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A B S T R A C T

Post-consumer high-density polyethylene (rHDPE) bottle caps represent an abundant waste stream with potential 
for use in semi-structural composite applications, although their mechanical performance remains limited. This 
study investigated the feasibility of reinforcing recycled HDPE bottle-cap composites with alkali-treated sugar 
palm (Arenga pinnata) fiber at loadings of 0, 10, 15, and 20 wt%. The composites were fabricated by manual melt 
mixing followed by hot pressing and evaluated in terms of density, 24 h water absorption, tensile, flexural (dry 
and water-conditioned), and Charpy impact properties, together with FTIR, DSC, and SEM characterization. The 
density increased from 0.949 to 0.983 g/cm3 with increasing fiber content, while the tensile strength improved 
markedly from 11.52 MPa for neat rHDPE to 20.92 MPa at 20 wt% fiber. Water absorption increased from 0.00% 
to 1.16% as fiber loading increased. The impact strength reached its maximum at 15 wt% (15.75 kJ/m2) before 
decreasing at 20 wt%, indicating an optimum fiber content for toughness. Under water-conditioned flexural 
testing, composites with 10–15 wt% fiber exhibited better wet/dry strength retention (63.25–63.35%) than neat 
rHDPE (52.16%), whereas 20 wt% fiber resulted in reduced retention. FTIR confirmed the presence of ligno
cellulosic constituents in the composite, while DSC showed only minor variation in melting temperature, sug
gesting that the mechanical response was governed mainly by reinforcement efficiency and microstructural 
features. Overall, 10–15 wt% alkali-treated sugar palm fiber provided the best balance of impact resistance and 
wet-strength retention, demonstrating a practical route for upgrading recycled HDPE bottle caps into lightweight 
engineering composites.

1. Introduction

Post-consumer plastic waste continues to accumulate at an alarming 
rate, with high-density polyethylene (HDPE), particularly from pack
aging components such as bottle caps, contributing significantly to this 
stream. Converting HDPE waste into value-added materials has there
fore emerged as an important strategy in addressing sustainability 
challenges [1–3]. In this context, recycled HDPE is widely considered as 
a composite matrix due to its favorable chemical resistance and ease of 
processing. Nevertheless, its mechanical performance is often inferior to 
that of virgin polymers, primarily due to prior thermomechanical 
degradation, contamination, and chain scission during repeated 

processing cycles [4]. This limitation has constrained its broader 
application in engineering and semi-structural components [5–7], 
highlighting the need for effective reinforcement strategies that do not 
compromise environmental benefits.

Natural fibers have attracted considerable attention as reinforcing 
agents for recycled thermoplastics, offering advantages such as low 
density, renewability, and cost efficiency [4,8–10]. Several studies have 
demonstrated that the incorporation of lignocellulosic fibers can 
improve stiffness and specific mechanical properties of polymer com
posites [9,11]. However, two key challenges remain. First, the inherent 
polarity mismatch between hydrophilic natural fibers and hydrophobic 
polyolefin matrices often leads to weak interfacial adhesion [12]. 
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Second, the tendency of natural fibers to absorb moisture can further 
deteriorate the fiber–matrix interface and accelerate mechanical 
degradation over time [13]. These issues are often exacerbated in 
recycled polymer systems, where material heterogeneity can intensify 
interfacial defects [14].

Sugar palm fiber (Arenga pinnata) is an abundant natural resource in 
tropical regions and exhibits promising characteristics, including good 
durability and resistance to biological degradation [15,16]. Despite 
these advantages, its application as a reinforcement in thermoplastic 
composites has not been extensively explored. Like other lignocellulosic 
fibers, the presence of hydroxyl-rich functional groups in sugar palm 
fiber limits its compatibility with hydrophobic matrices such as HDPE, 
which can result in poor stress transfer and premature failure [17]. In 
the present study, recycled HDPE and sugar palm fiber are combined 
based on a set of complementary considerations. From an economic 
perspective, both materials are low-cost and readily available, with 
HDPE sourced from post-consumer bottle cap waste and sugar palm 
fiber obtained as an agricultural by-product in tropical regions [10,15]. 
From a materials standpoint, while recycled HDPE retains desirable 
properties such as chemical resistance and processability, its reduced 
mechanical strength necessitates reinforcement. Sugar palm fiber offers 
a suitable solution due to its low density, inherent durability, and rela
tively strong resistance to biological attack compared with many other 
lignocellulosic fibers [15,16]. From an application perspective, inte
grating recycled polymers with renewable natural fibers is consistent 
with circular economy principles and provides a sustainable pathway for 
developing low-density, value-added composites for semi-structural 
applications [5,8]. Accordingly, surface modification is generally 
required to enhance interfacial interaction between the fiber and matrix, 
thereby improving load transfer efficiency and overall composite per
formance [3,18].

Among the various surface modification techniques, alkali treatment 
using sodium hydroxide (NaOH) is one of the most widely adopted 
methods for natural fibers due to its simplicity and effectiveness. This 
treatment facilitates the removal of surface impurities and the partial 
dissolution of non-cellulosic constituents, including waxes, hemi
celluloses, and lignin [13,19,20], while simultaneously increasing sur
face roughness and exposing cellulose microfibrils [21]. Such 
modifications are generally associated with improved mechanical 
interlocking and enhanced interfacial adhesion, which can contribute to 
better overall composite performance [22]. However, the effectiveness 
of alkali treatment is highly dependent on several factors, including fiber 
type [23], treatment parameters, and fiber loading. Moreover, the 
reinforcing behavior of alkali-treated short sugar palm fibers in recycled 
HDPE matrix particularly those derived from post-consumer bottle caps 

has not yet been fully established [24].
In recent years, the development of sustainable materials has 

increasingly emphasized natural fiber reinforced polymer composites, 
driven by their low density and favorable environmental profile [8,10,
25]. Although research on recycled polyolefin-based composites rein
forced with natural fibers is growing, systematic investigations focusing 
specifically on recycled HDPE bottle-cap composites reinforced with 
alkali-treated short sugar palm fibers remain limited. Comprehensive 
correlations linking mechanical properties, moisture absorption, den
sity, thermal behavior, chemical characteristics, and fracture 
morphology are still lacking. Furthermore, evaluating mechanical per
formance under both dry and wet conditions is crucial for assessing 
application-relevant behavior, especially considering the inherent 
moisture sensitivity of lignocellulosic fiber composites [15,26,27].

To further emphasize the novelty of this work, Table 1 summarizes 
selected recent studies on HDPE-based natural fiber composites. While 
prior studies have predominantly focused on virgin polymers or broadly 
defined recycled plastics, limited attention has been given to the upcy
cling of post-consumer rHDPE bottle caps using relatively simple and 
low-shear processing routes. In addition, moisture-induced degradation 
particularly through mechanical testing under wet conditions remains 
underreported in sugar palm fiber reinforced composite systems.

Accordingly, this study aims to establish the structure-property re
lationships of recycled high-density polyethylene bottle-cap composites 
reinforced with alkali-treated sugar palm fibers and to determine a 
practical fiber-loading range for tailoring their mechanical performance 
and moisture-related behavior. The amount of fiber used varied from 
0 to 20 wt%, with the target composites evaluated for density, water 
absorption and tensile and flexural properties in dry and water- 
conditioned states, impact resistance and hardness. In addition, com
plementary analyses were carried out using FTIR to assess chemical 
structure, DSC to investigate thermal behavior, and SEM to examine 
fracture morphology. The integration of these multiscale characteriza
tions provides greater insight into the effects of fiber loading and 
moisture exposure on composite performance while demonstrating a 
viable, sustainable path for transforming recycled HDPE bottle caps into 
value-added engineering materials.

2. Materials and methods

2.1. Materials

Post-consumer HDPE bottle caps (Le Minerale) were collected from 
municipal waste streams in Semarang, Indonesia (Fig. 1a). The caps 
were manually sorted to remove non-HDPE materials, then washed 

Table 1 
Summary of similar works on HDPE/natural fiber composites and identified research gaps.

Reference Matrix +
Reinforcement

Methodology Key Findings Identified Research Gap

[1] Virgin HDPE + Palm 
Kernel Shell Particles

Melt compounding and compression Investigated the mechanical property 
enhancement using agricultural solid waste.

Utilizes virgin HDPE as the matrix; does not 
address the upcycling of post-consumer plastic 
waste streams.

[28] Recycled PET (bottle) 
+ recycled HDPE 
(bottle cap)

Shredding, cleaning, 
characterization, and direct fused 
granular/fused particle 3D printing 
with parameter optimization

Direct printing from mixed PET/HDPE waste 
was technically feasible and might lower 
manufacturing costs, but warping and 
delamination remained significant problems.

Focused on mixed-waste 3D printing rather than 
natural fiber-reinforced composites; did not 
address wet-condition mechanical retention or 
structure–property relationships in recycled 
HDPE bottle-cap composites

[29] Recycled HDPE +
Natural Fibers + Waste 
Tire Rubber

Injection vs. Compression Molding Compared the mechanical performance 
differences based on complex molding 
techniques.

Relying on complex hybridization and processing 
methods, moisture sensitivity and wet-condition 
retention were not the primary focus.

[30] Bottle-cap blend (PE/ 
PP) + banana 
pseudostem and rachis 
fibers

Gelimat mixing, injection molding, 
blending, alkali fiber treatment, and 
cost, mechanical, and thermal 
analysis

A bottle-cap blend may replace HDPE, and 
composites with ≥30 wt% fiber exhibited 
enhanced mechanical characteristics and 
superior cost competitiveness.

Utilized blended PE/PP bottle caps instead of 
recycled HDPE composites; concentrated on 
increased loading of banana fibers and did not 
assess water absorption, wet-condition flexural 
retention, or structure–property correlations 
using FTIR/SEM analysis of recycled HDPE 
composites.
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using a detergent solution, followed by rinsing with tap water and 
subsequently with distilled water. The cleaned caps were oven-dried at 
60 ◦C for 25 min, following previously reported conditions for recycled 
HDPE feedstock preparation. After drying, the caps were cut into smaller 
pieces using a shredder to produce granules or flakes with irregular 
geometry. The processed material was then stored in sealed containers 
prior to further processing.

Sugar palm fibers (Arenga pinnata) were obtained from a local sup
plier in Semarang, Indonesia (Fig. 1b). The fibers were cleaned to 
remove dust and surface contaminants, thoroughly rinsed, and oven- 
dried at 60 ◦C for 1 h. After drying, the fibers were cut into short seg
ments with an average length of approximately 3 mm prior to alkali 
treatment and subsequent use in composite fabrication.

2.2. Methods

2.2.1. Alkali treatment of sugar palm fibers
Alkali treatment was performed to enhance fiber–matrix compati

bility by removing surface impurities and partially dissolving non- 
cellulosic constituents [30]. Cleaned and dried sugar palm fibers were 
immersed in a 5 wt% NaOH aqueous solution, prepared using distilled 
water, at room temperature for 6 h under mild stirring conditions [31]. 
The use of ambient temperature was selected based on previous studies 
[20,31], which indicate that treatment under such conditions effectively 
removes impurities and non-cellulosic components while avoiding 
thermal degradation of cellulose microfibrils that may occur at elevated 
temperatures. A fiber-to-solution ratio of 1:25 (w/v) was maintained to 
ensure uniform and complete immersion throughout the treatment 
process [5]. After treatment, the fibers were removed from the solution 
and rinsed three times with distilled water to eliminate residual NaOH 
[32]. The rinsed fibers were then drained (Fig. 1c and d) at room tem
perature for 24 h, followed by oven drying at 60 ◦C for 3 h to remove any 
remaining moisture [23]. The treated fibers were subsequently stored in 
sealed containers prior to composite fabrication [15].

Although direct chemical characterization techniques, such as FTIR 
or XRD, were not performed on the treated fibers in the present study, 
the selected alkali treatment parameters, including NaOH concentration 
and soaking duration, were carefully based on established protocols. As 
extensively reported in previous studies [17,20,33], such alkaline 
treatment has been shown to effectively disrupt hydrogen bonding, 
remove amorphous components such as hemicellulose and lignin, and 

increase the crystallinity index of cellulose. These structural modifica
tions are known to enhance fiber surface characteristics, thereby 
contributing to improved mechanical interlocking within the composite 
matrix.

2.2.2. Composite formulation and fabrication
The composites were fabricated at four fiber loadings of 0, 10, 15, 

and 20 wt%, and the corresponding formulation codes and nominal 
compositions are summarized in Table 2. Prior to fabrication, the rHDPE 
flakes were oven-dried at 60 ◦C for 25 min, while the alkali-treated fibers 
were dried according to the procedure described in Section 2.2.1, 
involving 24 h of draining followed by oven drying at 60 ◦C for 3 h. This 
pre-drying step was implemented to minimize moisture-induced void 
formation during processing.

The fiber loadings selected (0, 10, 15 and 20 wt%) are not derived 
from a rigorous Design of Experiments approach but rather chosen in the 
scope of ranges reported in previous short natural fiber-reinforced 
thermoplastic composite studies [34,35]. This range was found appro
priate for capturing the unreinforced to moderately reinforced state 
while avoiding higher fiber contents that risk poor dispersion, incom
plete matrix wetting and void formation in a batch generally associated 
with manual premixing/hot-pressing conditions.

For each formulation, the required masses of rHDPE and short fibers 
were weighed according to the target mass fractions and premixed 
manual until a visual uniform fiber distribution in the rHDPE feedstock 
was achieved. Fiber content was defined on a weight basis relative to the 
total composite mass. The premix was preheated in an oven at 180 ◦C for 
30 min to soften the rHDPE and facilitate consolidation. After 15 min, 
the blend was removed and manual kneaded with a spatula for 2 min, 
then returned to the oven for an additional 15 min until the matrix 
became sufficient softened for molding as shown in Fig. 2. This 

Fig. 1. Raw materials and preprocessing stages used for the fabrication of sugar palm fiber-reinforced recycled high-density polyethylene bottle-cap composites: (a) 
post-consumer bottle caps and their conversion into recycled polymer flakes through cutting and grinding, (b) sugar palm fibers, (c) dried fibers before alkali 
treatment, and (d) dried fibers after alkali treatment.

Table 2 
Formulation codes and nominal compositions of recycled high-density poly
ethylene/sugar palm fiber composites (0–20 wt% fiber).

Code Sugar palm fiber content (wt%) rHDPE (wt%)

rHDPE–Sugar palm 0 0 100
rHDPE–Sugar palm 10 10 90
rHDPE–Sugar palm 15 15 85
rHDPE–Sugar palm 20 20 80
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intermittent kneading step was employed to improve fiber dispersion 
while limiting continuous thermal exposure.

The softened material was transferred into a preheated steel mold 
and consolidated by compression molding (hot pressing) at 180 ◦C for 
approximate 10 min immediate after preheating [36]. Composite plates 
were produced with a nominal thickness of 4 mm and cooled to room 
temperature under pressure to reduce warpage and internal void for
mation [37]. Standard specimens for tensile, flexural (dry and 
water-conditioned), impact, and hardness testing were prepared from 
the molded plates according to the relevant standards. The applicable 
standards and specimen dimensions used in this study are provided in 
Table 3.

2.2.3. Density measurement
The density of the composite was measured according to ASTM D792 

[42] using the Archimedes method with distilled water as the immersion 
medium at 23 ± 2 ◦C. Loads were applied when necessary to ensure 
complete immersion of specimens. At least five specimens were tested 
for each formulation, and the results were reported as mean ± standard 

deviation.

2.2.4. Water absorption
Water absorption was evaluated using a simple procedure adapted 

from ASTM D570 [43] to support the assessment of flexibility under wet 
conditions. Specimens were dried at 60 ◦C to constant mass, cooled to 
room temperature in a closed container to minimize moisture absorp
tion, and weighed using an analytical balance with a resolution of 0.001 
g. The samples were then immersed in distilled water at 23 ± 2 ◦C for 24 
h. The specimens were removed after immersion, the surface water was 
gently wiped off consistently, and their mass was recorded immediately 
using the same balance. Water absorption was determined from the 
relative increase in mass compared to the initial dry mass.

2.2.5. Tensile testing
Tensile testing was performed using a universal testing machine 

(UTM) in accordance with ASTM D638. Type IV dog-bone specimens 
were prepared from the molded composite plates and conditioned at 
room temperature prior to testing. The tests were conducted at a con
stant crosshead speed of 2 mm/min. Tensile strength was determined 
from the maximum stress recorded during testing and the stress–strain 
response was obtained direct from the load–displacement data [17].

2.2.6. Flexural testing under dry and wet conditions
Three-point bending tests were conducted in accordance with ASTM 

D790. Rectangular specimens with dimensions of approximately 120 
mm × 13 mm × 3.5 mm (length × width × thickness) were prepared 
from the molded plates. The support span was set to 16 times the 
specimen thickness and the tests were performed at a crosshead speed 
determined according to the ASTM D790 standard. Flexural strength 
and flexural modulus were obtained from the load–deflection curves.

For wet-condition flexural testing, specimens were immersed in 
distilled water at 23 ± 2 ◦C for 24 h. After immersion, samples were 
removed, surface water was gently wiped, and the flexural test was 
performed immediate under the same testing configuration [12].

Fig. 2. Composite fabrication and specimen preparation: (a) first kneading after the first 15 min of oven preheating, (b) second kneading after the second 15 min, (c) 
manual hot-press setup used (d) hot-pressed composite plate, (e) flexural specimens, (f) tensile specimens, and (g) Charpy impact specimens.

Table 3 
Testing standards and specimen dimensions.

Test type Standard Dimensions (mm) Number of 
specimens per 
formulation (n)

Reference

Tensile ASTM 
D638
(Type IV)

dog-bone 
(dimensions per 
standard), t = 3.5 
mm

3 [38]

Flexural 
(dry)

ASTM 
D790

122 × 13.2 × 3.5 3 [39]

Flexural 
(wet)

ASTM 
D790

122 × 13.2 × 3.5 3 [39]

Impact ASTM 
D6110

Charpy (notch 
geometry per 
standard), t = 3.5 
mm

3 [40]

Hardness ASTM 
D2240

62.5 x 13 x 3.5 3 [41]
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2.2.7. Impact testing
Impact resistance was measured using the Charpy impact test in 

accordance with ASTM D6110, employing notched specimens with a 
notch geometry conforming to the standard (including the specified 
notch radius). Impact strength was calculated from the absorbed impact 
energy and reported in kJ/m2.

2.2.8. Hardness testing
Hardness was measured using a Shore D durometer in accordance 

with ASTM D2240. Indentations were taken at multiple locations on 
each specimen with adequate spacing to avoid interaction effects, and 
the average Shore D value was reported for each formulation.

2.2.9. Differential scanning calorimetry (DSC)
Thermal melting behavior of neat rHDPE and rHDPE/sugar palm 

fiber composites was examined using differential scanning calorimetry 
(DSC) under a nitrogen atmosphere. To evaluate the melting transition 
of the rHDPE matrix, the heating scan in the temperature range of 
25–200 ◦C was used for analysis at a heating rate of 10 ◦C/min. Sample 
masses were 5.80 mg (rHDPE), 6.40 mg (10 wt%), 5.60 mg (15 wt%), 
and 5.50 mg (20 wt%). The melting peak temperature (Tm) was deter
mined from the maximum of the melting endotherm. The melting 
enthalpy is reported as an apparent melting enthalpy (ΔHm,app) ob
tained by integrating the melting endotherm over the melting region 
using a consistent baseline approach for all samples, and is presented for 
comparative purposes across formulations.

2.2.10. Fourier transform infrared spectroscopy (FTIR)
FTIR spectroscopy was carried out to examine the effect of sugar 

palm fiber loading on the chemical features of the rHDPE composites. 
Spectra were acquired in the mid-infrared region using an FTIR spec
trometer under the instrument default acquisition settings. The FTIR 
data were recorded as percent transmittance (%T) versus wavenumber 
(cm− 1). Spectra of neat rHDPE (0% fiber) and composites containing 
sugar palm fibers at 10, 15, and 20 wt% were compared to identify 
changes in characteristic absorption bands associated with the presence 
and increasing content of lignocellulosic fibers in the rHDPE matrix.

2.2.11. Scanning electron microscopy (SEM)
Fracture surfaces of the tested specimens were examined using 

scanning electron microscopy (SEM) to provide morphological infor
mation related to fracture behavior and composite microstructure. 
Fragments were taken from the fracture region of tensile and flexural 
specimens. For specimens previous exposed to water (wet-condition 
flexural test), the fracture pieces were dried at 60 ◦C to remove residual 
moisture prior to observation. The samples were mounted on aluminum 
stubs using conductive carbon tape and sputter-coated with a 5 μm gold 
layer to minimize charging during imaging. The SEM micrographs were 

used for qualitative assessment of features such as fiber distribution, 
matrix tearing, indications of fiber pull-out or interfacial debonding, and 
the presence of voids or defects.

3. Results and discussion

3.1. Density of rHDPE/Sugar palm fiber composites

The density of neat rHDPE and rHDPE composites reinforced with 
alkali-treated short sugar palm fibers is presented in Fig. 3a. A gradual 
increase in density was observed with increasing fiber loading. Neat 
rHDPE (0 wt% fiber) exhibited a density of 0.94936 ± 0.01008 g/cm3, 
while the composites showed densities of 0.96774 ± 0.00974 g/cm3 (10 
wt%), 0.98212 ± 0.00483 g/cm3 (15 wt%), and 0.98324 ± 0.00644 g/ 
cm3 (20 wt%). Overall, the density increased by 3.58% from 0 to 20 wt% 
fiber. This trend is consistent with the replacement of part of the poly
mer phase by a lignocellulosic reinforcement that typically has a higher 
intrinsic density than HDPE and may also influence consolidation during 
hot pressing.

The scatter of density values also varied with fiber content. The 
standard deviation decreased at 15 wt% compared with 0 and 10 wt%, 
indicating more consistent specimen-to-specimen density at this 
loading, whereas the 20 wt% composite showed slightly higher vari
ability than the 15 wt% composite. Because the composites were pre
pared through manual premixing followed by hot pressing, minor 
variations in fiber dispersion and the presence of localized voids cannot 
be fully ruled out. Accordingly, the density results should be interpreted 
in conjunction with moisture-related behavior as well as fracture and 
morphological observations [9]. Nevertheless, the observed monotonic 
increase in density suggests effective incorporation of sugar palm fibers 
into the rHDPE matrix, providing a sound physical basis for subsequent 
comparisons of mechanical properties across the different formulations.

3.2. Water absorption after 24 h immersion

After 24 h of water immersion, neat rHDPE (0 wt% fiber) exhibited 
negligible water absorption (0.000 ± 0.000%), whereas all fiber- 
reinforced composites showed measurable moisture uptake of 0.397 
± 0.066% (10 wt%), 1.053 ± 0.132% (15 wt%), and 1.164 ± 0.085% 
(20 wt%). The introduction of 10 wt% sugar palm fiber resulted in an 
increase in water absorption to 0.397%. A further increase in fiber 
content from 10 to 15 wt% led to a substantial rise of 0.656 percentage 
points (from 0.397% to 1.053%), corresponding to a 165% increase 
relative to the 10 wt% composite. In contrast, increasing the fiber 
loading from 15 to 20 wt% produced only a modest increment of 0.111 
percentage points (from 1.053% to 1.164%), equivalent to a 10.5% in
crease relative to the 15 wt% composite. This trend suggests that, under 
the 24 h immersion condition applied in this study, the sensitivity of 

Fig. 3. Physical and tensile properties of sugar palm fiber-reinforced recycled high-density polyethylene bottle-cap composites at different fiber loadings: (a) density, 
(b) water absorption after 24 h immersion, and (c) tensile strength.
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water absorption to increasing fiber content diminishes at higher load
ings. The corresponding water absorption behavior is presented in 
Fig. 3b.

The measurement scatter remained relatively small compared to the 
mean values, indicating good consistency across the triplicate tests. The 
coefficients of variation were 16.6% (10 wt%), 12.5% (15 wt%), and 
7.3% (20 wt%), suggesting acceptable repeatability. The reduced rela
tive variability at higher fiber loadings is consistent with the larger 
absolute mass changes observed, which improve measurement sensi
tivity when using a balance with 0.001 g resolution.

From a structure–property perspective, the pronounced increase in 
water absorption between 10 and 15 wt% indicates that moisture uptake 
becomes increasingly governed by the higher density of hydrophilic 
fiber sites and expanded fiber–matrix interfacial regions once the fiber 
content exceeds 10 wt%. In addition to the intrinsic hygroscopicity of 
lignocellulosic fibers, increasing fiber loading also raises the likelihood 
of interfacial micro gaps and diffusion pathways, particularly in com
posites fabricated through manual premixing and hot pressing. These 
features can facilitate water ingress into the composite structure 
[44–46]. The comparatively smaller increase observed between 15 and 
20 wt% suggests that, within the 24 h immersion period, a substantial 

portion of accessible hydrophilic sites and diffusion pathways may 
already be active, resulting in a diminishing incremental effect with 
further fiber addition. This behavior is fundamentally linked to the hy
drophilic nature of lignocellulosic materials. As highlighted in recent 
reviews [44,46], the abundance of hydroxyl (–OH) groups in cellulose 
and hemicellulose promotes hydrogen bonding with water molecules, 
making increased moisture uptake unavoidable at higher fiber contents. 
This effect can be further amplified by microstructural defects, such as 
interfacial gaps formed during manual processing, which provide 
continuous pathways for water diffusion. These findings also provide 
important context for the flexural performance under wet conditions, 
where moisture exposure may induce fiber swelling and weaken inter
facial bonding, thereby reducing load transfer efficiency.

3.3. Tensile testing

Fig. 3c presents the tensile strength of neat rHDPE and rHDPE 
composites reinforced with short sugar palm fibers. A progressive in
crease in tensile strength is observed with increasing fiber loading across 
the investigated range. Neat rHDPE (0 wt% fiber) exhibited a tensile 
strength of 11.52 MPa, which increased to 13.91 MPa (10 wt%), 17.80 

Fig. 4. Representative tensile stress-strain curves of sugar palm fiber-reinforced recycled high-density polyethylene bottle-cap composites at different fiber loadings: 
(a) 0 wt%, (b) 10 wt%, (c) 15 wt%, and (d) 20 wt%.
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MPa (15 wt%), and 20.92 MPa (20 wt%).
The introduction of 10 wt% sugar palm fiber resulted in an increase 

of 2.38 MPa (20.7%) relative to neat rHDPE. Increasing the fiber content 
from 10 to 15 wt% produced the largest increment, with a gain of 3.90 
MPa (28.0% relative to the 10 wt% composite). A further increase from 
15 to 20 wt% yielded an additional improvement of 3.12 MPa (17.5% 
relative to 15 wt%). Overall, the tensile strength increased by 9.40 MPa 
from 0 to 20 wt%, corresponding to a total improvement of 81.5%. To 
further illustrate the effect of fiber loading on tensile deformation 
behavior, the corresponding stress–strain curves for each formulation 
are presented in Fig. 4.

The addition of palm fibers showed a tendency to increase the tensile 
load-bearing capacity as well as changes in deformation and fracture 
modes that were more influenced by microstructural heterogeneity 
[47–49]. Quantitatively, the tensile strength increased from 11.52 MPa 
(0 wt%) to 13.91 MPa (10 wt%), 17.80 MPa (15 wt%), and 20.92 MPa 
(20 wt%), which is consistent with a load-sharing mechanism where 
well-dispersed and embedded fibers carry the load and enhance stress 
transfer from the rHDPE matrix to the fiber phase. The effectiveness of 
this load-sharing mechanism can be largely attributed to the alkali 
modification of sugar palm fibers. Consistent with previous findings 
[20], NaOH treatment successfully removes surface impurities, waxes, 
and partial hemicellulose. This process significantly enhances the sur
face roughness of the fibers, thereby promoting stronger mechanical 
interlocking and superior interfacial stress transfer within the hydro
phobic rHDPE matrix. However, the stress-strain curves showed that the 
fibrous composites tended to achieve higher stress with lower breaking 
strain than pure rHDPE, indicating the effect of fiber constraint on 
matrix plastic deformation; the differences between the S1–S3 curves in 
each formulation also suggest local variations (fiber dis
persion/orientation, microgap/void) that may cause some specimens to 
fail premature [49]. This context is in line with SEM, rHDPE without 
fibers shows a relative smoother fracture surface with typical recycled 
micro-heterogeneity features that have the potential to initiate cracks, 
while the fibrous composites show a rougher and non-uniform surface 
that suggests a more tortuous crack path and the involvement of 
fiber-related mechanisms such as matrix tearing around the fibers, crack 
deflection, and possible local debonding and pull-out [50]. The increase 
in tensile strength is main related to the contribution of fiber rein
forcement, while the changes in the curve shape and fracture 
morphology confirm that the tensile response remains sensitive to the 
dispersion/interface quality and microstructural non-uniformities in the 
rHDPE–palm fiber composites [51].

3.4. Flexural testing under dry and wet conditions

Under dry conditions, neat rHDPE (0 wt% fiber) exhibited a flexural 
strength of 45.09 ± 1.32 MPa. Introducing 10 wt% sugar palm fibers 
reduced the flexural strength to 40.80 ± 0.97 MPa, corresponding to a 
decrease of 4.29 MPa (− 9.51%) relative to neat rHDPE. A further 
reduction was observed at 15 wt%, where flexural strength decreased to 
37.56 ± 5.64 MPa, i.e., 7.53 MPa lower (− 16.70%) than the 0 wt% 
formulation. In contrast, the composite containing 20 wt% fiber showed 
a higher mean flexural strength of 56.87 ± 12.37 MPa, representing an 
increase of 11.78 MPa (+26.13%) compared with neat rHDPE. To 
evaluate moisture-related changes in flexural behavior, dry and water- 
conditioned flexural strengths and the associated retention/loss values 
were analyzed, as shown in Fig. 5.

Overall, the dry flexural response exhibited a non-linear trend across 
the investigated fiber loadings. The relatively large scatter observed at 
20 wt%, as reflected by the higher standard deviation, suggests 
increased inter-specimen variability at this loading. This variability may 
be associated with differences in fiber distribution, local consolidation, 
and void formation, which are inherent to manual premixing and hot- 
pressing processes [52]. Accordingly, the apparent improvement 
observed at 20 wt% should be interpreted with caution and considered 
alongside the corresponding load–displacement behavior, as well as 
fracture and morphological observations. This combined analysis is 
necessary to assess whether the observed enhancement is consistently 
achieved across specimens. Table 4 presents the flexural strength results 
measured in dry and water-conditioned states for all fiber loadings, 
including the calculated wet/dry retention and strength loss.

Under wet conditions, the flexural strength values remained within a 
relatively narrow range: 23.52 ± 3.84 MPa (0 wt%), 25.80 ± 4.02 MPa 
(10 wt%), 23.80 ± 1.97 MPa (15 wt%), and 24.65 ± 2.22 MPa (20 wt 
%). Compared to the dry state, all formulations exhibited notable re
ductions in flexural strength, amounting to 47.84% (0 wt%), 36.75% 

Fig. 5. (a) Flexural strength in dry and wet conditions versus sugar palm fiber loading. (b) Wet/dry strength retention and loss versus sugar palm fiber loading.

Table 4 
Flexural strength of rHDPE/sugar palm fiber composites under dry and wet 
conditions, including wet/dry retention and strength loss.

Sugar palm 
fiber loading 
(wt%)

Flexural strength 
(Dry) (MPa)

Flexural strength 
(Wet) (MPa)

Retention 
(Wet/Dry) 
(%)

Loss 
(%)

0 45.09 ± 1.32 23.52 ± 3.84 52.16 47.84
10 40.80 ± 0.97 25.81 ± 4.02 63.25 36.75
15 37.56 ± 5.64 23.80 ± 1.97 63.35 36.65
20 56.87 ± 12.37 24.65 ± 2.22 43.35 56.65
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(10 wt%), 36.65% (15 wt%), and 56.65% (20 wt%). When expressed in 
terms of wet/dry strength retention, the corresponding values were 
52.16%, 63.25%, 63.35%, and 43.35%, respectively. These results 
indicate that, under the applied water-conditioning and testing condi
tions, the composites with 10–15 wt% fiber loading retained a greater 
proportion of their flexural strength compared to the 0 wt% and 20 wt% 
formulations. The flexural load–displacement responses in the dry 
condition are presented in Fig. 6.

This behavior can be interpreted in conjunction with the 24 h water 
absorption results, which showed a progressive increase in moisture 
uptake with increasing fiber content. Moisture exposure is known to 
reduce flexural performance through mechanisms such as fiber swelling 
and diminished interfacial efficiency, effects that may become more 
pronounced in composites with higher interfacial area and the presence 
of local defects. However, given that the wet flexural strengths remain 
relatively similar across all formulations while the corresponding dry 
strengths differ substantially, it is not possible to attribute the observed 
retention differences to a single dominant mechanism based solely on 
mechanical data [52]. Additional evidence, such as fracture-surface 
morphology or void assessment, would be needed to clarify the rela
tive contributions of interfacial weakening, microvoids, and fiber 
dispersion at each loading. Fig. 7 presents the wet-condition 
load–displacement curves for the composites.

3.5. Impact test

The Charpy impact strength results (Fig. 8a) show that neat rHDPE 
(0 wt% fiber) exhibited an impact strength of 11.38 ± 1.11 kJ/m2. With 
fiber addition, the impact strength increased to 13.46 ± 3.00 kJ/m2 at 
10 wt% and reached the highest mean value of 15.75 ± 1.31 kJ/m2 at 
15 wt%, before decreasing to 9.02 ± 0.99 kJ/m2 at 20 wt%.

Quantitatively, the increase from 0 to 10 wt% corresponds to +2.08 
kJ/m2 (+18.27%), and from 10 to 15 wt% an additional +2.29 kJ/m2 

(+17.02%). Overall, the composite containing 15 wt% fiber exhibited an 
increase in impact strength of +4.37 kJ/m2 (+38.39%) compared to 
neat rHDPE. In contrast, further increasing the fiber content to 20 wt% 
resulted in a significant reduction of − 6.73 kJ/m2 (− 42.73%), yielding a 
value 20.74% lower than that of the unreinforced matrix.

The improvement observed up to 15 wt% suggests that moderate 
fiber content enhances the ability of the composite to absorb impact 
energy relative to the matrix alone. Within the investigated range, this 
result indicates that the reinforcement effect under impact loading is not 
monotonic, and that an intermediate fiber loading provides the most 
favorable response.

The drop in impact strength at 20 wt% suggests that this increased 
fiber loading may render the composite more sensitive to processing- 
related variation, particularly when local heterogeneity and interfacial 

Fig. 6. Load–displacement curves (dry condition) of rHDPE/sugar palm fiber composites at (a) 0 wt%, (b) 10 wt%, (c) 15 wt%, and (d) 20 wt% fiber loading.
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features influence crack initiation and energy absorption [53,54]. This 
study shows that increasing fiber contents are associated with asym
metric distribution of the fibers in hot-pressed matrix leading to 
incomplete wetting of the fibers in high density regions producing voids. 
Such properties may act as stress raisers under impact loading, 
degrading the effect of the composite to a fast fracture. Consequently, 
impact testing results demonstrate that formulation containing 15 wt% 
fiber strikes an ideal balance of impact protection from the formulations 
assessed experimentally [54,55]. However, definitive identification of 
the underlying fracture-related mechanisms would require dedicated 
fracture toughness testing and impact-specific fractographic analysis, 
which were outside the scope of the present study.

3.6. Hardness test

Hardness (Shore D) increased progressively with increasing sugar 
palm fiber loading, from 53.70 for neat rHDPE to 55.90 (10 wt%), 59.10 
(15 wt%), and 60.10 (20 wt%). The composite containing 20 wt% fiber 
exhibited an overall increase of 6.40 Shore D units, corresponding to an 
improvement of 11.92% relative to neat rHDPE. The most significant 
incremental increase was observed between 10 and 15 wt% (+3.20 
units), whereas the gain from 15 to 20 wt% was comparatively smaller 

(+1.00 unit), indicating a diminishing marginal effect at higher fiber 
loadings. Fig. 8b summarizes the Shore D hardness values measured for 
rHDPE/sugar palm fiber composites with varying fiber contents.

This trend is consistent with a constraint effect during indentation, 
whereby the presence of a relatively rigid lignocellulosic phase restricts 
local plastic deformation of the rHDPE matrix and enhances resistance 
to the indenter. As Shore D hardness reflects localized, near-surface 
deformation, it can increase even when other properties particularly 
those sensitive to defects and crack initiation did not exhibit the same 
level of improvement. In the present study, both hardness and tensile 
strength increased with fiber content, whereas impact strength reached 
a maximum at intermediate loading and declined at 20 wt%. This 
divergence reflects the differing sensitivities of these properties: impact 
performance is highly influenced by stress concentrators and micro
structural heterogeneities, while hardness is primarily governed by local 
resistance to indentation. Consistent with this interpretation, fracture 
surface observations reveal increasingly heterogeneous features at 
higher fiber loadings, which may contribute to the reduced impact 
resistance despite continued gains in hardness.

Fig. 7. Load–displacement curves (wet condition) of rHDPE/sugar palm fiber composites at (a) 0 wt%, (b) 10 wt%, (c) 15 wt%, and (d) 20 wt% fiber loading.
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3.7. DSC

Fig. 8c presents the DSC heating curves (25–200 ◦C) of neat rHDPE 
and rHDPE/sugar palm fiber composites. The corresponding melting 
peak temperature (Tm) and apparent melting enthalpy (ΔHm,app) are 
summarized in Fig. 8d and e. The melting peak temperature exhibited 
only minor variation across the different formulations, remaining within 
a narrow range of 136.19–137.59 ◦C. This indicates that, within the 
investigated fiber loading range (0–20 wt%), the melting behavior of the 
rHDPE phase was not significantly affected by the incorporation of sugar 
palm fibers. Accordingly, the differences in mechanical performance are 
more plausibly attributed to composite-related factors such as the 
reinforcing contribution of the fibers and variations in microstructure 
(fiber dispersion, voids, and interfacial efficiency) rather than a sub
stantial change in the matrix melting temperature [56].

The melting enthalpy is reported as an apparent melting enthalpy 
(ΔHm,app) to enable relative comparison among formulations. When 
expressed per gram of composite, ΔHm,app decreased with increasing 
fiber loading, which is expected because the polymer fraction decreases 
as the fiber fraction increases. After normalization by the rHDPE mass 
fraction, ΔHm,app expressed per unit polymer showed an increasing 
trend across the investigated range, indicating that the integrated 
melting endotherm per unit polymer differs among formulations [57].

However, because the present analysis is based on a heating scan and 
enthalpy integration can be influenced by baseline selection and thermal 
history, the ΔHm,app values are interpreted conservatively as compar
ative thermal indicators rather than definitive crystallinity values. 
Overall, the DSC results confirm that the melting transition temperature 
of the rHDPE phase remains stable upon fiber addition, while variations 
in melting enthalpy provide supporting context for formulation- 
dependent differences without indicating a single dominant mechanism.

3.8. FTIR

The FTIR spectra obtained under dry conditions confirms the coex
istence of the rHDPE matrix and lignocellulosic sugar palm fibers within 
the composites. The spectrum of neat rHDPE (0 wt%) is dominated by 
characteristic polyethylene bands, including strong C–H stretching vi
brations at approximately 2915 and 2848 cm− 1, along with typical ab
sorption bands in the lower wavenumber region. With increasing sugar 
palm fiber content (10–20 wt%), additional absorption bands associated 
with lignocellulosic constituents become progressively more pro
nounced. A broad O–H stretching band in the 3200–3600 cm− 1 region 
indicates the presence of hydroxyl groups. Furthermore, an absorption 
band around 1730 cm− 1 is attributed to carbonyl (C––O) functionalities, 
commonly associated with hemicellulose. The bands observed in the 
1600–1510 cm− 1 range correspond to aromatic C––C vibrations, 
reflecting the presence of lignin structures. In addition, C–O stretching 
bands within the 1000–1150 cm− 1 region confirm the presence of 
polysaccharide frameworks in the lignocellulosic fibers. Fig. 9 shows the 
FTIR spectra of the rHDPE/sugar palm fiber composites, highlighting 
characteristic bands associated with the rHDPE matrix and lignocellu
losic fibers.

The progressive intensification of fiber-associated bands with 
increasing fiber content is consistent with the higher proportion of the 
sugar palm phase within the composites. Nevertheless, since the spectra 
predominantly represent a superimposed response from both matrix and 
fiber constituents, the FTIR results are more appropriately interpreted as 
evidence of compositional variation rather than definitive proof of 
newly formed chemical interactions at the fiber–matrix interface.

Although FTIR measurements were conducted on dry specimens, the 
increasingly pronounced hydroxyl- and C–O-related bands at higher 
fiber loadings provide useful insight into the moisture sensitivity 
observed after water conditioning. Water absorption increased from 
0.000% (0 wt%) to 0.397% (10 wt%), 1.053% (15 wt%), and 1.164% 

Fig. 8. Impact, hardness, and thermal properties of sugar palm fiber-reinforced recycled high-density polyethylene bottle-cap composites at different fiber loadings: 
(a) Charpy impact strength, (b) Shore D hardness, (c) differential scanning calorimetry heating curves, (d) melting peak temperature, and (e) apparent melting 
enthalpy of the polymer phase and the composite.
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(20 wt%), consistent with the incorporation of a more polar lignocel
lulosic phase enriched in hydroxyl functionalities. Under flexural 
loading, wet-condition strengths remained within a relatively narrow 
range (23.52–25.80 MPa), whereas wet/dry retention increased from 
52.16% (0 wt%) to 63.25–63.35% (10–15 wt%) before declining to 
43.35% at 20 wt%. Notably, the difference in water absorption between 
15 and 20 wt% is relatively small (1.053% to 1.164%), indicating that 
the reduced retention at 20 wt% cannot be attributed solely to total 
moisture uptake. Instead, it reflects the way water interacts with the 
composite microstructure at higher fiber contents, where increased 
interfacial areas and local heterogeneities may reduce interfacial effi
ciency under bending.

These moisture-related trends are broadly consistent with the me
chanical response. Tensile strength and Shore D hardness increased with 
fiber loading, reflecting the incorporation of a stiffer reinforcing phase 
into the ductile rHDPE matrix. In contrast, impact strength improved up 
to 15 wt% but declined at 20 wt%, indicating a greater sensitivity of 
impact performance to microstructural features that promote crack 
initiation and unstable fracture at higher fiber contents. Fractographic 
observations at 20 wt% support this interpretation, revealing increased 
heterogeneity, including fiber-rich regions, pull-out features, and void- 
like cavities. Such characteristics highlight the need for cautious inter
pretation of the 20 wt% results, particularly for properties governed by 
interfacial load transfer and fracture resistance. Overall, the FTIR results 
primarily indicate an increasing contribution of hydrophilic lignocel
lulosic constituents with rising fiber content, while the combined water 
absorption and wet flexural retention responses emphasize the growing 
influence of moisture and microstructural factors at higher loadings [44,
45].

3.9. Scanning electron microscopy (SEM)

The SEM images shown in Fig. 10 relate to the fracture surfaces of the 
tested specimens. The fracture surface of the recycled high-density 
polyethylene looks neat (Fig. 10a and b) and relatively compact with 
more homogenization however localized roughness and micro- 
irregularity can still be seen due to heterogeneous nature of recycled 
polymer matrices. Upon fiber incorporation, the tensile fracture surface 
of a composite with 20 wt% sugar palm fiber (Fig. 10c and d) is greatly 
heterogeneous. Exposed fiber cross-sections, partially embedded fibers, 
and matrix regions adhering to the fiber surface can be observed, indi
cating that the fibers participated in load transfer before failure. At the 

same time, the presence of interfacial gaps and locally detached regions 
suggests incomplete interfacial continuity in some areas.

The flexural fracture surfaces of the 20 wt% composite further reveal 
the influence of loading and conditioning environment. Under dry 
flexural conditions (Fig. 10e and f), the fractured surface shows broken 
fibers surrounded by plastically deformed matrix regions, together with 
rough and irregular topography. This morphology is consistent with 
fiber involvement in the fracture process and with localized matrix 

Fig. 9. FTIR spectra of sugar palm fiber-reinforced recycled high-density 
polyethylene bottle-cap composites.

Fig. 10. SEM micrographs of fracture surfaces of recycled HDPE/sugar palm 
fiber composites: (a,b) tensile fracture surface of neat rHDPE (0 wt%), (c,d) 
tensile fracture surface of the composite containing 20 wt% fiber, (e,f) dry 
flexural fracture surface of the composite containing 20 wt% fiber, and (g,h) 
water-conditioned flexural fracture surface of the composite containing 20 wt% 
fiber, shown at low and high magnifications, respectively.
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tearing around the reinforcement. In contrast, the water-conditioned 
flexural fracture surface (Fig. 10g and h) exhibits a more disrupted 
interface, with clearer separation between fiber and matrix, more visible 
void-like regions, and a less cohesive surrounding matrix morphology. 
These features suggest that moisture exposure reduced the effectiveness 
of fiber-matrix interaction and promoted interfacial deterioration. 
Overall, the SEM observations support the mechanical results by 
showing that fiber addition increases fracture-surface heterogeneity and 
fiber participation in failure, while moisture conditioning intensifies 
interfacial disruption, which is consistent with the reduced flexural 
strength retention under wet conditions.

3.10. Limitations and recommendations for future research

Although this study demonstrates the reinforcing potential of alkali- 
treated sugar palm fibers in a recycled HDPE matrix, several limitations 
should be acknowledged to guide future work. The composites were 
fabricated via manual premixing followed by hot pressing, which 
inherently limits process control and reproducibility. Future in
vestigations should therefore consider more controlled and scalable 
compounding techniques, supported by quantitative characterization of 
microstructure and porosity as well as predictive approaches for corre
lating formulation and processing variables with mechanical perfor
mance [58], such as twin-screw extrusion or injection molding, 
supported by quantitative characterization of microstructure and 
porosity. In addition, the inclusion of fracture toughness measurements 
would provide a more rigorous basis for elucidating the underlying 
energy-dissipation mechanisms during impact and fracture.

Furthermore, alkali treatment was employed as the sole fiber 
modification strategy in this study. To further reduce moisture uptake 
and enhance interfacial load transfer, future research should explore the 
use of compatibilizer agents, such as maleic anhydride-grafted poly
ethylene (MAPE), in combination with optimized processing conditions. 
Such approaches are expected to improve wet-conditioning retention 
and enhance fracture-related performance in lignocellulosic fiber rein
forced composites.

4. Conclusion

Incorporating short sugar palm fibers provides a practical and sus
tainable route for tailoring recycled HDPE bottle-cap composites pro
duced by manual mixing and hot pressing. The performance of the 
composites is significantly influenced by fiber loading and moisture 
exposure. Overall, alkali-treated sugar palm fiber loadings in the range 
of 10–15 wt% provide the most favorable overall balance between 
impact resistance and wet-condition flexural retention. The findings also 
suggest a compromise. Specifically, increasing fiber content can improve 
certain mechanical properties when the material is dry, but it also makes 
the material more vulnerable to water. Consequently, the optimal fiber 
loading must be determined based on the specific operational environ
ment and the desired performance attributes.
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Corrigendum

Corrigendum to “Property relationships study of sugar palm 
fiber-reinforced recycled HDPE bottle-cap composites” [J Mater Res 
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The authors regret < that Figure 9 in the original published version of this article was incorrect, as it did not represent the intended FTIR 
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results. The correct version of Figure 9 is provided below.  This error does not affect the results or conclusions of the paper. >.
The authors would like to apologise for any inconvenience caused.
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