 °C, respectively. This decrease
is attributed to the lower thermal stability of lig-
nocellulosic components, particularly cellulose and
hemicellulose, which initiate degradation at rela-
tively lower temperatures (350–440 °C) [66, 67]. This
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Fig. 8. TGA curve of OP-reinforced HDPE composites.

Table 3. TGA data (%) of OP-reinforced HDPE composites.

Total weight
Composite type T5% T95% loss (%) 600 °C

HDPE-OP-0 (control) 463 507 98.8
HDPE-OP-5 459 508 98.8
HDPE-OP-10 427 509 98.2
HDPE-OP-15 420 511 97.2
HDPE-OP-20 350 518 95.3

T5%: Temperature value at 5% weight loss, T95%: Temperature
value at 95% weight loss.

indicates that OP loading slightly reduces the initial
thermal resistance of the composites, thereby narrow-
ing the safe processing/thermal stability window at
high filler loadings.

In contrast, the temperature corresponding to 95%
weight loss (T95%) increased with increasing OP load-
ing. While HDPE exhibited a T95% value of 507 °C,
the composites containing 5, 10, 15, and 20 wt.%
OP showed values of 508, 509, 511, and 518 °C,
respectively. This improvement at higher degrada-
tion stages is attributed to the formation of thermally
stable char residues derived from the lignin-rich
structure of OP, which acts as a protective barrier
during thermal decomposition.

Consistently, total weight loss at 600 °C decreased
from 98.8% (HDPE-OP-0) to 95.3% (HDPE-OP-20),
while residual char content increased with OP
loading. This trend confirms the contribution of
lignin-derived aromatic structures to char formation,

enhancing thermal resistance at elevated tempera-
tures [54]. From an application perspective, these
results suggest that although OP reduces the initial
thermal stability of HDPE composites, it improves
char yield and high-temperature resistance, which
may be advantageous in applications where thermal
barrier properties are more critical than initial degra-
dation temperature.

4. Conclusion

This study systematically investigated the effects of
OP addition on the physical, mechanical, structural,
and thermal properties of HDPE-based composites,
highlighting the role of OP loading in governing the
overall composite performance.

The addition of OP increased moisture content
and water absorption, accompanied by delayed sat-
uration times, which were primarily attributed to
the hydrophilic nature of the lignocellulosic struc-
ture. Density and Shore D hardness values increased
steadily with higher OP loadings, reflecting the rigid
and dense nature of the filler and indicating improved
surface resistance and dimensional rigidity.

Mechanical performance exhibited a filler-loading-
dependent behavior. A low OP loading (5 wt.%)
showed a statistically not significant effect on im-
pact strength, indicating that limited filler addition
does not substantially alter the energy absorption
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capability of the HDPE matrix. However, further
increases in OP loading resulted in a pronounced
decrease in tensile and impact strength, which was
mainly attributed to insufficient interfacial adhesion
between the HDPE matrix and OP particles, limiting
effective stress transfer under applied loading.

FTIR analysis confirmed that the interactions be-
tween HDPE and OP were predominantly physical,
resulting in limited interfacial compatibility and
partial disruption of HDPE crystallinity. Thermo-
gravimetric analysis revealed that although the onset
degradation temperature decreased with OP addi-
tion, enhanced char formation improved thermal
resistance at higher degradation stages, suggesting a
potential thermal barrier effect at elevated tempera-
tures.

From an application perspective, the overall results
indicate that HDPE–OP composites are more suitable
for non-load-bearing and semi-structural applications
where moderate mechanical performance, improved
hardness, and sustainability considerations are pri-
oritized over high strength requirements. Potential
application areas include interior panels, packag-
ing components, decking materials, and wood-plastic
composite alternatives. However, the applicability
of these materials is limited to low-to-moderate
filler loadings and untreated OP, which defines the
practical scope of their performance in real-world
applications. In addition, future studies involving
detailed life cycle assessment (LCA) analyses may
provide further insight into the environmental bene-
fits, carbon footprint reduction potential, and overall
sustainability performance of OP-based composite
systems. From a future perspective, surface modifi-
cation of OP and the addition of compatibilizers are
expected to significantly enhance interfacial bonding,
potentially enabling higher filler contents without
severe mechanical deterioration and thereby broad-
ening their industrial usability within sustainable
composite systems.
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