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Abstract: This study investigated the influence of fiber loading and maleated polyethylene (MAPE)
coupling agent on the structural, thermal, mechanical, morphological properties, and torque rheology
of high-density polyethylene (HDPE) reinforced with Posidonia oceanica fiber (POF) composites.
HDPE/POF composites, both with and without MAPE, were manufactured using a two-step process:
composite pellets extrusion, followed by test samples injection molding with various POF loadings
(0, 20, 30, and 40 wt%). HDPE/POF composites reinforced with higher loading of POF (40 wt%)
exhibit superior stiffness, better crystallinity, and higher stabilized torque and mechanical energy (Em)
compared to other composite formulations. Therefore, varying the POF loading leads to extrusion
and injection processing variations. Furthermore, the coupling agent significantly enhances the
tensile strength, ductility, impact strength, crystallinity, stabilized torque, and En, of the HDPE/POF
composite. This improvement is due to the enhanced interfacial adhesion between the POF and the
HDPE matrix with the addition of the MAPE, as supported by the Scanning Electron Microscopy
(SEM) micrographs.

Keywords: Posidonia oceanica fibers (POFs); high-density polyethylene (HDPE); HDEP/POF composite;
thermal properties; mechanical properties; torque rheology

1. Introduction

In recent years, increasing interest has been in incorporating lignocellulosic fibers to
reinforce composite materials. This growing interest can be attributed to their numerous
advantages, including their sustainable nature, availability, renewability, biodegradabil-
ity, cost-effectiveness, low density, exceptional in-service properties, and especially their
recyclability compared to glass or carbon synthetic fibers [1-5].

Substituting synthetic fibers with lignocellulosic fibers is a prominent strategy for
enhancing the composites’ sustainability because the energy consumption related to natural
fiber production is about half that of synthetic fiber, and the generated carbon dioxide
emissions are much lower [6]. Natural fibers including flax [7,8], kenaf [9], alfa [10], bam-
boo [11,12], oil palm [13], sugar palm [14-16], jute [17], sisal [18], hemp [19], etc., have been
utilized as reinforcements in composites materials. Composites reinforced with natural fiber
or biocomposites find applications in the automotive, construction, aerospace, and marine
sectors [5,20-22]. Cars’ interior parts are among the composites’ popular uses because of
their good tensile strength and reduced flammability [23,24]. Several thermoset and thermo-
plastic polymers serve as matrices for natural fibers in composite materials. Compared to
thermoset polymers, thermoplastic polymers are commonly used matrices in natural fibers’
composites because of their advantages, including cost-effective processing, availability,
and better flexibility and processing temperatures, generally below 200 °C, which prevent
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the natural fibers from thermal degradation [4,21,25]. Moreover, the growing focus on
environmental concerns has increased interest among researchers in thermoplastic-based
composites, thanks to their potential for recycling and incineration [21,26,27]. Recently,
many authors have utilized a variety of thermoplastic polymers, such as polyethylene,
polypropylene, polyvinyl chloride, polystyrene, and polyamide 6 (PA6), as matrices to de-
velop novel natural fibers-reinforced composite materials [4,21]. Thermoplastic reinforced
with lignocellulosic fibers could be manufactured by either extrusion or mold-injection
processes [28]. However, lignocellulosic fibers and the thermoplastic polymers are incom-
patible due to the fibers” hygroscopicity and polarity and the polymers’ non-polarity and
hydrophobicity. Furthermore, fibers” hemicellulose, lignin, pectin, and waxes create smooth
surfaces, resulting in poor interlocking and adhesion in the fiber—polymer interface [28,29].
Therefore, numerous investigators have employed surface treatment methods, including
physical and chemical treatments, or used silanes or maleic anhydride as coupling agents
to enhance the polymer—fiber interfacial adhesion [6,28-30]. Zainal et al. [31] studied the
effect of alkaline and silane treatments on tensile, thermal, chemical, and morphological
properties of a PP/recycled acrylonitrile butadiene rubber (NBRr)/sugarcane bagasse
(SCB) powder composite. They indicated that chemical treatment of the SCB fiber improves
the thermal stability and tensile properties of the PP/NBRr/SCB composites. They also
reported that the silane-treated composites generated better results regarding the evaluated
properties. Madhavi et al. [32] studied the influence of a coupling agent (Maleic Anhy-
dride Polypropylene (MAPP)) on the thermal, structural, morphological, and mechanical
properties of bamboo fiber-reinforced polypropylene composites. They showed that the
Bamboo-PP composite coupled with MAPP exhibited higher mechanical strength (tensile
and flexural), improved thermal stability, and lower water absorption than the Bamboo-PP
composite without MAPP. SEM observations also confirmed the good interfacial adhe-
sion between PP and bamboo fiber when using a coupling agent. Furthermore, Li [33]
found that adding a coupling agent (MAPE) enhanced the flexural and tensile properties of
wood /HDPE composites and improved the interfacial adhesion, as evidenced by the SEM
micrographs. Hachaichi et al. [34] recently studied the effects of alkali surface modification
and a compatibilizer agent on HDPE’s mechanical behavior and microstructure reinforced
with date palm fiber (DPF) biocomposites. The results indicated that incorporating 30 wt%
of DPF treated with NaOH and KMnO4 (DPF2) in the HDPE biocomposite improved the
mechanical and morphological properties. The highest Young’s modulus was obtained
when 10 wt% of maleic anhydride grafted high-density polyethylene (HDPE-g-MA) was
used as a compatibilizer agent in the 30 wt% DPF2/HDPE biocomposites.

This study aims to utilize the abundant and renewable lignocellulosic Posidonia oceanica
fibers (POFs) as a potential reinforcement agent for composites based on a thermoplastic
HDPE matrix. It aims to investigate the impact of POF loadings (0, 20, 30, and 40 wt%) and
a coupling agent (3 wt% MAPE) on the structural, thermal, mechanical, and morphological
properties as well as torque rheology of the developed HDPE/POF composites.

2. Materials and Methods
2.1. Materials and Preparation of POF/HDPE Composites

The Posidonia oceanica fibers (POFs) used in this study were collected and prepared in
previous work [25]. The fibers” chemical composition, morphology, structure, and thermal
stability were presented in a previous report [25]. It is important to note that the POF has
an average diameter of 100 pm. POFs were used as reinforcement agents for the composite
materials made with a thermoplastic matrix.

A sawmill in La Sarre, Quebec, Canada supplied the black spruce wood fibers (WFBS)
utilized in this work. Before preparing the composite, the fibers underwent air-drying until
they reached a dry basis moisture content of approximately 10%. Subsequently, they were
milled using a Wiley Laboratory Mill Model 4 equipped with a 2 mm opening sieve and
then sieved using a Ro-tap Laboratory Sieve Shaker. The fraction with openings ranging
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from 150 to 710 um was retained for the composite elaboration. The fibers underwent oven
drying at 80 °C as a final step until they reached a dry basis moisture content of around 3%.

POFs reinforced with high-density polyethylene (HDPE) composites were produced in
a two-step process: pellet extrusion followed by test samples injection molding. A counter-
rotating intermeshing conical twin-screw extruder (Thermo Scientific HAAKE PolyLab OS
Rheodrive 7 with Rheomex OS extruding module, Karlsruhe, Germany) was utilized to mix
POF with HDPE (SCLAIR®2815, Nova Chemical (density of 0.952 g/cm? and melt flow
index of 69 g/10 min at 190 °C)) and 3 wt% of maleated polyethylene (MAPE, Fusabond
E226, DuPont (melt flow index of 1.75 g/10 min at 190 °C)) to produce various composite
formulations (Table 1). The average screw speed was 50 rpm, and the temperature of the
barrels and die was 170 °C. After cooling the extrudate in a water bath, it was ground
into pellets of approximately 3 mm length. Subsequently, the pellets were oven-dried at
80 °C overnight to achieve a dry basis moisture content of about 3%. The pellets were
then molded for tensile and impact specimens using an Arburg 370A (600 kN) injection
molding machine (Lossburg, Germany). Injection molding parameters were 30 °C mold
temperature, 140 MPa injection pressure, 2 s injection time, 70 MPa holding pressure, 11 s
holding time, barrel temperature profile 190 to 170 °C, and 17 s cooling time. The obtained
specimens were conditioned for a minimum of 48 h at 20 °C and 50% relative humidity
until their mass stabilized.

Table 1. Formulations of the prepared composites.

Composite Formulations HDPE Content POF Content MAPE Content
(wt.%) (wt.%) (wt. %)
Virgin HDPE 100 0 0
HDPE/POF/MAPE (80/20/0) 80 20 0
HDPE/POF/MAPE (77/20/3) 77 20 3
HDPE/POF/MAPE (70/30/0) 70 30 0
HDPE/POF/MAPE (67/30/3) 67 30 3
HDPE/POF/MAPE (60/40/0) 60 40 0
HDPE/POF/MAPE (57/40/3) 57 40 3

2.2. Characterization

The HDPE and its POF composites were analyzed using attenuated total reflection
Fourier Transform Infrared Spectroscopy (ATR-FTIR) with a Nicolet OMNIC 560 Fourier
transform spectrometer (Thermofisher, Wilmington, NC, USA). Composite specimens were
scanned over the 4000 to 400 cm ! range with a resolution of 4 cm 1.

The thermal stability of HDPE and POF composites was studied by thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC). Thermogravimetric analysis
was performed on a TGA Q50 analyzer (TA Instruments, New Castle, DE, USA). Composite
specimens weighing 10.5 and 11.5 mg were heated from 25 to 800 °C at a rate of 10 °C/min
in a nitrogen atmosphere with a flow rate of 60 mL/min. The DSC Q20 equipment was
utilized to investigate the crystallization properties. The thermal program detailed by
Bouafif et al. [35] was adopted to determine the melting behavior and crystallization rate.
The degree of crystallinity x. (%) for all composite formulations was determined using
Equation (1):

Xe (%) = AHpm x 100/ AHS g0, x Wi (1)

Crystallinity

where AHm and AH®100% crystallinity are the composite specimens’ melting enthalpy de-
termined by the DSC curve and the enthalpy of 100% crystalline HDPE = 288 J /g [36],
respectively. W is the mass fraction of HDPE in the composite. All thermal tests were
conducted at least twice for each sample.

Tensile tests were conducted according to ASTM D 638 [37] using specimen Type IV
and a crosshead speed of 5 mm/min. Un-notched impact tests were conducted according
to ASTM D 4812 [38] using a 2.75 ] pendulum. At least seven samples were tested for each
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composite. The fractured surfaces of the tensile composite specimens were analyzed using
Scanning Electron Microscopy (SEM) (Hitachi S-3500N).(Hitachi High-Tech, Tokyo, Japan).

The composites’ torque rheology properties were measured using a torque rheometer
from HAAKE, Germany. The POF and HDPE pellets were mixed in the Haake mixer with
a consistent fill level of 65% for 12 min while maintaining a rotor speed of 50 rotations per
minute (RPM) at a temperature of 170 °C.

3. Results
3.1. Surface Chemistry

FTIR spectroscopy was employed to determine if chemical reactions occurred or if
any new functional groups appeared in the Virgin HDPE after introducing the POF or
adding the MAPE. FTIR spectra of the Virgin HDPE and HDPE/POF composites (with and
without MAPE) are depicted in Figure 1. The peaks at 2916, 2849, 1462, and 717 cm ™! are
attributed to the methylene groups present in HDPE [39,40]. The introduction of POF into
the HDPE matrix results in the appearance of a broad band between 3600 and 3200 cm ! in
the FTIR spectra of HDPE/POF composites, which is assigned to the stretching vibration
of the OH groups of the fibers [39,41,42]. It should be noted that the peaks at 2916 and
2849 cm ! shift to a lower range as the POF content increases in the composites. This shift
can be attributed to the interaction between the chains of HDPE and those of POF [43].
Furthermore, we detected two new absorption peaks at 1597 and 1032 cm ™! in the FTIR
spectra by introducing POF into the HDPE matrix for all HDPE/POF composites. The peak
at 1597 cm ! is assigned to the C=C stretching vibration of the substituted aromatic ring in
lignin [44,45], and the peak at 1032 cm ™! is attributed to the C-OH stretching vibration of
the cellulose [42,44]. As shown in Figure 1, adding a coupling agent makes it possible to
decrease the hydrophilicity of the POF by reducing the intensity of hydroxyl groups in the
range of 3600-3200 cm ™. Lower hydroxyl group intensity results from a reaction with the
MAPE [46].

0.45

2916 Virgin HDPE
HDPE/POF/MAPE (80/20/0)
——— HDPE/POF/MAPE (70/30/0)
0.4 1 HDPE/POF/MAPE (60/40/0)
HDPE/POF/MAPE (77/20/3)
2840 HDPE/POF/MAPE (67/30/3)
0.35 1 [ R HDPE/POF/MAPE (57/40/3)

0.3

0.25 A

0.2 A

Absorbance
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Figure 1. FTIR spectra of Virgin HDPE and HDPE/POF composites (with and without 3% MAPE).

3.2. Thermal Stability
3.2.1. Thermogravimetric Analysis

Figure 2a,b show the weight losses (TGA) and time derivatives of the weight (DTG)
curves of the HDPE polymer and its POF composites (with and without coupling agent),
respectively. Results show that the weight loss of Virgin HDPE occurred in a one-step
degradation process from 320 to 500 °C (Figure 2a). The presence of only one peak at
460 °C on the DTG curve (Figure 2b) confirms this result. This thermal behavior can be
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associated with the homogeneous structure of the thermoplastic HDPE, which decomposes
into ethylene monomers. Previous studies [47,48] reported similar findings. However, the
composites’ thermal degradation occurred in two degradation steps (Figure 2a). The first
step, from 220 to 350 °C, is related to the decomposition of hemicelluloses and cellulose
fibers, and this was confirmed by the presence of two peaks on the DTG curve (Figure 2b).
The second degradation step, from 350 to 520 °C, is attributed to the decomposition of
the HDPE, which is in good agreement with previous findings [48,49] for HDPE/wood
composites and LDPE/palm composites, respectively. Above 520 °C, it is important to note
that increasing the percentage of POF from 20 to 40% led to increased residual amount,
primarily attributed to the increase in ash content. Similar findings were reported by Torres-
Tello et al. [50] for a green composite based on poly(hydroxybutyrate-co-hydroxyvalerate
(P(HB-HV)) reinforced with agave fiber. They found that the higher fiber ratio increased
the formation of residual amount due to the presence of ashes.

Weight (%)

—— Virgin HDPE
—— HDPE/POF/MAPE (80/20/0
b) ——— HDPE/POF/MAPE (70/30/0
—— HDPE/POF/MAPE (60/40/0

=== Virgin HDPE

DTG (%/min)

100

200

' ' 0 100 200 300 400 500 600 700 800
300 400 500 600 700 800

Temperature (°C) 5 Temperature (°C)

Figure 2. TGA (a) and DTG (b) curves of Virgin HDPE and HDPE/POF composites (with and without
3% MAPE).

Table 2 displays the initial degradation temperature (Topset (°C)), the weight loss
(%), and the maximum degradation temperature (DTGmax (°C)) for Virgin HDPE and
HDPE/POF composites (with and without 3% MAPE), obtained from TGA and DTG curves.

Table 2. Thermal properties of the Virgin HDPE and HDPE/POF composites obtained by TGA and
DTG curves.

o . Temperature . o

Samples Tonset (°C) * Degradation Step Range ©C) Weight Loss (%) DTGmax (°C)
.. 388.8 £ 6.7 First - - -

Virgin HDPE Second 320-500 99.8 + 0.6 4605+ 2.7
HDPE/POF/MAPE 3048 411 First 220-350 9.5+0.1 3183+ 0.5
(80/20/0) ’ ’ Second 350-520 82.1+0.0 4578 +1.1
HDPE/POF/MAPE 286.0 & 4.2 First 220-350 126 £0.2 3183+ 0.5
(70/30/0) ) ) Second 350-520 73.7 £0.8 4631+ 1.1
HDPE/POF/MAPE 2785 4 0.7 First 220-350 16.0 £ 0.1 3172+ 1.1
(60/40/0) ’ : Second 350-520 66.1 + 0.1 462.0 £ 0.5

* Tonset is defined as 5% weight loss.

Based on the results of thermal properties summarized in Table 2, it was noticed that
the addition of POF to the HDPE matrix decreased the Tonset 0of all HDPE/POF composites
compared to Virgin HDPE (from 388.8 to 278.5 °C for Virgin HDPE and HDPE/POF/MAPE
(60/40/0) composite, respectively). Therefore, adding POF reduced the thermal stability
of the HDPE/POF composites. Additionally, lignocellulosic fibers (POF) display lower
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thermal stability compared to the HDPE matrix, which is in good agreement with previous
findings [47,51] for thermoplastic polymers reinforced with natural fibers. In the first
degradation step, the reduction in thermal stability of the HDPE/POF composites with the
increase in percentage of POF was confirmed by the decrease in DTGpax (from 318.3 to
317.2 °C for composites reinforced with 20 and 40% of POF, respectively) and the increase in
weight loss (from 9.5 to 16% for composites reinforced with 20 and 40% of POF, respectively)
(see Table 2). Similar results were found by Yang et al. [52] for LDPE reinforced with rice
husk flour (RHF) composites. In the second degradation step, it can be seen from Table 2
that the DTGpax is shifted from 460.5 up to 462.0 °C for the Virgin HDPE and HDPE/POF
composite reinforced with 40% POF, respectively. This increase can be attributed to the
synergistic effect that delays the degradation temperature of HDPE/POF composites, and
this is related to the existence of the natural phenolic compounds in Posidonia oceanica [53].

From the TGA and DTG curves (Figure 2a,b), we observe that adding 3% MAPE has
no effect on the thermal behavior of HDPE/POF composites, and the intensity of the peaks
remains unchanged.

3.2.2. Differential Scanning Calorimetry (DSC)

DSC melting curves of the Virgin HDPE and HDPE/POF composites (with and
without 3% MAPE) are shown in Figure 3, and the melting temperature (Tr), enthalpy
of melting (AHp,), and percentage of crystallinity (x.) are presented in Table 3. From
Figure 3 and Table 3, the Ty, values of the HDPE/POF composites (with and without
coupling agent) were similar to those of the Virgin HDPE, and no correlation with the
POF content was established. Similar results are found by Borja et al. [54] for PP/cellulose
composite. As observed in Table 3, POF increased the x. from 67.9% for HDPE to 70% for
the HDPE/POF composite reinforced with 40 wt% POF. This result can be attributed to
the nucleating capacity of the POF in facilitating the crystallization process of the HDPE
matrix, as reported in previous works [54-56] for PP /sisal fiber composite, PP /pulp fiber
(cellulose I) composite, and PP /date palm tree fiber composite, respectively. Incorporating
the cellulose filler into the matrix takes place in the amorphous zone of the material, and
the surface of the filler acts as a nucleation site, which modifies the crystallization kinetics
of the semi-crystalline thermoplastic polymer. By examining the crystallinity values of
uncompatibilized and compatibilized HDPE/POF composites presented in Table 3, it
is evident that adding 3 wt% MAPE improved the crystallinity of the materials. This
improvement in crystallinity results from the nucleating effect of MAPE, which promotes
the formation of more crystals compared to the HDPE/POF composite without MAPE, in
agreement with previous findings on the HDPE /hemp composite [51].

Table 3. Crystallization and melting characteristics of the HDPE polymer and the HDPE/POF
composites (with and without coupling agent).

Sample Tm (°C) AHn (J/g) Xc (%)
Virgin HDPE Polymer 128.7 £ 0.1 195.7 £3.1 679 £ 1.1
HDPE/POF/MAPE (80/20/0) 128.8 £ 0.1 1512+ 04 65.6 £ 0.2
HDPE/POF/MAPE (70/30/0) 128.6 £ 0.0 137.7 £ 0.1 68.3 £ 0.1
HDPE/POF/MAPE (60/40/0) 128.5 £ 0.1 120.9 £ 0.3 70 £0.2
HDPE/POF/MAPE (77/20/3) 128.7 £ 0.3 154.65 + 0.1 69.7 £ 0.0
HDPE/POF/MAPE (67/30/3) 128 £ 0.0 134.15+£ 0.5 69.5 £ 0.3

HDPE/POF/MAPE (57/40/3) 128.2 £ 0.0 1189 + 04 724 +£03
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Figure 3. DSC curves of the second heating cycle of Virgin HDPE and HDPE /POF composites (with
and without 3% MAPE).

3.3. Mechanical Properties of HDPE/POF Composites

Figure 4 illustrates the stress—strain curves obtained from the tensile tests for HDPE/POF
composites reinforced with different POF rates (with and without coupling agent). The
maximum stress was obtained with HDPE/POF composite reinforced with 40 wt% POF,
which also showed lower strain compared to HDPE/POF composites reinforced with 20
and 30 wt% POF (see Figure 4). Further, adding the coupling agent exhibited an enhance-
ment in the ductility of the materials, and this was revealed by the increase in the strain
of compatibilized HDPE/POF composites compared to uncompatibilized HDPE/POF
composites (see Figure 4). Figure 5 shows the influence of the POF rate and the coupling
agent on the composites’ tensile modulus of elasticity (E), strength (TS), and elongation at
break (€;). Compared to Virgin HDPE, the introduction of POF enhanced the composite
rigidity. Specifically, incorporating 20, 30, and 40 wt% of POF increased Young’s modulus
by about 53.8, 65.5, and 74.2%, respectively (Figure 5a). This result confirms the reinforcing
effect of POF on the polymer, in agreement with the previous findings [3,25,53,57,58] for
composites based on thermoplastic or thermoset matrices reinforced with POF. In conclu-
sion, HDPE /POF composites reinforced with a higher percentage of POF (40 wt%) exhibit
greater rigidity and better crystallinity than other composite formulations.

Figure 5a shows that the coupling agent did not affect the Young’s modulus of
HDPE /POF composites. In addition, the TS appears to be either conserved with interest-
ing values close to 15-17 MPa for HAPE /POF composites containing 0, 20, and 30 wt%
POF and slightly improved by about 2.35% for the HDPE/POF composite reinforced with
40 wt% POF compared to Virgin HDPE (Figure 5b). The addition of MAPE increased
the TS with increasing POF content in the HDPE/POF composites (Figure 5b). Thus, the
coupling agent in HDPE/POF composites containing 20, 30, and 40 wt% of POF increased
the TS by about 23.44, 33.21, and 40.53%, respectively, compared to HDPE/POF composites
without MAPE. This improvement in TS is attributed to the enhanced interfacial adhesion
between the POF and HDPE matrix resulting from the addition of the coupling agent, as
evidenced by the SEM micrographs reported in our previous work [25]. However, the €,
of the HDPE/POF composites decreased with increasing POF content from 5.01 to 2.02%
for composites containing 20 and 40 wt% POF, respectively (Figure 5c). This behavior is
attributed to the stiffening effect of the lignocellulosic POF, resulting in brittle fracture in
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the HDPE/POF composites. Adding the coupling agent led to a higher elongation at break
compared to the composites without a coupling agent, resulting in increased ductility of
the material (Figure 5c).

32 4
2’4 e
44 T e

20 A

16 4

12 A

Stress (MPa)

HDPE/POF/MAPE (80/20/0)
HDPE/POF/MAPE (77/20/3)
HDPE/POF/MAPE (70/30/0)
----- HDPE/POF/MAPE (67/30/3)
—— HDPE/POF/MAPE (60/40/0)
————— HDPE/POF/MAPE (57/40/3)

0 2 4 6 8 10 12
Strain (%)

Figure 4. Stress—strain curves for HDPE /POF composites reinforced with different percentages of
POF (with and without 3% MAPE).

34 —
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0
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BWith 3% MAPE

30
POF (%)

Figure 5. Bar plot of tensile tests of HDPE/POF composites reinforced with different POF rates (with
and without 3% MAPE): (a) modulus of elasticity (E), (b) tensile strength (TS), and (c) elongation at
break (€;).

Figure 6 depicts the SEM micrographs of the fractured tensile surface of HDPE/POF
composites reinforced with 30 wt% of POF, both with and without a coupling agent. It is
clear that adding MAPE improves fiber-matrix adhesion and restricts fiber debonding, as
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observed in Figure 6a for the HDPE/POF composite without MAPE. Moreover, the SEM
micrograph demonstrates that the addition of the MAPE leads to better impregnation of
POFs into the HDPE polymer matrix (Figure 6b), confirming the ductile deformation of the
HDPE/POF composite with 3 wt% MAPE (Figure 5c).

WD16 .1mm 20.0kV x100 500um

Figure 6. SEM micrographs of the HDPE/POF composite’s fracture surface contain 30% POF
(a) without MAPE and (b) with 3% MAPE.

Figure 7 illustrates the impact energy (aK) of the HDPE/POF composites (with and
without MAPE). A significant reduction in aK is observed as the POF content increases from
20 to 40 wt%. Increasing the POF content increases the stress concentration due to poor
fiber-matrix interfacial adhesion [59]. Similar results were also reported by Naghmouchi
et al. [60], who found that the impact energy of polypropylene reinforced with an olive
stone flour (OSF) composite decreased as the OSF content increased. Figure 7 shows that a
3 wt% coupling agent in the HDPE /POF composites increased the impact energy compared
to HDPE/POF composites without a coupling agent. Thus, the fiber could absorb energy
because of strong fiber-matrix interfacial adhesion.

80 —&— Without MAPE
.-+« With 3% MAPE

60
E
-
< 40
2

20

o . . . : .
0 10 20 30 40 50
POF (%)

Figure 7. Effect of the POF content on impact strength (IS) of the HDPE/POF composites (with and
without 3% MAPE).

3.4. Torque Rheology

Torque rheology is used to determine the processing parameters of the composite
blends. Black spruce wood fiber (WFBS) is also incorporated into the HDPE matrix to
evaluate the influence of different lignocellulosic reinforcing agents on the torque rheologi-
cal properties. Figure 8 shows the torque versus mixing time curves of HDPE reinforced
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with POF and WEBS at 20, 30, and 40 wt% (without MAPE) obtained at 170 °C in a torque
rheometer. For all the composite materials, the torque reaches a stable state of approxi-
mately 8-10 min and remains constant until the end of the 12 min compounding period.
This observation suggests successful mixing without material degradation. Figure 8a,b
show that the processing torque was affected by both the fiber ratio and type. From the
curves depicted in Figure 8, we can determine the stabilized torque (after 12 min of mixing)
and calculate the mechanical energy (Er,) (Equation (2)):

2
Emzzan/ M dt @)
1

N is 50 RPM and M is the torque (Nm).

M (Nm)

80.00 1

60.00 1

40.00 4

20.00 4

0.00

(a)

120.00 1
(b)

e HDPE/POF/MAPE (80/20/0) 100.00 A
HDPE/POF/MAPE (70/30/0)
—— HDPE/POF/MAPE (60/40/0)

= HDPE/WFBS/MAPE (80/20/0)
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Figure 8. Effect of fiber content and mixing time at 170 °C and 50 RPM on the torque of (a) HDPE/POF
and (b) HDPE/WFBS composites (without coupling agent).

Figure 9 illustrates the effect of fiber content on the stabilized torque and E., of
HDPEPOF and WEFBS composites (without MAPE). From these results, we can conclude
that the stabilized torque (or balancing torque) and Er, of HDPE/POF and HDPE/WFBS
composites increase with increasing fiber content (POF and WEFBS) (Figure 9a,b). Higher
fiber load led to increasing torque and, consequently, greater energy. Saddem et al. [61]
observed a similar trend for wood-plastic composites. An increase in fiber load enhances
fiber—fiber interactions and reduces the fiber wettability by the polymeric matrix [61-63].
Furthermore, the HDPE/WFBS composites give greater values of the maximum and
stabilized torque than the HDPE/POF composites (Figures 8 and 9a). The difference
in chemical composition between WFBS and POF explains this result. WFBS showed
higher lignin (31.9%) and hot water extractive (12.7%) contents [64] than the POF, which
has 29.3% and 6.72% lignin and hot water extractive contents, respectively [25]. Saddem
et al. [61] reported similar findings. They concluded that higher lignin content in jack
pine bark fibers leads to increased torque and poor fiber dispersion within the composite,
consequently reducing its mechanical properties. Also, the viscosity of the fiber/polymer
blend is significantly influenced by the fiber volume fraction, which in turn depends on the
fiber density.

A lower fiber density corresponds to a higher fraction volume, contributing to an
elevated viscosity and torque mixture [61]. In this context, the WFBS shows a lower density
value (0.639 g/ cm?® [64]) than the density value of the POF (1.214 g/ cm? [65]), which
explains the greater values of the maximum and stabilized torque of the HDPE/WFBS
composites compared to HDPE/POF composites.
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Figure 9. Effect of fiber content (POF and WEFBS) on stabilized torque (a) and mechanical energy (b)
for HDPE/POF and HDPE/WEFB composites without MAPE.

Figure 10 depicts the influence of the MAPE on the stabilized torque and E, of the
HDPE/WEFBS and HDPE/POF composites reinforced with 40 wt% fibers. Adding MAPE
increases the stabilized torque and E,, for HDPE/WEFBS of the composites compared with
those without MAPE (See Figure 10a,b). The better adhesion between the fiber and matrix
with the addition of MAPE explains this result. Similar findings were observed by Li
et al. [66], who reported that the addition of MAPE (lower than 5 wt%) enhanced the
equilibrium torque of the HDPE/Wood (40/60) composites, compared with the composites
without MAPE.

24
22
20
18
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—— 160 1 = = TipPEwWEBS (60/40)
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Figure 10. Effect of 3% MAPE on (a) stabilized torque and (b) mechanical energy (b) for composites
(HDPE/POF and HDPE/WEFB) reinforced with 40 wt% fiber.

4. Conclusions

This study investigated the properties of HDPE reinforced with POF and coupled
with 3 wt% MAPE. The latter reduced the hydrophilic characteristics of the lignocellulosic
fiber. Results indicate that increasing the POF content enhanced the composite stiffness,
crystallinity, and torque rheological properties. The coupling agent improved the inter-
facial adhesion between POF and HDPE and the composites’ tensile properties, ductility,
and crystallinity. The HDPE/POF/MAPE composites have potential as an alternative to
conventional materials, especially for building applications.
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