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ABSTRACT: This work reports on the successful development of biopolypropylene/
mango peel flour (bioPP/MPF) composites using extrusion and injection molding
processes. The compatibility between bioPP and MPF is improved through the use of PP-
g-IA (3 phr) as a compatibilizer (which is prepared by reactive extrusion REX) and
dicumyl peroxide (DCP) (1 phr) as a cross-linker. The mechanical, morphological,
thermal, thermomechanical, chemical, colorimetric, water absorption, and flowability
properties are characterized and analyzed. The results show that MPF (30 wt %)
compatibilized with PP-g-IA and DCP increased the stiffness of bioPP in terms of Young’s
modulus values. Elongation at break also shows very promising results, with a maximum
value of almost 30% for the bioPP/MPF/PP-g-IA/DCP sample. PP-g-IA and DCP seem
to exert a synergetic effect. Thermal stability is also improved as a result of these additives,
as well as crystallinity, which is increased due to an heterogeneous nucleation
phenomenon, enhanced by a higher dispersion of MPF particles in the matrix. Moreover,
the excellent mechanical results are verified in FESEM images, where a very narrow gap between the MPF particles and the bioPP
matrix is appreciated.
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1. INTRODUCTION

In the recent years, society is becoming more concerned about
the environmental issues provoked by the excessive use of
petrochemical plastics, such as the increase in greenhouse gas
emission related to the production process of those materials.
This problem has led both industry and the scientific
community to look for more environmentally friendly
alternatives. One of this alternatives is the development and
use of fully or partially biobased polymeric materials obtained
from natural resources that could substitute conventional
petrochemical polymers.1,2 In this field, wood plastic
composites (WPCs) have become an interesting solution as
these are the combination of a base polymer (or biopolymer)
and a wood-like (or more generally, a lignocellulosic)
reinforcement/filler.3,4 These fillers reduce the cost of the
materials and at the same time improve some of their physical
and chemical properties, leading to multifunctional materi-
als.5,6 At first, only wood flour and sawdust were used as
organic fillers, but lately, plant-derived lignocellulosic fillers
coming from different industries have been gaining impor-
tance,7 such as almond shell flour,8 hemp fiber,9 or pineapple
leaves,10 among others.
Among all the polymers, polypropylene (PP) has gained

quite a lot of popularity, being a semicrystalline thermoplastic

with a very good balance between resistant and ductile
mechanical properties and chemical resistance.11 Thus,
considering that biopolymers possess the same properties as
that of their petrochemical counterparts,12 biopolypropylene
(bioPP) is a very promising option to be considered as a
biopolymeric matrix in WPCs. The production of bioPP has
not been explored as much as the production of biopoly-
ethylene (bioPE), but it can be obtained from methanol,
further processed to obtain the propylene monomer and then
polymerized to obtain bioPP.13 However, one of the main
drawbacks of using natural organic fillers with nonpolar
polymers, such as polyolefins, is the polarity of the fillers,
associated with the presence of lignocellulosic (lignin,
cellulose, and hemicellulose) constituents in their structure
(with hydroxyl groups),14 which makes them highly hydro-
philic, while the biopolymer matrix is marked by high
hydrophobicity. This fact directly leads to a poor mechanical
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response in these polymer/filler systems, related to a lack of
interfacial adhesion and affinity between them.
In order to improve the compatibility between the filler and

the surrounding matrix, several studies have been carried out
based either on the surface modification of the filler or on the
use of a compatibilizing agent, which increases the hydro-
philicity of the base polymer.15 On the one hand, some
methods such as benzoylation, silanization, or acetylation
involve surface modification of the lignocellulosic particles by
blocking the hydroxyl groups.16 On the other hand, a wide
range of copolymers have been used to increase the affinity
between the filler and the matrix. Some of the most used
copolymers are polyethylene or PP subjected to grafting with
maleic anhydride (PP-g-MA and PP-g-MA, respectively),
which use the maleic anhydride group to increase the polarity
of PE and PP and act as a chemical bridge between natural
fillers and the polymeric chains.17 More recently, itaconic acid
(IA), which can be obtained from renewable resources (i.e.,
from citric acid), has been proposed as an environmentally
friendly grafting monomer, acting as a polar functionalization
agent for nonpolar polymers, such as PP. Pesetskii et al.18

modified PP by reactive extrusion (REX) with dicumyl
peroxide (DCP) in order to obtain the corresponding grafted
copolymer PP-g-IA with interesting compatibilization proper-
ties. Moncada et al.19 reported the superior compatibilizing
effect of PP-g-IA in a PP/clay nanocomposite when compared
to conventional PP-g-MA. Kim et al.20 also reported the
effectiveness of PP-g-IA as a compatibilizer in PP/EVOH
blends, avoiding phase separation. These compatibilizers
usually solve the compatibility problem between lignocellulosic
fillers and polymer matrices, but the overall properties
obtained are not so remarkable.
REX allows polymers to react during the extrusion process

through the formation of free radicals, whose formation can be
catalyzed by organic peroxides.21 In this context, DCP has
been widely reported as an excellent free-radical initiator,
which facilitates the reaction of polymers with functional
groups, which is especially useful in the case of low-miscibility
physical blends, such as polylactide/poly(butylene adipate-co-
terephthalate) (PLA/PBAT)22 and poly(3-hydroxybutyrate),
and poly(ε-caprolactone) blends,23 among others. Not only
has DCP been used in polymer blends but also in polymer−
fiber composites, as it is the case of the work reported by
Ahmad and Luyt,24 which shows a clear improvement in the
interactions between PE and sisal fiber for a concentration of
DCP of 1 phr (parts by weight of DCP per 100 weight parts of
the base polymer) during REX.
Mango (Mangifera indica L.) is one of the most popular

fruits in the planet, as it is the fifth largest major fruit crop
when it comes to world production.25 There are several
varieties that are quite marketable because of their flavor and
taste. The main wastes from this fruit are the exocarp (peel),
the endocarp (pit or stone), and the kernel or seed. Mango
peel has been reported to be a lignocellulosic compound with a
high polyphenol content,26 while the mango kernel is mainly
composed of starch, protein, and fatty acids;27 on the other
hand, the endocarp (pit or stone) is rich in cellulose,
hemicelluloses, and lignin.28 The circular economy concept
makes mango one of the most interesting wastes to take benefit
from, one of its applications being the development of WPCs
with additional functional properties and at a more competitive
cost. Moreover, mango wastes have not been greatly reported
in the literature for producing WPCs.

There are hardly any investigations regarding the use of
mango wastes as fillers for green composites. Hence, the main
aim of this work is to develop WPCs with partially biobased PP
(bioPP) as the polymer matrix and mango peel flour (MPF) as
a novel reinforcing component, in order to reduce the cost of
the polymer and, at the same time, improve its properties. The
leading obstacle and challenge in this study is the difference in
polarity and hydrophilicity between the filler and the matrix, as
bioPP is a highly nonpolar polymer, while MPF, being a
lignocellulosic filler, is a highly polar component. To overcome
this issue, an environmentally friendly grafted copolymer of PP
and IA (PP-g-IA) is obtained by REX with DCP as a free-
radical initiator. Several formulations have been developed by
extrusion (REX in the case of DCP) and injection moulding to
obtain composites of bioPP with MPF with improved
properties by using PP-g-IA and DCP, both individually and
in combination. Then, the properties of these composites have
been evaluated by means of mechanical, morphological,
thermal, thermomechanical, colorimetric, chemical, and
wettability characterization.

2. EXPERIMENTAL SECTION/METHODS
2.1. Materials. Biobased PP was supplied by NaturePlast (Caen,

France).
Mangoes of the Palmer-Kent variety were purchased from the local

market in Alcoy, Spain. The mangoes were peeled, and the peels were
first dried at 50 °C for 48 h in a dehumidifying stove (MCP Vacuum
Casting System, Lubeck, Germany) to remove any residual moisture.
The peels were then crushed and milled in a ZM 200 centrifugal mill
from Retsch (Düsseldorf, Germany) at a speed of 8000 rpm and
finally sieved with a 250 μm mesh filter, obtaining the MPF. MPF
particles show a rough surface with an average length of 50 μm and an
average width of 15 μm, as it can be observed in Figure S1 from the
Supporting Information.

DCP 98% was supplied by Sigma-Aldrich (product code:
1003031352), and IA 99+% was supplied by Acros Organics (product
code: 122810010).

2.2. Grafting of PP-g-IA. The IA grafting process was performed
following the methodology described by Pesetskii et al.,18 using DCP
as the initiator. BioPP, IA, and DCP were dried at 40 °C for 48 h in a
dehumidifying dryer MDEO to remove any residual moisture prior to
processing. Then, 1 wt % of IA was blended with bioPP and 0.2 wt %
DCP, according to the study carried out by Pesetskii et al.18 The
grafting was conducted using a twin-screw extruder from Con-
strucciones Mecańicas Dupra, S.L. (Alicante, Spain). This extruder
has a 25 mm diameter with a length-to-diameter ratio (L/D) of 24.
The residence time of the compounds in the extruder was
approximately 4 min. The temperature profile from the hopper to
the extrusion die was 175−195−195−195 °C. After the extrusion, PP-
g-IA was pelletized using an air-knife unit.

2.3. Preparation of BioPP/MPF Composites. BioPP, MPF, PP-
g-IA, and DCP were initially dried at 40 °C for 48 h in a
dehumidifying dryer MDEO to remove the residual moisture. Then,
each formulation was mixed according to Table 1. The corresponding
formulations were compounded in a twin-screw extruder from
Construcciones Mecańicas Dupra, S.L. (Alicante, Spain). This
extruder has a 25 mm diameter with a length-to-diameter ratio (L/
D) of 24. The extrusion process was carried out at a rate of 22 rpm,
using the following temperature profile (from the hopper to the die):
150−155−160−165 °C. The compounded materials were pelletized
using an air-knife unit. In all cases, the residence time was
approximately 1 min. Table 1 shows the compositions of the
formulations developed in this work.

To shape the pellets into standard samples, a Meteor 270/75
injection moulding machine from Mateu & Sole ́ (Barcelona, Spain)
was used. The temperature profile in the injection moulding unit was
155 °C (hopper), 160, 165, and 170 °C (injection nozzle). A
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clamping force of 75 tons was applied, while the cavity filling and
cooling times were set to 1 and 10 s, respectively. Standard samples
for mechanical and thermal characterization with an average thickness
of 4 mm were obtained.
2.4. Characterization of BioPP/MPF Blends. 2.4.1. Grafting

Efficiency. Grafting efficiency (ratio of the grafted IA related to its
total quantity added to the polymer) was measured by infrared
spectroscopy according to the method used by Pesetskii et al.29 Films
of 30−40 μm thickness were molded from the pellets of PP-g-IA at
145 °C. Then, the films were immersed in ethanol at 70 °C in order
to extract the ungrafted IA. Grafting efficiency was estimated from the
variation in the absorbance of the films at 1720 cm−1, which
corresponds to the carbonyl groups. The absorbance of the films was
measured at different times from the immersion of the films in ethanol
(0, 1, 2, 4, 6, 8, 22, 24, and 27 h). The grafting efficiency was
determined using eq 1

D
D

grafting efficiency 100 wt %
0

= [ ]τ

(1)

where Dτ and D0 stand for the optical densities related to the
thickness of the film once all the ungrafted IA has been extracted and
at the initial time before immersion in ethanol, respectively.
2.4.2. Mechanical Characterization. The tensile properties of

bioPP/MPF composites were determined using an universal testing
machine ELIB 50 from S.A.E. Ibertest (Madrid, Spain), as
recommended by ISO 527-1:2012. A load cell of 5 kN was used
while the cross-head speed was set to 5 mm/min. Shore hardness was
measured in a 676 D durometer from J. Bot Instruments (Barcelona,
Spain), using the D-scale, on rectangular samples with dimensions 80
× 10 × 4 mm3, according to ISO 868:2003. The impact strength was
also studied on injection-molded rectangular samples with dimensions
of 80 × 10 × 4 mm3 in a Charpy pendulum (1 J) from Metrotec S.A.
(San Sebastiań, Spain) on notched samples (V-notch type with a
radius of 0.25 mm), following the specifications of ISO 179-1:2010.
All mechanical tests were performed at room temperature, and at least
six samples of each material were tested, and the corresponding tensile
parameters were averaged.
2.4.3. Morphology Characterization. The morphology of

fractured samples from Charpy tests, obtained from the impact
tests, was studied by field emission scanning electron microscopy
(FESEM) in a ZEISS ULTRA 55 microscope from Oxford
Instruments (Abingdon, United Kingdom). Before placing the
samples in the vacuum chamber, they were sputtered with a gold−
palladium alloy in an EMITECH sputter coating SC7620 model from
Quorum Technologies Ltd. (East Sussex, UK). The FESEM system
was operated at an acceleration voltage of 2 kV.
2.4.4. Thermal Analysis. The most relevant thermal transitions of

bioPP/MPF composites were obtained by differential scanning
calorimetry (DSC) in a Mettler-Toledo 821 calorimeter (Schwerzen-
bach, Switzerland). Samples with an average weight of 6−7 mg were
subjected to a thermal program divided into three stages: a first
heating from −50 to 200 °C, followed by cooling to 0 °C, and a
second heating to 300 °C. Both the heating and cooling rates were set
to 10 °C/min. All tests were run in a nitrogen atmosphere with a flow

rate of 66 mL/min using standard sealed aluminum crucibles with a
capacity of 40 μL.

X
H

H w(1 )
100c

m

m
0

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
=

Δ
Δ · −

·
(2)

where ΔHm
0 = 198 J/g is the theoretical enthalpy of a 100% crystalline

PP sample;30 the term 1 − w corresponds to the PP weight fraction in
the blend; and ΔHm is the measured melting enthalpy.

The thermal degradation of the bioPP/MPF composites was
assessed by thermogravimetric analysis (TGA). TGA tests were
performed in a LINSEIS TGA 1000 (Selb, Germany) system. Samples
with a weight of 15−17 mg were placed in 70 μL alumina crucibles
and subjected to a dynamic heating program from 40 to 700 °C at a
heating rate of 10 °C/min in nitrogen atmosphere. The first derivative
thermogravimetric (DTG) curves were also determined. All tests were
carried out at least three times in order to obtain reliable results.

2.4.5. Dynamical−Mechanical Thermal Characterization. Dy-
namical−mechanical thermal analysis (DMTA) was carried out in a
DMA1 dynamic analyzer from Mettler-Toledo (Schwerzenbach,
Switzerland), working in single cantilever flexural conditions.
Rectangular samples with dimensions of 20 × 6 × 2.7 mm3 were
subjected to a dynamic temperature sweep from −150 to 100 °C at a
constant heating rate of 2 °C/min. The selected frequency was 1 Hz,
and the maximum flexural deformation or cantilever deflection was set
to 10 μm.

2.4.6. Water Absorption Test. The water absorption capacity of the
bioPP/MPF composites was evaluated by the water uptake method.
Rectangular samples with dimensions 80 × 10 × 4 mm3 were first
weighed in a balance and then placed inside a beaker filled with
distilled water, all of them wrapped with tiny pieces of metal grids so
that they could sink. After that, the weight of all samples was
measured at intervals of several hours the first day and then measured
each week for a total period of 14 weeks in order to evaluate the
amount of absorbed water. In every measurement, the moisture on
the surface of the samples was removed with a tissue paper.

2.4.7. Infrared Spectroscopy. Chemical characterization of the
bioPP/MPF composites was carried out by attenuated total
reflection−Fourier transform infrared spectroscopy (ATR−FTIR).
The spectra were recorded using a Bruker S.A. Vector 22 (Madrid,
Spain) instrument coupled to a PIKE MIRacle single-reflection
diamond ATR accessory (Madison, Wisconsin, USA). Data were
collected as the average of 10 scans between 4000 and 500 cm−1 with
a spectral resolution of 2 cm−1.

2.4.8. Melt Flow Index. A melt flow indexer extrusion plastometer
from Metrotec (Lezo, Spain) with a cutoff mechanism was used for
melt flow index (MFI) determination. The load mass was set at 2.16
kg, and the temperature was established at 190 °C. Approximately 20
g of each sample was put into the indexer, and after 2 min of heating,
the load was charged, and the material started to flow. Intervals of 30
s, after which the cutoff mechanism was activated, were set to take
samples of each material and calculate their mass. Five tests were
carried out for each blend.

3. RESULTS AND DISCUSSION
3.1. Grafting Efficiency of PP-g-IA. Figure 1 shows the

variation of absorbance in the 1720 cm−1 band through 27 h of
extraction in ethanol solution at 70 °C for PP-g-IA. The
absorbance presented is related to the thickness of the film
used in the test. Absorbance drastically decreases in the first
hour of extraction and then starts to stabilize until at 22 h it
becomes constant at a value of 1.87. This reduction in
absorbance is ascribed to the removal of the ungrafted IA in
the film, which is released into the ethanol solution, with the
true grafted IA only remaining in the PP-g-IA copolymer. A
very similar extraction profile was observed by Pesetskii et al.29

when studying the grafting efficiency of IA in the LDPE-g-IA
copolymer. Using eq 1, the grafting efficiency of PP-g-IA was

Table 1. Summary of Compositions According to the
Weight Content (wt %) of BioPP/MPF and Different
Compatibilizers and Additives

code
BioPP
(wt %)

MPF
(wt %)

PP-g-IA
(phr)a

DCP
(phr)

bioPP 100 0 0 0
bioPP/MPF 70 30 0 0
bioPP/MPF/PP-g-IA 70 30 3 0
bioPP/MPF/DCP 70 30 0 1
bioPP/MPF/PP-g-IA/DCP 70 30 3 1

aphr stands for the weight part of PP-g-IA or DCP per 100 weight
parts of the base bioPP/MPF composite.
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calculated, giving a value of 82.12 ± 1.83%. This proves that
the grafting was successfully carried out, with most of the IA
having reacted with bioPP in the REX process. Pesetskii et al.29

observed a very similar IA grafting efficiency of approximately
85% for a concentration of DCP of 0.2 wt % in the REX
process, which is the same proportion used in this study.
Considering that REX is a process easily applied in industrial
scale, this fact in combination with the high grafting efficiency
obtained makes PP-g-IA a compatibilizer that would be easily
produced not only at laboratory level but also at industrial
level. Moreover, as IA is obtained from biosourced citric acid,
which is widely available at a relatively low cost, grafting with
IA can be a cost-effective process, compared to traditional
grafting with maleic anhydride.
3.2. Mechanical Properties. Table 2 summarizes the

results concerning the mechanical properties of bioPP/MPF
composites with DCP and PP-g-IA.
It can be seen that neat bioPP showed a tensile modulus (E)

of 1936 MPa, a maximum tensile strength of 17.71 MPa, and
an elongation at break of 38.96%. These values are in
accordance with the results reported by Zhou et al.,11 who
reported a value for E modulus of 1890 MPa. These values
show that bioPP is a ductile material but with greater stiffness
than bioPE.1 The addition of MPF in the biopolymer matrix
clearly reduces all mechanical properties. The tensile modulus
and strength are reduced down to 1758 and 11.64 MPa,
respectively, while elongation at break is reduced down to
15.98%, which is a reduction of more than 50% in relation to
neat bioPP. This reduction could be ascribed to the lack of
interaction between MPF and bioPP, as MPF is a
lignocellulosic compound rich in polyphenols26 and, hence,
with a high number of hydroxyl groups, while bioPP is a

nonpolar biopolymer, with no functional groups to interact
with MPF.31 This fact leads to a poor interaction of the MPF
particles with the bioPP matrix, thus decreasing its mechanical
cohesive properties, mainly the tensile strength and the
elongation at break. A similar trend was observed by Yadav
and Yusoh32 in PP composites with wood flour, which
decreased its tensile strength by 15%. The addition of PP-g-
IA in the bioPP/MPF composite increases all of its tensile
properties, reaching a tensile modulus of 2237 MPa, a tensile
strength of 13.51 MPa, and an elongation at break of 18.86%.
These results suggest that PP-g-IA effectively acts as a
compatibilizer, increasing the affinity and interaction of the
MPF particles with the surrounding bioPP matrix, even
surpassing the tensile modulus (E) of neat bioPP. A similar
behavior was observed by Poletto33 in PP/wood flour
composites. Nevertheless, the most important thing is that
the addition of PP-g-IA leads to an increase in both cohesive
properties, the tensile strength and the elongation at break,
which is clear evidence of the effectiveness of the PP-g-IA
compatibilizer in comparison with the most commonly used
PP-g-MA compatibilizer. Morandim-Giannetti et al.34 studied
the effect of PP-g-MA on PP/coir fiber composites, showing
that PP-g-MA increased the tensile strength but drastically
reduced the elongation at break (1.3%). This fact clearly
demonstrates that PP-g-IA proves to be a superior compatibil-
izer in PP/lignocellulosic composites. The addition of DCP
during REX of bioPP/MPF composites increases all the
mechanical properties even more than PP-g-IA, leading to a
tensile modulus of 2280 MPa, a tensile strength of 14.17 MPa,
and a clear interesting improved elongation at break of 28.13%.
This increase in the mechanical response represents the cross-
linking effect that DCP exerts over the polymer chains with the
lignocellulosic filler, thus giving support to the compatibiliza-
tion between both components. DCP promotes free-radical
formation on both bioPP polymer chains and the different
compounds in MPF, thus allowing a wide variety of reactions
between them, improving the interaction between bioPP and
MPF. Some studies have reported the ability of DCP to induce
free-radical reaction between polymers, such as low-density
polyethylene (LDPE), and cellulose fibers.35 Considering that
MPF has cellulose in its chemical composition, the obtained
results are consistent with previous studies, therefore
demonstrating the strengthening effect of DCP over the
blend. Finally, the bioPP/MPF/PP-g-IA/DCP composite
offers the best tensile mechanical properties of all developed
composites, even besting neat bioPP in terms of tensile
modulus, changing from 1936 to 2349 MPa, which is an
increase of 21.33% in relation to neat bioPP. Tensile strength
and elongation at break state at 14.39 MPa and 29.69%,
respectively, are not so far from the neat bioPP values. These
results suggest some synergetic effect between DCP and PP-g-
IA, which achieve better mechanical properties than when used

Figure 1. Variation of the optical density of the carbonyl group
absorption bands (1720 cm−1) with extraction time in ethanol.

Table 2. Summary of the Mechanical Properties of the Injection-Molded Samples of bioPP/MPF Compositesa

code E (MPa) σmax (MPa) εb (%) Shore D hardness impact strength (kJ/m2)

bioPP 1936 ± 211 17.71 ± 0.77 38.96 ± 1.26 62.4 ± 0.6 9.95 ± 0.59
bioPP/MPF 1758 ± 105 11.64 ± 0.30 15.98 ± 1.63 61.7 ± 0.6 2.83 ± 0.33
bioPP/MPF/PP-g-IA 2237 ± 149 13.51 ± 0.13 18.86 ± 1.3 61.3 ± 0.4 2.80 ± 0.19
bioPP/MPF/DCP 2280 ± 191 14.17 ± 0.23 28.13 ± 1.67 63.6 ± 1.4 3.63 ± 0.43
bioPP/MPF/PP-g-IA/DCP 2349 ± 170 14.39 ± 0.25 29.69 ± 1.63 63.6 ± 0.8 3.78 ± 0.19

aTensile modulus (E), maximum tensile strength (σmax), elongation at break (εb), Shore D hardness, and impact (Charpy) strength.
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separately. It can be concluded that the interaction of MPF
with bioPP polymer chains is enhanced by the combined effect
of both DCP and PP-g-IA.
Regarding Shore D hardness, all the bioPP-based composites

tested in this study showed values in the 61−64 range. Neat
bioPP presented a hardness of 62.4, which is slightly lower
than that reported by Caraschi and Leaõ36 for neat PP. The
addition of MPF seems to slightly decrease the hardness of
bioPP, although it is not a significant reduction. This agrees
with the tensile properties reported previously, as a reduction
in the stiffness of the material is responsible for lowered
resistance to deformation. The addition of PP-g-IA did not
significantly vary the hardness of the base composite. On the
other hand, composites obtained by REX with DCP showed a
slight increase in hardness up to 63.6 for both of them. This
slight increase in hardness also remarks the improved
interactions between bioPP and MPF. Compatibilization also
prevents the aggregate formation and improves the overall
mechanical response of bioPP/MPF composites. Finally,
impact strength was highly affected by the addition of MPF,
PP-g-IA, and DCP. Neat bioPP exhibited an impact strength of
9.95 kJ/m2 on notched samples, which is indicative of a ductile
material, as previously observed by elongation at break. The
addition of MPF into the bioPP matrix significantly reduced
the impact strength down to 2.83 kJ/m2. It is important to bear
in mind that the impact strength is also a mechanical property

related to cohesion. This large decrease could be ascribed to
the embrittlement of the material as a result of MPF
aggregation that would lead to the stress concentration
phenomenon.37 The addition of PP-g-IA copolymer into the
blend does not improve the impact strength, with values
around 2.8 kJ/m2. On the other hand, REX with DCP does
increase the impact strength up to 3.63 and 3.78 kJ/m2 for
bioPP/MPF/DCP and bioPP/MPF/PP-g-IA/DCP, respec-
tively, which also reflects some synergistic effect by using
PP-g-IA and DCP during REX compounding. This increase in
relation to uncompatibilized bioPP/MPF could be related to
the effect of DCP, which enhances the adhesion and dispersion
of MPF in the biopolymer matrix and, probably, provides a
better particle−matrix interface interaction. Sari et al.38

reported how the impact strength of pandanwangi fiber-
reinforced polyethylene composites increased with the content
of DCP during REX.
All in all, these results point out to the fact that PP-g-IA and

DCP act as excellent compatibilizers for MPF and bioPP by
REX, highly increasing the overall mechanical response of the
bioPP/MPF blend and even surpassing neat bioPP in terms of
tensile modulus.

3.3. Morphology of bioPP/MPF Composites. The
mechanical properties of these composites are strongly related
to their internal structure. Figure 2 shows the FESEM images
at 1000× magnification of the fractured surface of impact test

Figure 2. FESEM images at 1000× of the fractured surfaces of: (a) bioPP; (b) bioPP/MPF; (c) bioPP/MPF/PP-g-IA; (d) bioPP/MPF/DCP; and
(e) bioPP/MPF/PP-g-IA/DCP.
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samples from uncompatibilized and compatibilized bioPP/
MPF composites. Figure 2a corresponds to neat bioPP, and it
shows the typical cavernous surface with high roughness, which
is ascribed to the plastic deformation of the polymer, indicating
the ductile behavior.39 When MPF was added to the polymer
matrix, the lignocellulosic particles presented poor adhesion in
the case of the uncompatibilized bioPP/MPF composite
(Figure 2b), which is clearly demonstrated by the huge gap
between the MPF particles and the surrounding bioPP matrix.
This is ascribed to the low interaction between these two
components as a result of bioPP being nonpolar and MPF
being highly polar. Nagmouchi et al.40 observed the same
phenomenon when studying the compatibility of olive stone
flour lignocellulosic particles with a PP matrix, observing gaps
between the fillers and the matrix. This corroborates the poor
mechanical properties reported in Section 3.1. The addition of
PP-g-IA into the bioPP/MPF composite (Figure 2c) clearly
improves the material cohesion between the MPF lignocellu-
losic particles and the bioPP matrix, which can be deduced
from the reduction in the gap between both components. Toro
et al.41 reported the improvement in compatibility and the
resistance mechanical properties of PP with mineral fillers by
compatibilizing with PP-g-IA. This is ascribed to the dual
functionality of PP-g-IA. On the one hand, PP chains can
interact with the bioPP matrix, while the polar IA groups can
interact with the hydroxyl groups in MPF.42 REX with DCP
(Figure 2d) exhibited an even better compatibility between
MPF particles and the surrounding bioPP, as MPF particles are
quite embedded into the polymer matrix and present a very
narrow gap between them, increasing their mechanical
performance. This fact is indicative of the reactive compatibi-
lization that DCP exerts over lignocellulosic particles and the
bioPP matrix during REX, as it has been mentioned in the
Mechanical Properties section. Finally, Figure 2e shows the
FESEM image for the bioPP/MPF/PP-g-IA/DCP composite.
In this case, the particle−matrix gap seems almost inexistent,
which again points out to the fact that the combination of PP-
g-IA and DCP during REX provides a synergistic compatibi-
lization effect.
All in all, the observed morphologies are in total agreement

with the mechanical properties mentioned above, demonstrat-
ing that PP-g-IA and DCP act as a high-performance
compatibilizing system that can overcome the lack of
compatibility between the nonpolar bioPP matrix and the
dispersed polar MPF particles.
3.4. Thermal Properties of BioPP/MPF Blends. Table 3

lists the main thermal parameters corresponding to the DSC
second heating cycle from 0 to 300 °C of the studied samples
(melting temperature, Tm; melting enthalpy, ΔHm; and the
degree of crystallinity, Xc). The DSC thermograms can be

observed in Figure S2 from Supporting Information. Only the
melting temperature can be observed in the temperature range
presented here, due to the glass-transition temperature of
bioPP being very low (−50 to 10 °C).43 This transition will be
further studied by DMTA analysis. Neat bioPP shows a
melting temperature of 164 °C and a degree of crystallinity
(Xc) of 42.6%. These values are quite similar to the values
reported by Shafigullin et al.30 and typical of PP. The
incorporation of MPF into the polymer matrix slightly reduces
the melting point down to 161.9 °C, which is ascribed to the
intrinsic low thermal stability of the lignocellulosic filler. On
the other hand, crystallinity increases up to 50.0% because
MPF particles can induce heterogeneous nucleation and
promote the crystallization process.44 With the addition of
PP-g-IA, the melting temperature slightly increases related to
the previous sample, which could be ascribed to the dilution
effect toward MPF, as PP-g-IA, despite being less thermally
stable than bioPP, is more thermally stable than the
lignocellulosic particles.45 The degree of crystallinity also
increases up to 58.0%. This could be related to the positive
compatibilization of the MPF particles with bioPP thanks to
PP-g-IA, which improves the particle dispersion all over the
matrix, enhancing the heterogeneous nucleation phenomenon.
The use of REX with DCP during the compounding of bioPP/
MPF composites leads to a decrease in the melting
temperature down to 158.1 °C. This effect was also observed
by Ahmad and Luyt,24 who attributed this phenomenon to a
decrease in the size of the crystallites and thinner lamella. The
degree of crystallinity remained very similar to that of bioPP/
MPF, so it can be inferred that REX with DCP only affects the
size and shape of the crystals, but the total amount remains
almost unaltered. This phenomenon was also observed by
Ahmad and Luyt.24 Finally, the composite compatibilized with
the combination of DCP and PP-g-IA by REX presents a
similar melting temperature compared to the previous sample
and a degree of crystallinity of 50.2%, which is the second
highest crystallinity degree of all composited ions developed
this work. This could be ascribed to the combined
compatibilizing effect of PP-g-IA and DCP during REX.
Table 3 also lists the main quantitative parameters regarding

the thermal degradation behavior of the bioPP/MPF
composites. The thermogravimetric (TGA) curves and their
first derivatives (DTG) are shown in Figure S3 from
Supporting Information. First, bioPP showed the typical
single-stage degradation profile of a polyolefin, with an onset
degradation temperature (measured at 5 wt % mass loss, T5%)
of 272.8 °C while the maximum degradation rate temperature
(Tdeg) is located at 382.3 °C. After the degradation process, the
residual mass was 0.3 wt %. Essabir et al.46 reported a similar
degradation profile for PP in a study related to the addition of

Table 3. Melting Temperature (Tm), Melting Enthalpy (ΔHm), and Degree of Crystallinity (Xc) of BioPP/MPF Composites
with Different Compatibilization Strategies, Obtained by DSCa

DSC parameters TGA parameters

samples Tm (°C) ΔHm (J/g) XC (%) T5% (°C) Tdeg (°C) residual weight (%)

bioPP 164.0 ± 2.1 84.4 ± 1.1 42.6 ± 0.4 272.8 ± 0.8 382.3 ± 2.4 0.3 ± 0.1
bioPP/MPF 161.9 ± 1.9 69.4 ± 0.6 50.0 ± 0.5 182.4 ± 1.1 417.9 ± 1.3 0.1 ± 0.1
bioPP/MPF/PP-g-IA 162.1 ± 2.0 78.0 ± 0.9 58.0 ± 0.5 208.4 ± 1.4 398.9 ± 1.8 0.1 ± 0.2
bioPP/MPF/DCP 158.1 ± 1.8 67.9 ± 1.5 49.5 ± 0.3 168.4 ± 0.5 429.4 ± 2.2 0.2 ± 0.2
bioPP/MPF/PP-g-IA/DCP 157.9 ± 2.4 69.8 ± 1.3 52.4 ± 0.4 177.4 ± 1.2 417.4 ± 1.0 0.1 ± 0.1

aMain thermal degradation parameters of bioPP/MPF composites with different compatibilization strategies in terms of the onset degradation
temperature at a mass loss of 5 wt % (T5%), maximum degradation rate (peak) temperature (Tdeg), and residual mass at 700 °C.
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nut-shells of argan particles into a PP polymer matrix. Totally
in contrast, the addition of MPF into the bioPP matrix
provokes the degradation to occur in three main stages,
ascribed to the lignocellulosic nature of the MPF. The first
stage in the range 280−340 °C is related to the thermal
depolymerization of hemicellulose and pectin. The second one
which comprises the temperature range of 340−448 °C
corresponds to the degradation of cellulose contained in the
MPF particles, and the last one, in the range 448−500 °C, is
associated with the progressive degradation of lignin.46 This
degradation profile is observed in all the samples with MPF. In
this case, the onset degradation temperature is 182.4 °C, and
the maximum degradation rate temperature is 417.9 °C.
Interestingly, the composite with bioPP and MPF starts to
degrade more rapidly than bioPP but then presents more
thermal stability than bioPP and delays the maximum
degradation peak by 30 °C. This is because hemicellulose
and pectin are poorer in terms of thermal stability than bioPP,
while cellulose and lignin possess a higher thermal stability
than the polyolefin.47 When PP-g-IA is added into the bioPP/
MPF composite, the onset degradation temperature moves up
to 208.4 °C, and the degradation temperature goes down to
398.9 °C in relation to the bioPP/MPF composite. These
results suggest that PP-g-IA slightly reduced the thermal
stability of the base bioPP/MPF composite in the final
temperature range, which corroborates the results observed by
DSC. A similar behavior was observed by Kim et al.48 in PP/
PP-g-IA composites with different contents of PP-g-IA from 1
to 10 wt %. However, this composite shows greater thermal
stability than neat bioPP, with the maximum degradation peak
located at 398.9 °C. This result is in accordance with the
increase in crystallinity observed by DSC. Comparing PP-g-IA
with other studies that use PP-g-MA instead, the compatibilizer
used herein improves the thermal stability at the first stages of
degradation, which is the opposite to what was observed by
Morandim-Giannetti et al.,34 whose study showed that PP-g-
MA reduced the initial degradation temperature of PP/coir
fiber composites with 30 wt % of lignocellulosic filler. Similarly,
REX with DCP reduces the thermal stability in the first stages
of the degradation profile, with T5% of 168.4 °C. Nonetheless,
it delays the most prominent degradation stage up to 429.4 °C.
This observation perfectly matches the results obtained by
DSC, where the crystallinity of bioPP was increased due to
REX with DCP. The combination of PP-g-IA and DCP during
REX of bioPP/MPF composites gives similar results in
comparison to the bioPP/MPF sample. Nonetheless, they
improve the overall thermal stability of the composite in
almost all the temperature ranges.
3.5. Dynamic−Mechanical Behavior of BioPP/MPF

Composites. The thermomechanical properties of bioPP/
MPF composites were studied by DMTA in the temperature
range from −150 to 100 °C. Table 4 lists the main

thermomechanical parameters extracted from Figure S4
(Supporting Information), which shows the evolution of the
storage modulus E′ (Figure S4a) and the dynamic damping
factor tan δ (Figure S4b). Regarding neat bioPP, an initial
decrease of the storage modulus can be seen until −60 °C
approximately. Then, a more pronounced decrease occurs until
0 °C. Both decreases will be explained in the next paragraph.
BioPP exhibits a storage modulus of 2318, 1674, and 277 MPa
at −100, −25, and 80 °C, respectively. This decrease in storage
modulus is provoked by a softening of the polymer matrix.
Garciá-Garciá et al. observed a similar thermomechanical
profile for neat PP.49 The addition of MPF increases the
stiffness of the material up to 2563 and 1862 MPa at −100 and
−25 °C, respectively. This is due to the presence of a rigid filler
that induces mechanical restraint, which reduces the mobility
of the polymer chains of bioPP.49 The addition of PP-g-IA
increases even more the stiffness of the composite, which is
ascribed to the positive compatibilizing effect of the PP-g-IA
copolymer, demonstrating the improvement in mechanical
properties shown in the Mechanical Properties section. DCP
increases the rigidity of the materials in almost all the
temperature ranges, showing a value of 1774 MPa in
comparison with 1674 MPa of neat bioPP at −25 °C. Mishra
and Luyt50 observed how REX with DCP increased the storage
modulus of LDPE−nanosilica composites. Finally, the
combination of PP-g-IA and DCP during REX offers similar
values to the bioPP/MPF/PP-g-IA sample.
The dynamic damping factor tan δ allows to determine the

different relaxations that occur in the polymer matrix along all
the temperature ranges. As it has been aforementioned, two
main relaxation peaks are observed for neat bioPP, a less
intensive β-relaxation, which appears at −44.9 °C, and an α-
relaxation, which is shown at 14.2 °C. The former is related to
the mobility devitrification of −CH2- groups in the main chain,
while the latter is ascribed to the glass-transition temperature
of the polymer, according to the study of Krivoguz et al.51 The
addition of MPF decreases both relaxation temperatures down
to −49 and 11.9 °C, respectively. This is probably due to an
inefficient dispersion of the MPF particles in the polymer
matrix, which does not allow a positive restriction of chain
mobility.49 On the contrary, the incorporation of PP-g-IA and
REX with DCP provides a slight increase in the glass-transition
temperature. The addition of the PP-g-IA copolymer leads to a
Tg of 18.4 °C, which is mainly ascribed to the compatibilizing
effect of the copolymer. Thus, it allows MPF particles to
correctly disperse all over the polymer matrix, increasing the
filler−matrix interface interactions and restricting the chain
mobility. REX with DCP further increases the glass-transition
temperature up to 21.7 °C due to the cross-linking effect DCP
can provide, while the combination of PP-g-IA and DCP
during REX also delays the glass-transition temperature by
15.8 °C in comparison with uncompatibilized bioPP/MPF,

Table 4. Dynamic−Mechanical Properties of bioPP/MPF Composites with Different Compatibilization Strategies, at Different
Temperatures

parts E′ (MPa) at −100 °C E′ (MPa) at −25 °C E′ (MPa) at 80 °C β-relaxationPP (°C)
a α-relaxation (Tg)PP (°C)

a

bioPP 2318 ± 45 1674 ± 21 277 ± 7 −44.9 ± 1.3 14.2 ± 1.3
bioPP/MPF 2563 ± 33 1862 ± 27 239 ± 9 −49.0 ± 2.2 11.9 ± 2.2
bioPP/MPF/PP-g-IA 2575 ± 28 1976 ± 25 254 ± 5 −48.9 ± 2.1 18.4 ± 2.1
bioPP/MPF/DCP 2341 ± 32 1774 ± 30 210 ± 7 −49.3 ± 1.7 21.7 ± 1.7
bioPP/MPF/PP-g-IA/DCP 2544 ± 40 1939 ± 27 201 ± 8 −52.8 ± 1.5 15.8 ± 1.5

aTg has been measured using the tan δ peak maximum criterion.
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thus making the material more rigid. In general, the
improvement in stiffness of all bioPP/MPF composites could
be also related to the increase in crystallinity observed by DSC
analysis.
3.6. Wetting Properties and Water Absorption of

BioPP/MPF Composites. One of the main drawbacks of
WPCs is their tendency to absorb water, as they contain a high
proportion of hydrophilic fillers. Contact angle measurements
of a distilled water drop at different times (from 0 to 30 min)
have been carried out in order to evaluate the wetting
properties of the developed composites. Table 5 summarizes
the water contact angle values at 0, 5, 10, 15, 20, and 30 min
for uncompatibilized and compatibilized bioPP/MPF compo-
sites. At the initial time, all samples are quite hydrophobic, as
their contact angles are around 90° and are far superior to the
hydrophilic threshold, according to Vogler, which is 65°.52

These results were expected, as the base material, bioPP, is a
highly nonpolar polymer, all its bonds being formed by carbon
and hydrogen (C−H). This nonpolarity is what makes bioPP
maintain a high contact angle over time, varying its contact
angle from 88.4° at 0 min to 65.2° at 30 min. When adding
MPF to the bioPP matrix, the contact angle suffered quite a
decrease at the initial time, going down to 79.4°, rapidly
diminishing to 53.7° at 30 min. This decrease is ascribed to the
polarity of the MPF particles, which have a high content in
cellulose, hemicellulose, lignin, and other phenolic com-
pounds,53 all of them having hydrophilic hydroxyl groups.
These groups possess a great affinity toward water, a polar
solvent, thus increasing its absorption and decreasing the
contact angle. This effect is clearly seen in Figure S5 from
Supporting Information, which shows how the distilled water
drop flattens over time for the uncompatibilized bioPP/MPF
composite. Compatibilization with the PP-g-IA copolymer
seems to increase the hydrophobicity of the blend, maintaining
the contact angle from 91.1 to 72.2° at 30 min. Although PP-g-
IA should decrease the water contact angle due to the polar
structure of IA (a carboxylic acid), this high hydrophobicity
could be ascribed to a certain esterification reaction between
hydroxyl groups in MPF and IA, forming esters that somehow
decrease the polarity of MPF particles,54 which is quite
interesting from a practical point of view. The compatibiliza-
tion by REX with DCP does not increase remarkably the water
contact angle all over the time range in comparison to the
uncompatibilized bioPP/MPF composite. This could be
ascribed to the ability of DCP to increase the polarity in
these composites as a consequence of the reaction products
obtained from the decomposition of DCP in the extruder,
favoring radical formation, which could lead to cross-linking
and branching, as it was observed by Rojas-Lema et al.21

Nonetheless, it gets a contact angle of 71.5 at 30 min, which is
quite higher than that of bioPP/MPF. Finally, the bioPP/
MPF/PP-g-IA/DCP composite exhibits intermediate values

between the composite compatibilized with the PP-g-IA
copolymer and the composite obtained by REX with DCP,
although the effect of PP-g-IA seems to prevail.
All in all, these results interestingly suggest that the addition

of PP-g-IA and DCP during compounding by REX can solve
the problem of hydrophilicity when adding natural organic
particles into nonpolar matrices (bioPP), even increasing its
hydrophobicity up to a certain point. Therefore, this could lead
to interesting applications, such as decking floors with water
isolation properties, making them easier to be cleaned.
In addition to contact angle measurements, Figure 3 shows

the water absorption profile of all the developed composites

after a long immersion time into distilled water (14 weeks).
First, it can be seen how neat bioPP did not absorb barely any
water, presenting an asymptotic value of approximately 0.15 wt
% of water absorption in relation to its initial mass. This poor
water absorption is ascribed to its nonpolar nature, as it has
been aforementioned, which makes bioPP to have low affinity
for water (a polar solvent). A similar water absorption profile
was observed by Garciá-Garciá et al.49 for neat PP. The
addition of MPF increases water absorption up to an
asymptotic value of 6.7 wt %. This is mainly ascribed to
hydrogen-bond formation between water molecules and
hydroxyl groups present in cellulose and hemicellulose in
MPF.55 This fact makes MPF very affine toward water and
thus allows the composite to absorb large amounts of water.
On the contrary, bioPP/MPF composites compatibilized with
PP-g-IA reduces water absorption in the whole time range
down to approximately 3.7 wt % after 14 weeks of immersion.
This is probably due to the fact that PP-g-IA can react with the

Table 5. Contact Angles (θw) of Different bioPP/MPF Composites with Different Compatibilization Strategies at Several
Times of Exposure to Distilled Water: 0, 5, 10, 15, 20, and 30 min

time

code 0 min 5 min 10 min 15 min 20 min 30 min

BioPP 88.4 ± 2.3° 82.6 ± 3.1° 79.8 ± 1.5° 75.5 ± 2.2° 74.3 ± 2.0° 65.2 ± 1.6°
bioPP/MPF 79.4 ± 2.1° 75.1 ± 2.2° 69.6 ± 1.6° 65.4 ± 1.2° 62.8 ± 1.7° 53.7 ± 1.1°
bioPP/MPF/PP-g-IA 91.1 ± 2.9° 88.2 ± 2.6° 85.6 ± 3.0° 80.4 ± 2.2° 77.0 ± 1.3° 72.2 ± 1.4°
bioPP/MPF/DCP 81.2 ± 2.2° 77.9 ± 1.9° 75.5 ± 1.5° 74.2 ± 2.4° 71.9 ± 1.8° 71.5 ± 2.3°
bioPP/MPF/PP-g-IA/DCP 89.5 ± 2.3° 86.6 ± 3.2° 83.8 ± 1.8° 79.4 ± 2.8° 78.4 ± 4.1° 76.3 ± 2.9°

Figure 3. Water uptake of uncompatibilized and compatibilized
bioPP/MPF composites.
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hydroxyl groups in MPF, reducing the total amount of free
hydroxyl groups in the composite that can interact with water,
thus reducing water absorption. Garciá-Garciá et al.49 observed
a very similar effect by the addition of PP-g-MA into a PP
matrix with spent coffee ground (SCG) particles. On the other
hand, REX with DCP does not reduce water absorption
remarkably, reaching an asymptotic value of 5.7 wt % water
absorption after 14 weeks of immersion in water. This could be
ascribed to the fact that the presence of DCP did not result in a
great formation of free radicals during REX, thus not impeding
the contact between water molecules and cellulose-based
compounds in MPF.56 Finally, the bioPP/MPF composite
compatibilized by REX with both DCP and PP-g-IA presents a
water absorption curve very similar to that of the previous
sample, exhibiting an asymptotic value of 6.1 wt % of water
absorption at 14 weeks of water immersion. This implies that,
somehow, DCP inhibits the ability of PP-g-IA to reduce water
absorption to a great extent, which could be ascribed to the
fact that PP-g-IA reacts at a higher degree with bioPP rather
than with MPF in this case, as a result of the cross-linking
effect of DCP.
These results show that bioPP/MPF composites have great

water absorption capabilities. Nonetheless, PP-g-IA is able to
reduce water absorption down to half the water absorption of
the bioPP/MPF composite, which is an interesting property
that could prove to be useful in applications where less
interaction with water is needed, such as the production of
floors, roofs, or windows.
3.7. Infrared Spectroscopy. FTIR technique is very

useful to analyze the chemical interactions on composites
developed in this study. Figure 4a shows the infrared spectra of
MPF, PP-g-IA, and DCP, while Figure 4b shows the spectra of
uncompatibilized and compatibilized bioPP/MPF composites
from 4000 to 500 cm−1.
First, MPF presents a very typical spectrum of a

lignocellulosic filler, with a very characteristic band at 3340
cm−1, ascribed to the O−H stretching vibration and hydrogen
bonding of hydroxyl groups present in cellulose, hemicellulose,
pectin, and lignin. Then, another little peak at 2920 cm−1 is
related to the C−H stretching vibration in CH and CH2 in

cellulose and hemicellulose.57 The peak at 1730 cm−1 is
attributed to the carbonyl CO stretching vibration of
carboxylic acid in lignin or ester groups in hemicellulose. The
absorption band at 1450 cm−1 is related to the CH2 symmetric
bending in cellulose. An additional peak at 1230 cm−1,
attributed to the C−O stretching vibration of the acetyl group
in lignin and hemicellulose, could be observed.46 The most
intense band is located at 1030 cm−1, ascribed to the CO and
O−H stretching vibration in polysaccharides present in
cellulose.58 Next, the FTIR spectrum of PP-g-IA is very similar
to that of neat bioPP, which will be commented in the next
paragraph. The most remarkable band is located at 1720 cm−1,
which corresponds to the stretching vibration of the carbonyl
groups of IA.45 DCP exhibits several bands characteristic of a
peroxide: C−O−O and C−C−O antisymmetric stretching
vibrations at 1265 and 1250 cm−1, respectively; symmetric
stretching vibration of C−O−O at 1151 cm−1; deformation
and rocking of CH3 in the isopropyl −C(CH3)2− group at
1377, 1358, and 857 cm−1; and the presence of monosub-
stituted benzene rings at 1496, 1445, and 766 cm−1.59

Referring to the spectra of the bioPP/MPF composites, neat
bioPP presents several representative bands. The absorption
peaks at 972, 997, and 1165 cm−1 are indicative of the −CH3
rocking vibration. At 1375 cm−1, the symmetric bending
vibration mode of −CH3 is detected.

60 The peak at 2952 cm−1

is also ascribed to the methyl group, particularly to its
asymmetric stretching vibration.60 The bands at 1455, 2838,
and 2917 cm−1 are related to the −CH2− symmetric bending,
−CH2− symmetric stretching, and −CH2− asymmetric
stretching, respectively.61 These peaks can be observed in all
the composites because bioPP is the base polymer of all the
materials developed in this study. The addition of the
lignocellulosic MPF filler alters the FTIR spectra, making
some additional peaks that have been commented in the
individual spectra of MPF to appear. The absorption peak at
3340 cm−1 is ascribed to the characteristic O−H stretching
vibration and hydrogen bonding in hydroxyl groups, which are
present in MPF compounds (cellulose, hemicellulose, pectin,
and lignin).62 The band at 1720 cm−1 is indicative of the
carbonyl CO stretching vibration of the linkage of carboxylic

Figure 4. FTIR spectra of MPF, PP-g-IA, DCP, and uncompatibilized and compatibilized bioPP/MPF composites in the wavenumber range 4000−
500 cm−1.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.2c00373
ACS Appl. Polym. Mater. 2022, 4, 4398−4410

4406

https://pubs.acs.org/doi/10.1021/acsapm.2c00373?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00373?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00373?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00373?fig=fig4&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.2c00373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


acid in lignin or in the ester group in hemicellulose.63 The little
shoulder that is located at 1600 cm−1 could be associated with
water present in the particles,64 as they are highly hydrophilic.
These bands commented for MPF are also present in all
composites containing MPF. The FTIR spectra of the bioPP/
MPF/PP-g-IA composite does not present any differences in
comparison with the uncompatibilized composite. The
presence of DCP during extrusion and injection-molding
processes did modify the FTIR spectra of the corresponding
composites. First of all, at 1263 cm−1, an individual peak can be
observed ascribed to the asymmetrical stretching of the C−C−
O and C−O−O groups present in DCP. Next, another band at
1151 cm−1 is seen, related to the symmetric stretching of the
C−C−O and C−O−O functionalizations and the stretching of
C−O. Finally, an intense peak at 761 cm−1 is ascribed to the
presence of a monosubstituted benzene ring, which is
characteristic of DCP.59 All these bands have also been
observed in the individual FTIR absorption spectrum of DCP.
The composite compatibilized by REX with PP-g-IA and DCP
(bioPP/MPF/PP-g-IA/DCP) presents practically all the peaks
and bands aforementioned, although the peaks related to the
radical-free production of DCP are not so intense in this
composite, probably due to certain interactions between PP-g-
IA and DCP.
3.8. Effect of the Compatibilization Strategy on the

MFI of BioPP/MPF Composites. Figure 5 shows the MFIs
for the different bioPP/MPF composites, measured at 190 °C
and a load mass of 2.16 kg. It can be seen that bioPP showed
the highest MFI, with a value of 23.25 g/10 min. This value is
highly related to a poorly entangled polymer and presents a
MFI slightly higher than that reported by Sarabi et al.65 MPF
diminishes the MFI down to 19.8 g/10 min. This is due to the
filler proportion in the blend, which influences the rheology of
the polymer, substituting the flexible polymer matrix for a
more ridged filler, which affects the way polymer chains
entangle during the flowing process.66 Compatibilization with
PP-g-IA also reduces MFI, which was expected as this
compatibilizer improves the interactions between bioPP and

MPF, making the entanglement between both compounds and
between polymeric chains stronger.19 As expected, composites
obtained by REX with DCP show a drastic reduction of the
MFI down to 10.2 g/10 min, which is clearly related to the
cross-linking effect of DCP, which improves the bonding
between polymeric chains, thus increasing the entanglement of
the polymer and making it more rigid and more difficult to
flow. Finally, the MFI results of the composite obtained by
REX with PP-g-IA and DCP again show that the synergistic
effect exerted by the combination of the PP-g-IA copolymer
with DCP during REX improves the entanglement of the
polymeric chains, obtaining a more rigid material and thus with
lower MFI.
All in all, the results presented here agree with the results

observed in the mechanical, thermal, and morphological
characterizations, corroborating the compatibilizing efficiency
of both PP-g-IA and DCP.

4. CONCLUSIONS
This work shows the positive effect of the incorporation of
MPF in WPCs based on a bioPP matrix with PP-g-IA and DCP
as compatibilizers. The correct grafting of PP-g-IA has also
been shown in this study. The addition of this specific load has
great potential to be used as a new reinforcement in
thermoplastic matrices to make parts by industrial processes,
such as injection molding. Regarding mechanical properties,
the incorporation of MPF (30 wt %) with PP-g-IA exhibited a
Young’s modulus of 2237 MPa, far superior to the modulus of
neat bioPP and bioPP/MPF samples. The addition of DCP to
the bioPP/MPF blend further increased this value up to 2280
MPa, and the combined effect of PP-g-IA and DCP even
increased it further beyond 2349 MPa. This was ascribed to an
improvement of the interaction between bioPP and MPF,
directly related to the compatibilizing and cross-linking effect
of PP-g-IA and DCP, respectively. The elongation at break
results were quite promising too, going from 15.98% for
bioPP/MPF to 29.69% for bioPP/MPF/PP-g-IA/DCP. These
excellent mechanical properties were corroborated by FESEM

Figure 5. MFI of the bioPP/MPF blends at 190 °C/2.16 kg.
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images, which showed a very close gap between the
lignocellulosic particles and the polymeric matrix. With regard
to thermal properties, the introduction of MPF with
compatibilizers leads to an increase in thermal stability and
crystallinity, reaching a crystallinity degree of 58% for the
sample with PP-g-IA, which is another proof of the
improvement in mechanical resistance. DMTA results also
verified an increase in the stiffness of the materials due to an
increase in the storage modulus of the compatibilized samples,
confirming the results commented on the mechanical proper-
ties, associated with a correct dispersion of the MPF particles
in the matrix. Generally, the incorporation of MPF provided
the blends with dark brown color that would allow their use in
the manufacturing of wood-based products, such as floors,
doors, furniture, and so on. Water absorption of the
composites also increased as a result of the lignocellulosic
nature of the filler. Nonetheless, it was observed how the
incorporation of PP-g-IA reduced water absorption to a certain
degree, which is quite interesting and useful for applications
where water absorption is not desirable. Finally, it was also
reported on how the compatibilizing and cross-linking effects
of PP-g-IA and DCP lead to a reduction in the MFI of the
composites, directly related to an increase in the adhesion
between polymeric chains.
The results obtained in this work indicate the possibility of

obtaining biobased WPCs with a considerable natural content
of MPF, reducing the cost of the material in relation to the
neat bioPP. Moreover, composites with very interesting
properties in terms of excellent mechanical properties, in
parallel with neat bioPP, enhanced thermal stability, delay in
degradation processes, and attractive dark brown color were
obtained. All these characteristics make them perfect
candidates for substituting wood-based products and make
them applicable in several fields. All in all, this work opens a
new research route in terms of using MPF as a reinforcing
agent and PP-g-IA and DCP as successful compatibilizing
agents in other composites.
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