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Abstract: A novel elastomer-modified multicomponent, multiphase waste-sourced biocomposites,
was prepared for converting waste biomass and plastic into value-added products. The effects of
blending elastomer–olefin block copolymer (OBC) and maleic anhydride (MAH), and divinylbenzene
(DVB) co-grafting of recycled polypropylene (rPP) matrix on the adhesion interface, structure, and
properties of high wood flour-filled (60 wt.%) composites were thoroughly investigated. The results
indicated that DVB introduced branched structures into the polymer matrix molecular chain and
increased the MAH grafting rate. Co-grafting rPP/OBC blends enhanced the interfacial adhesion
among rPP, OBC, and wood flour. Additionally, MAH-grafted OBC was prone to encapsulating
rigid wood flour, thereby forming an embedded structure. Notably, the tensile modulus and impact
strength of the final three-component composites increased by 60% and 125%, respectively, compared
with the unmodified composites. Additionally, dynamic mechanical analysis revealed that DVB-
induced branching promoted the formation of microvoids in the OBC shell layer surrounding the
wood, which in turn induced significant plastic deformation in the polymer matrix. This work offers a
facile and efficient method for preparing high-toughness, high-stiffness, and low-cost waste PP-based
composites for automotive interiors, and indoor and outdoor decoration.

Keywords: biocomposites; grafting modification; interface adhesion; elastomer; deformation mechanism

1. Introduction

Biocomposites have recently experienced significant advancements in both academia
and industry due to their favorable specific mechanical properties and eco-friendly char-
acteristics [1,2]. Biocomposites can efficiently utilize natural lignocellulosic resources and
plastic waste as important raw materials to produce high-value and sustainable prod-
ucts [3]. However, recycled plastic wastes, such as polypropylene (PP), polyethylene (PE),
and polystyrene (PS), exhibit poor miscibility, and fully separating the individual compo-
nents is technically difficult and uneconomic [4]. Additionally, most recycled plastic waste
is a hydrophobic mixture and is incompatible with hydrophilic lignocellulosic particles [5].
The mechanical performance of the resulting waste plastic-based biocomposites generally
fails to meet the performance requirements in structural and other engineering fields,
particularly regarding impact strength, due to interphase incompatibility [6–8].
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To better meet performance requirements and expand applications in emerging fields,
various strategies for enhancing interfacial adhesion in biocomposites containing plastic
waste have been extensively researched [9–11]. Coupling agents are an effective means to
improve interfacial adhesion and mechanical properties in biocomposites [12]. However,
the partial enhancement of the interface layer still falls short of the impact strength require-
ments for structural applications. Low impact strength, particularly at higher lignocellulose
loadings (above 50 wt.%), remains a major drawback of biocomposites [13]. Consequently,
this severely reduces the end-of-life performance of biocomposites. Incorporating strong
hybrid fibers into biocomposites is an alternative strategy to enhance both stiffness and
impact strength [14]. However, some drawbacks exist, such as poor interfacial compati-
bility between components and severe abrasion of processing equipment. Furthermore,
reinforcing fibers, like carbon fiber, glass fiber, and Kevlar fiber, are not recyclable [15–17].

Blending modification with polyolefin elastomers or their maleated derivatives to
improve impact strength has been a traditional, yet active, area of research, particularly for
polyolefin-based biocomposites [18–20]. Extensive efforts devoted to elastomer-toughened
polymer/filler composites have focused on achieving excellent toughness with minimal
strength and modulus loss or even improvement [21–23]. In these multicomponent sys-
tems, two types of structures may form: elastomer and filler either separately distributed
within the polymer matrix or the elastomer encapsulates the filler, forming an embedded
structure [24,25]. Sudar et al. [26] chose two compatibilizers, maleated polypropylene
(MAPP) and maleated ethylene–propylene–diene elastomer (MAEPDM), to prepare wood
plastic composites separately. They found that only MAPP led to separate distribution
of the components, whereas embedding was promoted by the introduction of MAEPDM.
Molnar et al. [27] conducted a systematic study on composites with embedded structures,
investigating their effects on stiffness and toughness. They reported that the stiffness of
these composites is determined by the degree of embedding, while toughness increases
can result from either an embedded structure or separate distribution. The toughness of
these multicomponent systems is primarily determined by the dominant micromechanical
deformation processes. Therefore, proper structural design is essential for developing
high-performance materials [28–30]. Additionally, optimizing the composition, component
type and content, and molding technology is a potential strategy to achieve greater stiffness
and toughness in the final composites.

The structure–property relationships of PP/wood flour/elastomer composites pre-
pared using a twin-screw extruder were reported in a previous study [31]. Polymer matrix
modification with polar monomers can be used to control the structure of multicomponent
composites. In addition to wood particle size and content, the properties of the interface
layer impact the composite’s overall performance [32]. Moreover, the branched chains in-
duced by the multifunctional monomer also influence the properties of the composites [33].
Although grafting virgin PP or PP/elastomer blends with maleic anhydride (MAH) re-
sulted in satisfactory toughness and stiffness, the impact of these modifications on the
structure and properties of recycled PP-based composites requires further investigation.
The aim of our study was to determine the synergistic effect of elastomer blending and
branched chain introduction on the impact resistance and stiffness of hybrid recycled
PP/wood/elastomer composites. The structure of the three-component composites was
controlled through matrix modification with MAH and the polyfunctional monomer di-
vinylbenzene (DVB). The deformation and failure mechanisms of these composites were
studied in relation to structure-related phenomena, such as the interface layer, branched
chains, and embedding structure.

2. Results and Discussion
2.1. Study on the Structure and Properties of Modified Polymer Matrix

After melt grafting modification, new absorption peaks at 1787 cm−1 appeared for
rPP (Figure 1a). These peaks corresponded to the carbonyl groups of cyclic anhydrides
and the carboxylic acid formed after hydrolysis of the anhydride, indicating successful
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grafting of MAH onto the rPP molecular chain [34]. After the addition of DVB and OBC
during MAH grafting, the carbonyl absorption peaks showed an increase at 1725 cm−1

(Figure 1b). This suggested that more MAH monomers were grafted onto the modified
matrix. The increased MAH grafting rate aligned with the rise in carbonyl absorption
intensity in the infrared spectra, confirming successful grafting of MAH onto the matrix
molecular chain. After MAH/DVB co-grafting modification, rPP/OBC blends showed a
higher MAH grafting rate than rPOM. (Figure 1c). The melt mass flow rate (MFI) of rPM
increased compared with that of unmodified rPP (Figure 1d). This increase was attributed
to the severe chain scission of rPP macromolecular chains caused by the initiator, which
reduced the flow resistance of the rPM melt. The addition of DVB monomer and elastomer
OBC inhibited rPP chain degradation, resulting in lower MFI values for rPMD and rPOM,
although these values remained higher than those of rPP. Meanwhile, the MAH grafting
rate increased. This suggests that the highly reactive DVB introduced branching in the
matrix molecular chains, promoting MAH grafting [33,35]. Additionally, the polyolefin
segments in the OBC chains facilitated MAH grafting and induced limited branching of
macromolecular chains.
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Figure 1. FTIR spectra (a,b), MAH grafting degree (c), and melt flow rate (d) of the modified rPP.

Compared with unmodified rPM, the storage modulus (G′) of rPOM and rPMD melts
gradually increased in the low-frequency region, with a reduced slope at the curve’s end,
more prominently in rPMD (Figure 2a). This increase was attributed to DVB-induced chain
extension, which introduced branched structures into the rPP molecular chains [36]. More-
over, the additional incorporation of OBC promoted DVB-induced branching, enhancing
chain entanglement and reducing the melt’s viscous deformation. In the low-frequency
region, DVB addition reduced the tanδ of rPMD compared with rPM, making it lower than
that of unmodified rPP. (Figure 2b). This suggests that DVB altered the topology of the
rPP molecular chains, resulting in the formation of branched structures [35]. The branched
structure with a strong chain entanglement effect prolonged the alpha relaxation of the rPP
chain ends and gradually increased the elastic portion of the melt in the low-frequency
region [37]. Following the additional incorporation of OBC, the tanδ of rPOMD in the
low-frequency region was lower than that of rPMD. This suggested that OBC increased
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molecular chain entanglement in the melt, further enhancing the melt’s elastic response. As
shown in Figure 2c, the chain scission process reduced the complex viscosity (η*) of rPM
compared with that of unmodified rPP, which displayed distinct Newtonian fluid proper-
ties in the low-frequency region. The addition of DVB and OBC effectively inhibited the
chain scission of rPP molecular chains, resulting in increased η* for rPMD and rPOMD. The
presence of branched structures increased resistance to molecular chain flow orientation,
enhancing melt shear thinning and exhibiting typical non-Newtonian fluid properties.
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viscosity; (d) loss viscosity–storage viscosity curves.

The straight-line portion of rPM in the Cole–Cole curve is shorter than that of unmodi-
fied rPP, attributed to the faster onset of short-chain relaxation (Figure 2d). The addition of
DVB and OBC increased the lengths of the straight-line portions of rPMD and rPOMD in
the Cole–Cole curve compared with rPM. This indicated that enhanced chain entanglement
prolonged the relaxation time of the melt’s molecular chains. Additionally, the end region
of the Cole–Cole curve began to warp upward, producing a trailing phenomenon, which
signified a new relaxation process in the melt, distinct from that of linear polymers, demon-
strating that DVB introduced branched structures into the rPP molecular chain [36]. The
trailing phenomenon at the end of the Cole–Cole curve for rPOMD was more pronounced
than that for rPMD, indicating that OBC caused DVB to introduce additional branched
structures and some cross-linking to the matrix blends, leading to longer relaxation times
for the molecular chains.

After MAH graft modification alone, the rPM section exhibited numerous small blocky
fracture layers and more crack bands than unmodified rPP (Figure 3), indicating typical
brittle fracture. The addition of DVB monomer reduced the crack bands left after rPMD
fracture compared with rPM (Figure 3c).

The morphology of these crack bands resembled viscous tear bands, which favored the
ductile fracture of the polymer matrix. Following the addition of OBC, the rPOM fracture
surface showed more brittle damage from short-chain PP, with crack bands present. The
granular OBC particles and the matrix phase at the fracture surface primarily exhibited
a “sea-island” structure [33]. The MAH grafting modification enhanced the interface
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compatibility between components, resulting in reduced debonding phenomena (Figure 3d).
With the additional incorporation of DVB (Figure 3e), voids left by the debonding of OBC
particles at the cross-section were reduced, and granular OBC particles nearly vanished.
This suggests that MAH/DVB co-grafting modification enhances interfacial compatibility
between PP and OBC.
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Figure 4a shows that MAH graft modification caused degradation of the macromolec-
ular chain, resulting in a shift in the melt peak of rPM toward lower temperatures. After
the addition of OBC and DVB, the melting peaks of rPOM, rPMD, and rPOMD shifted
to higher temperatures, though they remained lower than that of rPP. This shift could be
attributed to the chain entanglement caused by the branched structures, which restricted
the movement of rPP molecular chains at elevated temperatures [35]. However, the short
chains generated during the degradation reaction still enhance molecular chain mobility at
higher temperatures [36]. The crystallization curves in Figure 4b further showed that the
MAH group, branched structure, and heterogeneous nucleation effect of OBC promoted
the crystallization of rPP chain segments at higher temperatures.
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Compared with unmodified rPP, the crystallization temperature (Tc) of rPM decreased,
while the crystallinity (Xc) increased (Table 1). This was attributed to the difficulty of form-
ing stable nuclei from short chains in rPM at high temperatures, while MAH heterogeneous
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nucleation accelerated crystal growth, resulting in increased Xc for rPM. With the further
addition of DVB, melt temperature (Tm), Tc, and Xc of rPMD increased and reached their
maximum compared with rPM. This could be attributed to the accelerated nucleation and
crystal growth rates of rPP chain segments due to MAH and branched structures [36]. In
rPP/OBC blends, although the presence of branched structures increased the Tc of rPOMD
compared with rPOM, Xc still decreased. This decrease could be attributed to improved
interfacial compatibility between PP and OBC, as well as chain entanglement between
the molecular chains of the two components, which inhibited the movement of rPP chain
segments. This inhibition blocked the ordered arrangement of rPP chain segments in the
nuclei, reducing the growth rate of crystallite.

Table 1. Crystallization data of polymer matrix.

Samples Xc (%) Tm (◦C) Tc (◦C)

rPP 37.1 162 122.0
rPM 45.2 160.1 121.4

rPMD 46.4 161.8 123.8
rPOM 42.6 161.3 122.4

rPOMD 42.0 161.8 123.7

The degradation of rPM during MAH melt graft modification resulted in reduced
tensile properties and impact strength (Figure 5a). The further addition of DVB increased
the tensile elongation at break, tensile properties, and impact strength of rPMD. This
indicated that DVB inhibited macromolecular chain degradation and introduced branched
structures into the matrix, thereby enhancing chain entanglement [37]. The enhanced
intermolecular forces reduced slippage of molecular chains and improved resistance to
external damage.
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After adding OBC, the tensile elongation at break and the area below the stress–strain
curves of rPOM and rPOMD increased compared with those of rPM, indicating an im-
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provement in toughness. The material yielded under maximum tensile displacement of the
universal mechanical testing machine without fracturing, indicating a significant improve-
ment in toughness. This improvement could be attributed to the cavitation phenomenon of
OBCs under external forces, which triggered significant shear yielding in the rPP matrix,
thereby resulting in greater impact energy absorption and substantially higher impact
strength compared with unmodified rPP [38]. However, the lower modulus of OBC led to
reduced tensile modulus of rPOM compared with that of rPM. The further addition of DVB
enhanced chain entanglement from the branched structure, resulting in increased impact
strength, tensile strength, and modulus of rPOMD [36].

2.2. Properties of Composites
2.2.1. Morphological Analysis

The morphology of both unmodified and modified composites is shown in Figure 6. The
section of WrP displayed numerous wood flour particles following debonding (Figure 6a).
This revealed that the wood flour particles remained undamaged after debonding, and
exhibited relatively smooth surfaces with no residual plastic matrix phase (Figure 6b).
Additionally, a clear interfacial gap between the wood flour surface and the two phases of
the matrix was visible in the WrP section. This indicated that the interfacial compatibility
between wood flour and unmodified PP was extremely poor, resulting in an incompatible
system [10]. The voids in the sections of the MAH graft-modified composites had largely
disappeared (Figure 6). The interfacial gap between the wood flour and matrix in the graft-
modified composites had disappeared, and the debonding of wood flour had decreased.
Additionally, some wood flour particles remained embedded in the plastic matrix after
damage [27] Additionally, the interfacial bond between the wood flour and the matrix
appeared blurred, with no obvious interfacial gap observed. These observations indicated
that the graft modification enhanced interfacial compatibility between the wood flour and
the matrix components.
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2.2.2. Analysis of Mechanical Properties and Fracture Mechanism

The mechanical properties of the modified waste polypropylene/wood flour compos-
ites are presented in Figure 7. The tensile strength of WrPM increased by 59% compared
with that of WrP, while the tensile modulus decreased by 13%. This increase was attributed
to improved interfacial bond strength between the matrix and wood flour [39]. MAH
graft modification improved the fluidity and polarity of rPM compared with unmodified
PP, facilitating the dispersion of wood flour in the matrix and resulting in more exten-
sive interfacial bonding within the composite. Under tensile stress, the interfacial layer
facilitated stress transfer from the degraded PP short chains to the rigid wood flour [33].
Improved interfacial compatibility restricted short-chain molecular slippage at the interface,
leading to more wood flour fracture and enhanced tensile strength of the composites during
deformation. However, the lower modulus of rPM negatively impacted the composites’
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resistance to deformation, leading to a tensile modulus lower than that of WrP. With the
addition of DVB at the same MAH level, co-grafting further increased the tensile strength
of WrPMD by 20% compared with that of WrPM, while the tensile modulus increased to
match that of WrP. This improvement could be attributed to the increased grafted MAH
groups on the matrix molecular chain, the introduction of branched structures, an expanded
interfacial bonding area, and enhanced matrix strength, ultimately resulting in improved
composite mechanical strength.
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In the elastomer toughening system, the tensile strength and modulus of WrPOM
and WrPM were nearly identical. The tensile modulus was shown to depend mainly on
the content of the embedded structure formed by MAH-grafted elastomer-coated wood
flours [26]. Therefore, the rigid embedded structure formed by MAH-grafted OBC-coated
wood flour can partially mitigate the negative impact of the elastomer on the modulus [31].
In the DVB and MAH co-grafted blend matrix, WrPOMD showed a 10% increase in
tensile strength and an 84% increase in tensile modulus compared with WrPM, and a 60%
increase in tensile modulus compared with unmodified WrP. Co-grafting modification
enhanced the interfacial compatibility among PP, OBC, and wood flour, improving stress
transfer efficiency and thereby increasing the contribution of rigid wood flour to the
composite’s mechanical properties, while offsetting some negative impacts of the low-
modulus OBC [26,31]. Additionally, the extensive embedded structure increased the
reinforcement efficiency of wood flour and enhanced the tensile modulus of the final
composite material [25].

The flexural strengths of WrPM and WrPMD increased by 49% and 60%, respectively,
compared with that of WrP (Figure 7b). This increase could be attributed to enhanced
interfacial compatibility between wood flour and modified rPP, as well as improved matrix
strength. For WrPM, despite the improved interfacial compatibility, the flexural modulus
decreased by 11% compared with that of WrP. However, the addition of DVB restored the
flexural modulus of WrPMD to match that of WrP. After adding OBC, the flexural strength
and modulus of WrPOM were similar to those of WrPM. Further addition of DVB resulted
in a smaller increase in the flexural strength of WrPOMD.
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After MAH graft modification, the impact strength of composite WrPM increased by
69% compared with that of unmodified WrP. The impact strength of WrPMD was further
improved by 20% with the addition of DVB co-graft modification (Figure 7c). This increase
could be attributed to the enhanced grafting of MAH on the PP molecular chain, which
reacted with the hydroxyl groups on the wood flour’s surface to generate more chemical
bonds. Thus, the enhanced interfacial bond strength facilitated the material’s absorption of
impact energy [39]. In addition, the effective interfacial compatibility and the entanglement
of the branched structural chains inhibited the generation and expansion of cracks in the
short chains under impact force [33]. The slippage of ungrafted short chains at the interface
and within the matrix released the binding of the matrix molecular chains at high strain
rates, promoting localized plastic yielding around them [31]. This enhanced the material’s
energy absorption and increased the toughness of the co-graft-modified wood–plastic
WrPMD. With the addition of OBC, the impact strength of WrPOM increased by 14%
compared with that of WrPM. This improvement was attributed to microcracks triggered
by cavitation at the OBC and the interface under external force, which promoted the shear
yielding of the surrounding matrix [33,38]. Therefore, the absorption of a large amount of
impact energy led to an increase in the impact strength of the final composites. Furthermore,
the formation of embedded structures effectively enhanced the plastic yielding of the matrix
and also improved the material’s capacity to absorb impact energy [27]. The addition of
DVB further enhanced the impact strength of WrPOMD by 16% compared with that of
WrPOM. The impact strength of WrPOMD increased by 33% and 11% compared with those
of WrPM and WrPMD, respectively. This renewed increase in impact strength, combined
with the increase in tensile modulus, could be attributed to the formation of an embedded
structure [25]. The embedded structure reduced the ligament thickness of the matrix
between the rigid wood flour particles and increased the effective elastomeric area, thereby
promoting more shear yielding in the matrix, allowing the composites to absorb greater
impact energy before damage occurs [26].

2.2.3. Analysis of Dynamic Mechanical and Deformation Mechanism

As shown in Figure 8a, in the unmodified system, the G′ of unmodified WrP was
consistently the highest across the tested temperature range. This was attributed to the
molecular chain segments being in a “frozen” state at low temperatures, while the G′ of
the composites was mainly contributed by the stiffness of the reinforced matrix and wood
flour [22]. As the temperature increased, the kinematic activity of the matrix molecular
chain segments increased, and weak interfacial bonding caused a rapid decrease in the
G′ of WrP. Its value fell below those of WrPMD and WrPM at approximately 3 ◦C and
20 ◦C, respectively. In the WrPMD system, good interfacial compatibility and the branched
structure of the matrix molecular chain showed a positive contribution to the composite’s
modulus, resulting in a maximized G′ at high temperatures. Following the addition of
OBC, its lower modulus resulted in the G′ value of WrPOM being the lowest, consistent
with the trend observed in flexural modulus changes. The additional incorporation of DVB
enhanced matrix strength and interfacial compatibility, partially offsetting the negative
impact of OBC on modulus [33]. As a result, the G′ of WrPOMD exceeded that of WrP at
elevated temperatures.

The magnitude of the loss modulus G′′ primarily reflected energy dissipation from the
movement of molecular chains at the composite interface (Figure 8b). As the temperature
increased, energy dissipation from matrix molecular chain relaxation increased the G′′ of
the composites. The loss modulus showed two transition peaks around 0 ◦C and 80 ◦C.
The relaxation peak at 0 ◦C was primarily associated with the polymer’s glass transition.
The differences in the glass transition relaxation peaks at low temperatures were small.
This was attributed to interface interactions, which restricted chain segment movement.
The relaxation peak at 80 ◦C corresponded to molecular chain movement in the crystalline
region of rPP. With increasing temperature, rPP molecular chain mobility improved after
activation. In WrP, weak interfacial bonding increased rPP chain relaxation, while friction
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with wood flour in the interface increased G′′ due to increased energy dissipation. After
MAH grafting modification, chain movement restriction reduced at higher temperatures,
thereby enhancing the short-chain mobility in rPM. This facilitated movement in the
crystalline matrix, shifting the onset and peak relaxation to lower temperatures. In addition,
after DVB co-grafting modification, both onset and peak relaxation of the composites
shifted to higher temperatures compared with WrPM. After MAH grafting modification of
the rPP matrix, the G′′ of both WrPM and WrPOM decreased. This indicated that improved
interfacial compatibility effectively restricted molecular chain movement at the interface,
reducing energy loss. In the MAH/DVB co-grafted system, as the number of MAH groups
in the matrix molecular linkages increased and branched structures formed, the movement
of molecular chains at the interface became more difficult, leading to a decrease in G′′ for
WrPMD and WrPOMD.
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The tanδ of unmodified WrP was consistently the largest (Figure 8c). This phenomenon
could be attributed to the poor dispersion of wood flour and weak interfacial bonding
between the components, resulting in significant energy dissipation within the weak
interfacial layers and defects in the composites [40]. The co-grafting of modified rPP with
MAH and DVB improved interfacial compatibility and reduced defects, resulting in lower
tanδ values for the composites WrPM and WrPMD. The further addition of OBC increased
the tanδ values of both WrPOM and WrPOMD in the high-temperature region, while the
tanδ value of WrPOMD was only lower than that of WrP. This increase could be attributed
to the presence of a strong interfacial layer, which promoted cavitation within the OBC and
the formation of voids at the interface as the temperature rose, leading to enhanced energy
dissipation from the matrix shear yielding process [31]. After the addition of DVB, the
chain entanglement from the branched structure inhibited the slip of short chains, further
enhancing the shear yielding process triggered by the OBCs, as evidenced by the increased
tanδ value. In addition, the branched structure in the matrix could effectively promote local
plastic deformation of the elastomer interface layer around wood flour, which consumed
much more energy. This massive plastic deformation occurring around the embedded
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structure would finally enhance the impact strength of the composites. This result was
consistent with the static mechanical property findings.

3. Experimental
3.1. Materials

The post-consumer recycled polypropylene random copolymer (rPP) used in this
study was sourced from Dongguan Haiyi Plastic Raw Materials Co., Ltd. (Dongguan,
China). The olefin block copolymer (OBC, 9010) was supplied by Dow Chemical Company
(Midland, MI, USA), with a melt flow rate (MFR) of 0.5 g/10 min at 230 ◦C under a
2.16 kg load. The initiator (dicumyl peroxide, DCP), monomers (MAH, DVB), solvents,
and lubricant were reagent-grade products supplied by Tianjin Bochen Company (Tianjin,
China). Wood flour (Populus alba, 30–100 mesh) was prepared in the laboratory using a
specialized crusher.

3.2. Grafting of Polymer Matrix

Melt-grafting reactions were performed using an AK53 co-rotating twin-screw ex-
truder (Nanjing Rubber and Plastics Machinery Co., Ltd., Nanjing, China) with an L/D
ratio of 56. The polymer matrix mixed with monomers (MAH, DVB) and initiator (DCP) in
a specific mass ratio was fed into the extruder (Table 2). The temperatures in the melting
section (zones 1–4) were set to 140 ◦C, 160 ◦C, 170 ◦C, and 180 ◦C, respectively. The reaction
section (zones 5–10) was maintained at 190 ◦C, and the vacuum section (zones 11–12) was
set to 200 ◦C. The mold temperatures in zones 13 and 14 were set to 180 ◦C and 170 ◦C,
respectively. The main motor speed was set to 20 Hz, and the feeding speed was 5.7 kg/min,
with a vacuum level of 0.1 MPa in the barrel.

Table 2. Formulation of the polymer matrix.

Samples rPP (wt.%) OBC (wt.%) MAH ※ (wt.%) DVB ※ (wt.%) DCP ※ (wt.%)

rPP 100 0 0 0 0
rPM 100 0 0.6 0 0.09

rPMD 100 0 0.6 0.3 0.09
rPOM 90 10 0.6 0 0.09

rPOMD 90 10 0.6 0.3 0.09
※: Percentages of DCP, MAH, and DVB in the total mass of the polymer matrix.

3.3. Preparation of Waste-Sourced Biocomposites Sample

Wood flour (WF) was dried in a vacuum oven at 103 ◦C for 24 h. The polymer matrix
(virgin or grafted) and WF were homogenized at the mass ratio specified in Table 3 using
an SJH30 twin-screw extruder (Nanjing Rubber-Plastic Machine Ltd., Nanjing, China) with
an L/D ratio of 36. The zone temperatures were set to 150 ◦C, 160 ◦C, 170 ◦C, 180 ◦C,
180 ◦C, 170 ◦C, and 160 ◦C. The granulated materials were crushed and used to prepare
composite plates via a single-screw extruder (L/D ratio of 8, SJ45, Nanjing Rubber-Plastic
Machine Ltd., Nanjing, China). The plates were 40 mm wide and 4 mm thick. The zone
temperatures were set to 150 ◦C, 160 ◦C, 170 ◦C, 175 ◦C, 180 ◦C, and 178 ◦C.

Table 3. Formulation of the composites.

Sample WF (wt.%) Polymer Matrix (wt.%) Lubricant ※ (wt.%)

WrP 60 rPP(40) 2
WrPM 60 rPM(40) 2

WrPMD 60 rPMD(40) 2
WrPOM 60 rPOM(40) 2

WrPOMD 60 rPOMD (40) 2
※: PE wax lubricant accounts for 2% of the total mass of the matrix and wood flour.
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3.4. Characterization and Testing

The purified maleic anhydride-grafted polypropylene was prepared by dissolving
the modified polypropylene in xylene at a concentration of 1 g/100 mL. The solution was
heated and refluxed at 140 ◦C for 1.5 h, and an excess of acetone was added to precipitate the
polymer, followed by rinsing. The maleic anhydride grafting rate (G) was determined via
rapid titration of the purified sample in hot xylene, using phenolphthalein as an indicator
and a potassium hydroxide-ethanol standard solution [41]. The purified polymer sample
was hot-pressed into a film at 190 ◦C and analyzed using attenuated total reflectance (ATR)
on a Nicolet 6700 Transform Infrared Spectrometer (Nicolet Company, Madison, WI, USA).

The melt mass flow index (MFI) was measured using an XRZ-400 tester (Jilin University
Teaching Instrument Factory, Changchun, China) under the conditions specified in GB3682-
2000 [42] (at 230 ◦C and 2.16 kg). The shear rheological properties of the polymer samples
before and after modification were tested using a Discovery HR-2 rotational rheometer
(TA Instruments Inc., New Castle, DE, USA), with the temperature set to 185 ◦C. The final
gap was 2 mm, strain amplitude was 1%, and the angular frequency scanning range was
0.1 rad/s to 500 rad/s. The melting and crystallization behaviors of the polymer matrix
(5 mg) were analyzed by differential scanning calorimetry (DSC, Diamond DSC, Perkin
Elmer, Shelton, CT, USA) using a heating/cooling rate of 10 ◦C/min in the temperature
range of 60–200 ◦C under nitrogen flow. The crystallinity of rPP samples was calculated
using the following equations [33]:

Xc =
∆Hf

∆H0
f
× 100%

where ∆Hf is the melting enthalpy value of the samples and ∆H0
f is the melting enthalpy

of the hypothetically 100% crystalline rPP [37].
Tensile and flexural tests were conducted using a universal mechanical testing machine

(RGT-20A, ARI Medical Technology Co., Ltd., Hong Kong, China) to assess the mechanical
properties. In accordance with ASTM D 638-10 [43], the plastic tensile specimens were
dumbbell-shaped, with dimensions of 165 × 13 × 4 mm3 and a tensile rate of 50 mm/min.
The wood–plastic sheet was prepared into dumbbell-shaped specimens (165 × 13 × 4 mm3)
for testing, with a tensile rate of 5 mm/min and a gauge length of 50 mm. The flexural
specimens were rectangular (80 × 13 × 4 mm3) according to ASTM D790-10 [44], with
a crosshead speed of 2 mm/min and a span of 64 mm. Notched impact specimens of
the plastic matrix (80 × 13 × 4 mm3, notch depth 2.7 mm) were tested using a Charpy
impact tester (XJ-50G, Chengde Precision Testing Machine Co., Ltd., Chengde, China)
following ASTM D256-10 [45]. The pendulum energy used was 5 J. Impact specimens of the
composites (80 × 10 × 4 mm3) were tested with a span of 60 mm and a pendulum energy
of 2 J using a Charpy impact tester (XJ-50G, Chengde, China) according to ASTM D4812-
06 [46]. For each of the tests mentioned, eight specimens were tested. A dynamic mechanical
analyzer (Q800, TA Instruments Inc., New Castle, DE, USA) was used to investigate the
dynamic viscoelastic behavior of the composite. Specimens (35 × 13 × 4 mm3) were tested
in the single-cantilever mode with a 50 µm amplitude, 1 Hz frequency, and a temperature
range from −10 ◦C to 120 ◦C at a heating rate of 3 ◦C/min.

A scanning electron microscope (Quanta 200, FEI Company, Hillsboro, OR, USA) was
used to observe the morphology of modified polypropylene. The samples were frozen in
liquid nitrogen for 5 min and immediately broken by the fixture, and further sputtering
with a thin gold layer at an acceleration voltage of 15 kV.

4. Conclusions

This work demonstrated that the modification method combining OBC blending
and MAH/DVB co-grafting could be used to prepare highly wood flour-filled waste
polypropylene-based composites with excellent toughness and rigidity. In the MAH
grafting modification system, the addition of DVB not only inhibited PP degradation,
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but also promoted MAH grafting and introduces branched structures. Therefore, in the
composites, grafting modification of the matrix enhanced interfacial compatibility among
rPP, OBC, and wood flour, promoting the formation of embedded structures. The extent
of embedding of wood into maleated elastomer–OBC was proven by the higher tensile
modulus of the composites. The synergistic effect of the effective interfacial layer and
the branched structure enhanced the shear yielding process of the OBC-initiated matrix.
Compared with the unmodified composites, the tensile strength, flexural strength, impact
strength, and tensile modulus of the modified ternary hybrid composites increased by 75%,
39%, 125%, and 60%, respectively, after elastomer blending and MAH/DVB co-grafting
modification. This approach is significant for recycling waste plastics and enhancing the
application value of wood–plastic composites.

Author Contributions: Methodology, S.Y., W.L., M.W., and Q.W.; Formal analysis, S.Y., W.L., S.X.,
R.H., Q.L., and Z.H.; Data curation, S.Y., M.W., and Z.H.; Writing—original draft, S.Y. and Q.L.;
Writing—review and editing, S.X., R.H., Q.W., and Z.H.; Funding acquisition, S.X. and Z.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was financially supported by Specific Research Project of Guangxi for
Research Bases and Talents (Grant No. GuikeAD23026309), Guangxi Key Technologies R&D Program
(Grant No. GuikeAB24010240), 2023 Guangxi Postdoctoral “Two Stations” Project Subsidy Funds
and Guangxi Natural Science Foundation Program (Grant No. 2021GXNSFBA196056).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Available data are presented in the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Faruk, O.; Bledzki, A.K.; Fink, H.P.; Sain, M. Biocomposites reinforced with nature fibers: 2000–2010. Prog. Polym. Sci. 2012, 37,

1552–1596. [CrossRef]
2. Ayana, K.D.; Ha, C.S.; Ali, A.Y. Comprehensive overview of wood polymer composite: Formulation and technology, properties,

interphase modification, and characterization. Sustain. Mater. Technol. 2024, 40, e00983. [CrossRef]
3. Shan, Z.Q.; Jia, X.H.; Qiu, Y.; Yang, J.; Wang, Z.F.; Song, H.J. High-strength, flexible and self-lubricating wood-plastic composites

based on synergistic reinforcement of “hard-soft” units. Tribol. Int. 2024, 199, 110016. [CrossRef]
4. Serra-Parareda, F.; Julián, F.; Espinosa, E.; Rodríguez, A.; Espinach, F.X.; Vilaseca, F. Feasibility of Barley Straw Fibers as

Reinforcement in Fully Biobased Polyethylene Composites: Macro and Micro Mechanics of the Flexural Strength. Molecules 2020,
25, 2242. [CrossRef]

5. Cui, Y.; Lee, S.; Noruziaan, B.; Cheung, M.; Tao, J. Fabrication and interfacial modification of wood/recycled plastic composites
materials. Compos. Part A 2008, 39, 655–661. [CrossRef]

6. Yu, W.W.; Li, M.Q.; Lei, W.; Pu, Y.Z.; Sun, K.J.; Ma, Y.L. Effects of Wood Flour (WF) Pretreatment and the Addition of a Toughening
Agent on the Properties of FDM 3D-Printed WF/Poly(lactic acid) Biocomposites. Molecules 2022, 27, 2985. [CrossRef]

7. Yu, W.W.; Qiu, R.; Li, M.Y.; Lei, W. Effects of Wood Content and Modification on Properties of Wood Flour/Polybutylene Adipate
Terephthalate Biocomposites. Molecules 2023, 28, 8057. [CrossRef]

8. Gupta, M.K.; Srivastava, R.K. Mechanical Properties of Hybrid Fibers-Reinforced Polymer Composite: A Review. Polym.-Plast.
Technol. 2016, 55, 626–642. [CrossRef]

9. Xie, Y.J.; Hill, C.A.S.; Xiao, Z.F.; Militz, H.; Mai, C. Silane coupling agents used for natural fiber/polymer composites: A review.
Compos. Part A 2010, 41, 806–819. [CrossRef]

10. Pracella, M.; Chionna, D.; Anguillesi, I.; Kulinski, Z.; Piorkowska, E. Functionalization, compatibilization and properties of
polypropylene composites with Hemp fibres. Compos. Sci. Technol. 2006, 66, 2218–2230. [CrossRef]

11. Elamin, M.A.M.; Li, S.X.; Osman, Z.A.; Otitoju, T.A. Preparation and characterization of wood-plastic composite by utilizing a
hybrid compatibilizer system. Ind. Crop. Prod. 2020, 154, 112659. [CrossRef]

12. Fang, X.Y.; Li, Y.C.; Zhao, J.Q.; Xu, J.N.; Li, C.C.; Liu, J.X.; Liu, Y.; Guo, H.W. Improved interfacial performance of bamboo
fibers/polylactic acid composites enabled by a self-supplied bio-coupling agent strategy. J. Clean. Prod. 2022, 380, 134719.
[CrossRef]

13. Xu, J.J.; Chen, C.F.; Li, Y.Y.; Zhou, H.Y.; Hao, X.L.; Ou, R.X.; Wang, Q.W. Optimizing the rheological and mechanical properties of
ultra-highly filled wood fiber/polyethylene composites through binary alloy matrix strategy. Compos. Sci. Technol. 2024, 256,
110740. [CrossRef]

https://doi.org/10.1016/j.progpolymsci.2012.04.003
https://doi.org/10.1016/j.susmat.2024.e00983
https://doi.org/10.1016/j.triboint.2024.110016
https://doi.org/10.3390/molecules25092242
https://doi.org/10.1016/j.compositesa.2007.10.017
https://doi.org/10.3390/molecules27092985
https://doi.org/10.3390/molecules28248057
https://doi.org/10.1080/03602559.2015.1098694
https://doi.org/10.1016/j.compositesa.2010.03.005
https://doi.org/10.1016/j.compscitech.2005.12.006
https://doi.org/10.1016/j.indcrop.2020.112659
https://doi.org/10.1016/j.jclepro.2022.134719
https://doi.org/10.1016/j.compscitech.2024.110740


Molecules 2024, 29, 4905 14 of 15

14. Xie, Y.J.; Xiao, Z.F.; Grüneberg, T.; Militz, H.; Hill, C.A.S.; Steuernagel, L.; Mai, C. Effects of chemical modification of wood particles
with glutaraldehyde and 1,3-dimethylol-4,5-dihydroxyethyleneurea on properties of the resulting polypropylene composites.
Compos. Sci. Technol. 2010, 70, 2003–2011. [CrossRef]

15. Wambua, P.; Ivens, J.; Verpoest, I. Natural fibres: Can they replace glass in fibre reinforced plastics? Compos. Sci. Technol. 2003, 63,
1259–1264. [CrossRef]

16. Ou, R.X.; Zhao, H.; Sui, S.J.; Song, Y.M.; Wang, Q.W. Reinforcing effects of Kevlar fiber on the mechanical properties of
wood-flour/high-density-polyethylene composites. Compos. Part A 2010, 41, 1272–1278. [CrossRef]

17. Wang, K.; Xu, X.Y.; Huo, R.L.; Fang, H.; Chen, X.X. Flexural reinforcement of wood plastic composite panels by bonding glass
fiber reinforced polymer sheets and embedding bars. Polym. Compos. 2024, in press. [CrossRef]

18. Karagöz, I.; Büyükkaya, K.; Demirer, H.; Mudu, M.; Kartal, I. Mechanical and thermal characterization of elastomer modified
polypropylene hybrid composites reinforced with hazdlnut shell and wollastonite fillers. J. Appl. Polym. Sci. 2024, 141, e55710.
[CrossRef]

19. Homkhiew, C.; Rawangwong, S.; Boonchouytan, W.; Suchaiya, V. Morphological, mechanical, and physical properties of ground
rubber tire thermoplastic elastomer/rubberwood sawdust composites: Effects of composition contents and rubber types. J.
Thermoplast. Compos. 2023, 36, 1952–1977. [CrossRef]

20. Hao, J.X.; Wang, H.G.; Song, Y.M.; Wang, W.H. Simultaneously improving the toughness and stiffness of wood flour/polypropylene
composites using elastomer A669/talcum blends. Polym. Compos. 2019, 40, 1335–1341. [CrossRef]

21. Clemons, C. Elastomer modified polypropylene–polyethylene blends as matrices for wood flour–plastic composites. Compos. Part
A 2020, 41, 1559–1569. [CrossRef]

22. Liu, H.; Wu, Q.; Han, G.; Yao, F.; Kojima, Y.; Suzuki, S. Compatibilizing and toughening bamboo flour-filled HDPE composites:
Mechanical properties and morphologies. Compos. Part A 2008, 39, 1891–1900. [CrossRef]

23. Li, T.Q.; Yan, N. Mechanical properties of wood flour/HDPE/ionomer composites. Compos. Part A 2007, 38, 1–12. [CrossRef]
24. Kolárík, J.; Jancár, J. Ternary composites of polypropylene/elastomer/calcium carbonate: Effect of functionalized components on

phase structure and mechanical properties. Polymer 1992, 23, 4961–4967. [CrossRef]
25. Sudár, A.; Burgstaller, C.; Renner, K.; Móczó, J.; Pukánszky, B. Wood fiber reinforced multicomponent, multiphase PP composites:

Structure, properties, failure mechanism. Compos. Sci. Technol. 2014, 103, 106–112. [CrossRef]
26. Sudár, A.; Renner, K.; Móczó, J.; Lummerstorfer, T.; Burgstaller, C.; Jerabek, M.; Gahleitner, M.; Doshev, P.; Pukánszky, B. Fracture

resistance of hybrid PP/elastomer/wood composites. Compos. Struct. 2016, 141, 143–154. [CrossRef]
27. Molnár, S.; Pukánszky, B.; Hammer, C.o.; Maurer, F.H.J. Impact fracture study of multicomponent polypropylene composites.

Polymer 2000, 41, 1529–1539. [CrossRef]
28. Jin, X.B.; Li, J.P.; Zhang, R.; Jiang, Z.H.; Qin, D.C. Fabrication of High-Performance Bamboo–Plastic Composites Reinforced by

Natural Halloysite Nanotubes. Molecules 2020, 25, 2259. [CrossRef]
29. Ben Hamou, K.; Kaddami, H.; Elisabete, F.; Erchiqui, F. Synergistic association of wood/hemp fibers reinforcements on mechanical,

physical and thermal properties of polypropylene-based hybrid composites. Ind. Crop. Prod. 2023, 192, 116052. [CrossRef]
30. Arya, S.; Kumar, R.; Chauhan, S.; Kelkar, B.U. Development of natural fiber reinforced thermoplastic bonded hybrid wood veneer

composite. Constr. Build. Mater. 2023, 368, 130459. [CrossRef]
31. Yi, S.M.; Xu, S.H.; Li, Y.; Gan, W.T.; Yi, X.; Liu, W.Y.; Wang, Q.W.; Wang, H.G.; Ou, R.X. synergistic toughening effects of grafting

modification and elastomer olefin block copolymer addition on the fracture resistance of wood particle/polypropylene/elastomer
composites. Mater. Des. 2019, 181, 107918. [CrossRef]

32. Arbelaiz, A.; Fernández, B.; Cantero, G.; Llano-Ponte, R.; Valea, A.; Mondragon, I. Mechanical properties of flax fi-
bre/polypropylene composites. Influence of fibre/matrix modification and glass fibre hybridization. Compos. Part A 2005, 36,
1637–1644. [CrossRef]

33. Yi, S.M.; Xu, S.H.; Fang, Y.Q.; Wang, H.G.; Wang, Q.W. Effects of Matrix Modification on the Mechanical Properties of Wood–
Polypropylene Composites. Polymers 2017, 9, 712. [CrossRef]

34. Li, Y.; Xie, X.M.; Guo, B.H. Study on styrene-assisted melt free-radical grafting of maleic anhydride onto polypropylene. Polymer
2001, 42, 3419–3425. [CrossRef]

35. Al-Malaika, S.; Eddiyanto, E. Reactive processing of polymers: Effect of bifunctional and tri-functional comonomers on melt
grafting of glycidyl methacrylate onto polypropylene. Polym. Degrad. Stab. 2010, 95, 353–362. [CrossRef]

36. Zhang, Z.J.; Wan, D.; Xing, H.P.; Zhang, Z.J.; Tan, H.Y.; Wang, L.; Zheng, J.; An, Y.J.; Tang, T. A new grafting monomer for
synthesizing long chain branched polypropylene through melt radical reaction. Polymer 2012, 53, 121–129. [CrossRef]

37. Zhao, W.Y.; Huang, Y.J.; Liao, X.; Yang, Q. The molecular structure characteristics of long chain branched polypropylene and its
effects on non-isothermal crystallization and mechanical properties. Polymer 2013, 54, 1455–1462. [CrossRef]

38. Lin, Y.J.; Marchand, G.R.; Hiltner, A.; Baer, E. Adhesion of olefin block copolymers to polypropylene and high density polyethylene
and their effectiveness as compatibilizers in blends. Polymer 2011, 52, 1635–1644. [CrossRef]

39. Gao, H.; Xie, Y.J.; Ou, R.X.; Wang, Q.W. Grafting effects of polypropylene/polyethylene blends with maleic anhydride on the
properties of the resulting wood-plastic composites. Compos. Part A 2012, 43, 150–157. [CrossRef]

40. Etaati, A.; Pather, S.; Fang, Z.P.; Wang, H. The study of fibre/matrix bond strength in short hemp polypropylene composites from
dynamic mechanical analysis. Compos. Part B 2014, 62, 19–28. [CrossRef]

https://doi.org/10.1016/j.compscitech.2010.07.024
https://doi.org/10.1016/S0266-3538(03)00096-4
https://doi.org/10.1016/j.compositesa.2010.05.011
https://doi.org/10.1002/pc.28784
https://doi.org/10.1002/app.55710
https://doi.org/10.1177/08927057221086834
https://doi.org/10.1002/pc.24863
https://doi.org/10.1016/j.compositesa.2010.07.002
https://doi.org/10.1016/j.compositesa.2008.09.011
https://doi.org/10.1016/j.compositesa.2006.02.003
https://doi.org/10.1016/0032-3861(92)90046-Y
https://doi.org/10.1016/j.compscitech.2014.08.018
https://doi.org/10.1016/j.compstruct.2016.01.031
https://doi.org/10.1016/S0032-3861(99)00305-5
https://doi.org/10.3390/molecules25092259
https://doi.org/10.1016/j.indcrop.2022.116052
https://doi.org/10.1016/j.conbuildmat.2023.130459
https://doi.org/10.1016/j.matdes.2019.107918
https://doi.org/10.1016/j.compositesa.2005.03.021
https://doi.org/10.3390/polym9120712
https://doi.org/10.1016/S0032-3861(00)00767-9
https://doi.org/10.1016/j.polymdegradstab.2009.11.006
https://doi.org/10.1016/j.polymer.2011.11.033
https://doi.org/10.1016/j.polymer.2012.12.073
https://doi.org/10.1016/j.polymer.2011.02.012
https://doi.org/10.1016/j.compositesa.2011.10.001
https://doi.org/10.1016/j.compositesb.2014.02.011


Molecules 2024, 29, 4905 15 of 15

41. Sclavons, M.; Carlier, V.; Verfaillie, G.; Fallais, I.; Legras, R.; Laurent, M.; Fc, T.; Franquinet, P. Quantification of the maleic
anhydride grafted onto polypropylene by chemical and viscosimetric titrations, and FTIR spectroscopy. Polymer 2000, 41,
1989–1999. [CrossRef]

42. GB/T 3682-2000; Determination of the Melt Mass-Flow Rate (MFR) and the Melt Volume-Flow Rate (MVR) of Thermoplastics.
Standards Press of China: Beijing, China, 2000.

43. ASTM D638-10; Standard Test Method for Tensile Properties of Plastics. ASTM International: West Conshohocken, PA, USA, 2015.
44. ASTM D790-10; Standard Test Methods for Flexural Properties of Unreinforced and Reinforced Plastics and Electrical Insulating

Materials. ASTM International: West Conshohocken, PA, USA, 2016.
45. ASTM D256-10; Standard Test Methods for Determining the Izod Pendulum Impact Resistance of Plastics. ASTM International:

West Conshohocken, PA, USA, 2015.
46. ASTM D4812-06; Standard Test Method for Unnotched Cantilever Beam Impact Resistance of Plastics. ASTM International: West

Conshohocken, PA, USA, 2012.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0032-3861(99)00377-8

	Introduction 
	Results and Discussion 
	Study on the Structure and Properties of Modified Polymer Matrix 
	Properties of Composites 
	Morphological Analysis 
	Analysis of Mechanical Properties and Fracture Mechanism 
	Analysis of Dynamic Mechanical and Deformation Mechanism 


	Experimental 
	Materials 
	Grafting of Polymer Matrix 
	Preparation of Waste-Sourced Biocomposites Sample 
	Characterization and Testing 

	Conclusions 
	References

