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ABSTRACT: Plastic recycling to make sustainable materials is
considered one of the biggest initiatives toward a greener
environment and socioeconomic development. This research aims
to investigate the properties of a blend of recycled bale wrap linear
low-density polyethylene (rLLDPE) and polypropylene (PP)
(rLLDPE/PP 50:50 wt % matrix), which was further reinforced
with 25 wt % agave fiber prepared by injection-molding. Different
ratios of a combined industrial compatibilizer (maleic anhydride-
grafted PP/PE) were used (1−3 wt %), which were compared with
a synthesized compatibilizer made from maleic anhydride−PP/
rLLDPE in terms of mechanical and thermomechanical properties
of the biocomposites. Incorporation of the compatibilizer in the
composite improved the interfacial adhesion between the hydro-
phobic matrix and the hydrophilic agave fiber, which further
increased the mechanical properties and heat deflection temperature of the composite. Scanning electron microscopy showed
enhanced compatibility and adhesion between the fiber and the matrix by inclusion of 2 wt % compatibilizer. The synthesized
compatibilizer-blended composite showed better mechanical properties than the industrial one, which indicates the potential
application of this composite (around 62% recycled material) in the manufacture of packaging materials and commodity products.

1. INTRODUCTION
Sustainable biocomposites are an emerging class of materials,
promising an alternative to traditional plastics. The application
of recycled polymers in composites is an urgent need to reduce
the neat polymer content and find value-added applications for
the waste plastic which is affecting the environment. It is
estimated that 300 million tons of plastic are produced every
year; 50% of the products are for single-use purposes.1 Most of
these plastics are landfilled, incinerated, or dumped in the
ocean.2 Therefore, plastic recycling has drawn significant
interest in various industries.
Linear low-density polyethylene (LLDPE) is one of the

essential commodity plastics that are being used for the
production of various packaging films, containers, and other
molded parts.3−5 LLDPE is well known for having excellent
flexibility, impact strength, and durability but has low tensile
and flexural strength. It has shorter branches, which is why its
chains are able to move against one another without entangling
together when elongated. LLDPE also has excellent recycling
characteristics. It can be recycled multiple times as it maintains
its base properties during the recycling process.6 In Ontario,
over 3500 tons of plastic agricultural waste is generated each
year, including 2721 tons from plastic bale and silage wraps
that are essentially made of LLDPE.7 The last few decades
have brought increased interest in the production of these bale
wraps, which have been primarily used for the storage of

forage. There are many advantages of bale wraps such as better
leaf retention compared to dry hay, no storage structures
needed, and reduction of weather risk. Furthermore, the bale
wrap has great potential to be reused and recycled because of
having high elongation, high impact strength, low capital cost,
and so forth. Bale wrap LLDPE can be recycled and blended
with another commercial polymer to produce a sustainable
blend as an alternative to the nonrenewable commercial
option.
Polypropylene (PP) is among the cheapest and most used

plastics available today, having good tensile and flexural
properties but relatively low impact strength. It has a linear
hydrocarbon structure similar to LLDPE. PP materials have a
wide variety of applications in the automotive, packaging, and
construction industries.8 Researchers have investigated PP
materials blended with various recycled thermoplastics such as
polyester, high-density polyethylene (HDPE), and poly-
ethylene (PE).9−11 No significant research was found regarding
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blending PP with recycled LLDPE to produce packaging
products having excellent tensile and flexural properties as well
as good impact strength. Therefore, PP could be an excellent
choice to be investigated as a blend with LLDPE.
Natural fiber-based composites are also considered one of

the great sustainable alternatives to the synthetic material
based composites. Natural fibers have various significant
advantages over their synthetic counterparts such as abundant
availability, lower cost, lower environmental impact, and easier
processing.12,13 Among natural fibers, agave fiber has drawn
significant attention for making automotive parts. Ford is
considered one of the leading automobile manufacturing
companies and has researched and utilized sustainable
biobased materials in their vehicles since the year 2000.14,15

Agave fibers are derived from the Agave americana plant and it
is largely produced as a coproduct in the tequila industry.15,16

It contains 68−80% cellulose, 15% hemicellulose, 5−7% lignin,
and 0.26% wax.17,18 Despite agave fiber-based composites
having many desirable properties, they have been the subject of
little published research. Annandarajah et al.18 found that the
highest elastic moduli and yield stress were reached at 20 wt %
agave fiber blended separately with LLDPE, HDPE, and PP.
Singha and Rana13 showed that polystyrene materials blended
with 20 wt % agave fiber had the highest mechanical
characteristics. Other researchers have used different natural
fillers to obtain sustainable biocomposites. Youssef et al.19

prepared composites with corn husk fibers and recycled LDPE
by melt extrusion and found increased tensile properties but
decreased hardness with an increase in fiber loading. Lei et al.20

investigated recycled HDPE with bagasse fiber and described a
similar tendency, an improvement in the moduli by about 50%
by incorporation of 30 wt % of bagasse fiber. Hence, it is
deduced that around 25 wt % of the natural filler in the
composites gives optimum mechanical properties.
The mechanical characteristics of the natural filler-based

thermoplastic composites can be improved by the incorpo-
ration of a suitable compatibilizer in the polymer matrix.
Thermoplastic polymers such as PP, polyethylene terephtha-
late (PET), polybutylene succinate (PBS), and so forth have
been combined with natural fillers such as miscanthus, lignin,
and wood to produce biobased sustainable composites that can
be used in automotive, packaging, and electronics industries.21

Natural fillers have various advantages over conventional
synthetic fillers, as described earlier, but exhibit poor
mechanical properties when blended in the composites.
These natural fillers are hydrophilic and thus are incompatible
with the hydrophobic matrix polymer.22 A suitable compatibil-

izer can help to overcome this shortcoming by enhancing
adhesion between the fiber and matrix phases and
consequently enhancing the mechanical properties of the
composite. Abdelwahab et al.23 found that a combination of
MAPP and EBGMA compatibilizer provided an improved
tensile, flexural, and impact strength, which could not be
achieved using only MAPP or EBGMA. Zhang et al.24 found
that a single compatibilizer system such as MAPP only
improves the flexural and tensile strength of the recycled PET/
PP blend but reduced its impact strength, while a mixture of
MAPP and POE−MA or EVA−MA maintains the balance
between all significant mechanical properties. Muthuraj et al.25

observed that compatibilized composites displayed better
fiber−matrix interaction, whereas the uncompatibilized
composites showed a poor interface between the fiber and
matrix phases. It was reported that tensile, flexural, and impact
strength increased by 37.5, 18, and 59%, respectively, for
composites containing 5 wt % MA-g-PBS/PBAT compatibil-
izer and 30% miscanthus fiber compared to composites with
30% miscanthus fiber but without a compatibilizer. Gao et al.26

also reported that grafting modification by the MA
compatibilizer enhanced the flexural and tensile properties of
the PP/PE composite materials having wood particles as a
natural filler. Thus, the incorporation of a suitable compatibil-
izer is essential to enhance the mechanical properties of a
thermoplastic composite by enhancing the compatibility of the
phases in the composite system.
The aim of this research is to study the effect on the

performance of adding recycled LLDPE (bale wrap) and agave
fiber to neat PP with a compatibilizer content variation of 1−3
wt %. Incorporation of a synthesized compatibilizer (MAPP/
LLDPE) in the composite helps to improve the interfacial
adhesion between the two different polymers (PP and recycled
LLDPE) and natural filler (agave fiber), which will further
increase the mechanical performance of the composite.

2. RESULTS AND DISCUSSION

2.1. Mechanical Characteristics. The biocomposites with
25 wt % agave fiber were fabricated by adding different
amounts (1, 2, and 3 wt %) of a synthesized or industrial
compatibilizer (Table 1). Figure 1a displays the comparison of
the effect of synthesized and industrial compatibilizers on
tensile and flexural moduli of the composites. The stress−
strain curve of the matrix and the composites are shown in
Figure S1. Neat PP had a tensile strength of 38.4 MPa while
having a lower impact strength (22 J/m). On the other hand,
recycled bale wrap linear low-density polyethylene (rLLDPE)

Table 1. Formulations of the Biocompositesa

code
agave fiber
(wt %)

PP (wt
%)

rLLDPE
(wt %)

Industrial compatibilizer (MAPP/MAPE)
ratio (50:50) (wt %)

Synthesized compatibilizer MA(PP/rLLDPE)
ratio (50:50) (wt %)

PP 0 100 0 0 0
rLLDPE 0 0 100 0 0
PP/rLLDPE 50:50 0 50 50 0 0
25% agave 25 37.5 37.5 0 0
1% ind comp 25 37 37 1 0
2% ind comp 25 36.5 36.5 2 0
3% ind comp 25 36 36 3 0
1% syn comp 25 37 37 0 1
2% syn comp 25 36.5 36.5 0 2
3% syn comp 25 36 36 0 3

aInd comp: industrial compatibilizer; syn comp: synthesized compatibilizer.
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showed a lower tensile strength of 18.7 MPa, having a high
impact strength of 435.98 J/m. Thus, to have an optimum
property balance between strength and toughness, we used the
matrix of PP and rLLDPE in a 50:50 ratio. The agave fiber acts
as a filler which greatly enhances the tensile and flexural
modulus of the biocomposite. It was reported that the addition
of agave fiber increases the mechanical properties; the
maximum elastic modulus was observed with a loading of 20
wt % agave fiber for agave/LLDPE and agave/PP composites
and the maximum tensile strength was obtained at 30 wt %
fiber loading.18 Hence, 25 wt % fiber loading was selected for
the composite, which also included the compatibilizer. The
prepared agave/matrix showed a similar trend of enhancement
of the tensile and flexural moduli by 50.1 and 53.8%,
respectively, with the incorporation of 25 wt % agave fiber
(Figure 1). The enhancement of the modulus is consistent
with previous work with the incorporation of high modulus
agave fiber to the matrix.27,28 Lei et al.20 investigated recycled
HDPE with bagasse fiber and reported that a modulus increase
of about 50% was obtained with the addition of 30 wt %
bagasse fiber. The addition of agave fiber to the PP/rLLDPE
matrix facilitates stress transformation from the matrix to the
filler, which increased the modulus of the composite. The
tensile and flexural strengths of the matrix and the composites
are shown in Figure 1b. Similar results were obtained for the
strength; incorporation of 25 wt % agave fiber greatly

enhanced the tensile and flexural strength of the biocomposite.
The flexural strength increased from 23.6 to 32.8 MPa (38.9%
increase) with the addition of 25 wt % fiber.
To increase the fiber−matrix interaction, the further

addition of the MAPP/rLLDPE compatibilizer led to an
improvement in both strength and modulus (Figure 1). This
inclusion proves the positive adhesion effect of the
compatibilizer, hence increasing the amount of stress transfer
from the agave filler to the PP/rLLDPE matrix. In Figure 1,
both synthesized and industrial compatibilizers showed
improvement in both the tensile strength and modulus of
the composite. The compatibilizer content was varied from 1
to 3 wt % of the composite and 2 wt % compatibilizer content
showed the optimum result.
In the case of the synthesized compatibilizer, higher tensile

and flexural moduli were achieved because of the better mixing
of the compatibilizer and the filler in the composite. This is
related to the synthesis procedure of these two types of
polymer (PP and rLLDPE). In the case of synthesized
compatibilizer production, the MA, PP, and rLLDPE were all
mixed in the extruder; however, in the case of the industrial
compatibilizer system, MAPP and MAPE were combined in
the extruder with the other components. The addition of 2 wt
% synthesized compatibilizer increased the tensile modulus of
the composite from nearly 1000 to 1700 MPa, while 2 wt %
industrial compatibilizer increased it to 1500 MPa. Flexural
modulus was also increased by the addition of the
compatibilizer, for instance, 1350 MPa was achieved for a 2
wt % compatibilizer, where the flexural modulus of the matrix
was 850 MPa (Figure 1).
The increment in strength can also be explained by the

adhesion effect of the compatibilizer, which was also observed
in the composite modulus increase. Improvement of flexural
strength was observed at 25 wt % fiber loading with 2 wt %
compatibilizer content showing optimum properties. The rigid
character of agave fiber caused an increase in tensile and
flexural strength. Figure 2 shows that around 37.5% increment
in flexural strength with respect to the matrix flexural strength
was achieved with 25% fiber loading, which could be further
increased to 56.3% with the addition of 2 wt % compatibilizer.

Figure 1. (a) Tensile and flexural moduli and (b) tensile and flexural
strengths of the composite prepared with the synthesized compatibil-
izer (Syn Comp) and industrial compatibilizer (Ind Comp).

Figure 2. Izod Impact strength (notched) and HDT of the
composites prepared with the synthesized compatibilizer (syn
comp) and industrial compatibilizer (ind comp).
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The notched Izod impact strength and heat deflection
temperature (HDT) of agave/PP/rLLDPE composites are
shown in Figure 2. Impact strength of the PP/rLLDPE matrix
was found to be 183 J/m, which sharply decreased to 85 J/m
after the addition of 25 wt % fiber loading. Previous research
on agave fiber blended with PP or LLDPE also claimed that
incorporation of the fiber reduced the impact strength.18,27,28

This is due to the hydrophilic nature of the agave fiber and the
hydrophobic nature of the polyolefin (PP/rLLDPE) matrix,
which gave rise to poor fiber−matrix interaction. The further
addition of a MA-grafted compatibilizer to the system did not
show any change in the impact strength of the composite
compared to the uncompatibilized composite. Similar types of
observations have been reported in earlier studies.22,29 Overall,
the optimum sustainable composite was achieved using 2 wt %
of the synthesized compatibilizer; the tensile and flexural

strengths increased by 24.4 and 14.1%, respectively. Moreover,
the tensile and flexural moduli increased by 13.1 and 3.5%
compared to the composite without the compatibilizer.

2.2. Heat Deflection Temperature. The HDT is a
significant physical property, which indicates the polymer’s
ability to retain its stiffness under specific temperature and
load. This temperature also governs the design and application
of the final material. Figure 2 displays the HDT of the PP/
rLLDPE matrix, which was found to be 58.2 °C. The HDT
value of the matrix reached 102 °C with the addition of 25 wt
% agave fiber, which was a nearly 75% increase. The
improvement of the HDT values with the addition of agave
fiber is due to the reinforcement effect of the filler and agrees
with the enhancement of the modulus that was reported earlier
in Figure 1. In general, the addition of natural fiber enhances
the HDT of the composites.15,30 The addition of industrial

Figure 3. FTIR data of the matrix (PP/rLLDPE 50:50), 25 wt % Agave, 2% industrial comp (Ind), and 2% synthesized compatibilizer (Syn) from
(a) 3000−3800 cm−1, (b) from 500−4000 cm−1, and (c) 1600−1800 cm−1.

Scheme 1. Possible Mechanism of the Reaction between Agave Fiber and the Bale Wrap rLLDPE and PP Matrix Prepared with
an Industrial Compatibilizer (ind comp) or a Synthesized Compatibilizer (syn comp)
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compatibilizer (MAPP/MAPE) slightly lowered the HDT. For
example, the HDT reduced from 102 to 98 °C with the
inclusion of 1 wt % industrial compatibilizer to the composite
sample. However, the addition of the synthesized compatibil-
izer enhanced the HDT of the composite. The addition of 1 wt
% synthesized compatibilizer enhanced the HDT by around 3
°C (105 °C) compared to an uncompatibilized composite.
This indicates the resistance to the flow of the material at a
high temperature and good interaction and a stable network
between the matrix and agave fiber by the inclusion of the
synthesized compatibilizer. Overall, the optimal sustainable
composite of 25 wt % agave fiber and 2 wt % synthesized
compatibilizer had a high tensile strength and modulus as well
as HDT compared to the industrial compatibilizer and the
uncompatibilized composite.
2.3. FTIR Characterization. FTIR spectra were used to

estimate the interaction between the matrix (PP/rLLDPE
50:50) and agave fiber, with and without the compatibilizer, as
shown in Figure 3. The expanded spectra in the region of
3000−3800 and 1600−1800 cm−1 are shown in Figure 3a,c for
better clarification. The matrix displayed prominent peaks in
the region of 1400−1460 and 2850−2960 cm−1 corresponding
to the −CH2 and −CH3 groups of PP and PE. Incorporation of
25 wt % agave fiber produced peaks at 1734 and 3375 cm−1

corresponding to the CO and −OH groups of the agave
fiber. With the incorporation of the compatibilizer, the CO
group broadened and increased in intensity, indicating the
formation of an ester peak between the MA and the hydroxyl
group of the agave fiber (Figure 3c). The broadness of the
peak was more prominent in the case of the synthesized
compatibilizer than for the industrial compatibilizer. Similar
results of the interaction between MA and natural fiber have
been observed in other studies.23 The difference in the
intensity of the carbonyl group of the fiber with the
incorporation of the compatibilizer confirms the interaction
between the matrix and agave fiber, as shown in Scheme 1.
2.4. Morphological Characterization. Morphological

characterizations of cryo-fractured surfaces of the PP/rLLDPE
matrix and agave fiber composite samples, with and without a
compatibilizer, were analyzed using SEM. A PP/rLLDPE 50:50
matrix showed a co-continuous morphology (Figure 4a) and it

was very difficult to distinguish between the two polymers.
Zhang and Ajji31 found that no cross-orientation was detected
in the PP/LLDPE blend. Figure 4b,b′ shows the phase
separation and pull-out between the agave fibers and the
matrix, indicating a weak interface and poor interaction
between the matrix and the fiber. The inclusion of 2 wt %
compatibilizer enhanced the compatibility and adhesion
between the matrix and the fiber, as shown in Figure 4c,d.
Cisneros-Lopez et al.32 obtained a good interface by blending
the LLDPE/agave fiber in the presence of MAPE as a
compatibilizer. However, there was not much difference
between the use of industrial and synthesized compatibilizers,
as shown in Figure 4. This result indicates that the
compatibilizer played a role in the enhancement of the
compatibility between the matrix and the agave fiber.

2.5. Rheological Characterization. Rheological proper-
ties are another important characteristic as they represent the
flow of the polymer in its molten state. The complex viscosity
and storage modulus of the matrix and biocomposites, with
and without the compatibilizer, are shown in Figure 5. The
neat PP/rLLDPE 50:50 matrix showed a reduction in the
Newtonian plateau as compared to neat PP that was seen in a
previous paper.33 At a higher frequency, the polymer matrix
showed shear thinning behavior (Figure 5a). The complex
viscosity and storage modulus of the PP/rLLDPE matrix
increased after the inclusion of 25 wt % agave fiber at lower
and higher angular frequencies (Figure 5). Previous studies
showed the same behavior that the complex viscosity and
storage modulus increased with the incorporation of the
natural fiber.34,35 This is due to the fiber hindering the mobility
of the polymer chains and increasing collisions between the
fiber particles. This behavior is more predominant at a lower
frequency level. Incorporation of the agave fiber also decreased
the Newtonian plateau, which disappears with the inclusion of
the compatibilizer. This is due to the rigidity of the agave fiber
in the polymer matrix, which restricts the movement of the
matrix chains.23 At lower frequencies, the storage and loss
modulus increased with the incorporation of the compatibil-
izer, resulting from the deformability of the dispersed phase of
fiber particles in the matrix (Figure 5b,c).17 Incorporation of
the MA-grafted compatibilizer (synthesized or industrial
compatibilizer) increased the complex viscosity at lower and
higher frequencies because of improved compatibility and
interfacial adhesion between the agave fiber and the matrix, as
confirmed by SEM data. However, there was not much
difference in rheological characteristics by using industrial
versus synthesized compatibilizers, as shown in Figure 5.

2.6. Thermal Properties (DSC). Figure 6 and Table 2
show the DSC (second heating) of the PP/rLLDPE matrix and
its composites. As the composite contains two types of
polymer in the matrix, that is, PP and rLLDPE, there are two
individual peaks. PP and rLLDPE in the matrix blend had
melting temperatures (Tm) of 64 and 124 °C, respectively. The
Tm of rLLDPE and PP remained consistently unaffected in all
composites at ∼124 and ∼164 °C, respectively. Annandarajah
et al.18 showed no change in the Tm of polyolefin (PP, LLDPE,
HDPE) by the inclusion of the agave fiber. The percentage
crystallinity for all the samples also varied with compatibilizer
content. The incorporation of agave fiber reduced the
crystallinity of the composites. High agave fiber content (25
wt %) showed a decrease of 10 and 15% in Xc for PP and
rLLDPE components in the composites, respectively, because
of the reduction in the amount of polymer and fibers

Figure 4. SEM images of cryofracture of (a) PP/rLLDPE 50:50;
(b,b′) 25% agave; (c, c′) 2% industrial compatibilizer (ind comp),
and (d,d′) 2% synthesized compatibilizer (syn comp) samples.
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restricting the movement of the polymer chains,32,36 which is
also supported by the increased tensile and flexural moduli.
However, the composite with 2 wt % compatibilizer showed
higher PP crystallinity than that of the uncompatibilized
samples, which is also supported by the fact that it had better
mechanical properties than the others.
2.7. Density Characteristics. Density plays a significant

role in determining the final weight of the product. Low-
density composites are an excellent choice for automotive parts
because of their role in decreasing the weight of the vehicles,
which improves fuel efficiency.8 The key benefit of agave fiber

as a filler material is that it has a much lower density (1.2 g/
cm3, according to our result) than commercial fibers, that is,
glass fiber having a density of 2.6 g/cm3.37 Density data of PP/
rLLDPE and its composites are presented in Table 3. The PP/
rLLDPE matrix has a density of 0.93 g/cm3, which is increased
by the addition of agave fiber. However, the addition of the
compatibilizer did not show any change in the density with
respect to the agave/matrix. The calculated densities of the
formulations with the compatibilizer lie between 1.02 and 1.03
g/cm3.

3. CONCLUSIONS

Sustainable composites were produced by injection-molding
from a recycled bale wrap LLDPE/polypropylene (PP/
rLLDPE 50:50 by weight) matrix and 25 wt % waste agave
fiber with a compatibilizer content variation (1−3 wt %).
Incorporation of a laboratory-synthesized compatibilizer (MA-
grafted PP/LLDPE blend) in the composite comparatively
improved the interfacial adhesion between the polymers blends
(PP and recycled LLDPE) and agave fiber more than the
chosen industrial compatibilizer counterpart as studied in this
investigation. Furthermore, the addition of the laboratory-
synthesized compatibilizer increased the tensile and flexural
properties of the composite without significant change in the
impact strength as compared to uncompatibilized composites.
The optimum sustainable composite was achieved using 2 wt
% synthesized compatibilizer with the tensile and flexural
strength increasing by 24.4 and 14.1%, respectively, with
respect to the uncompatibilized composites. Moreover, the
tensile and flexural moduli increased by 13.1 and 3.5%
compared to the composite without the compatibilizer. HDT
of the agave fiber composite with 2 wt % synthesized

Figure 5. Rheological properties (a) complex viscosity, (b) storage modulus G′, and (c) loss modulus G″ of the PP/rLLDPE 50:50 matrix, 25%
agave; 2% industrial composites (ind comp), and 2% synthesized composites (syn comp) as a function of angular frequency at 180 °C and fixed
strain of 1%.

Figure 6. DSC second heating curve of the composites.
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compatibilizer showed around 18% enhancement compared to
the composite without a compatibilizer. SEM showed poor
adhesion between the matrix and the agave fibers. However,
addition of the compatibilizer helped in the adhesion and
interaction between the matrix and agave fiber, as confirmed
from FTIR analysis. Moreover, the adhesion between the
matrix and agave was also confirmed by the increase in the
complex viscosity and storage modulus of PP/rLLDPE/25 wt
% agave fiber composites after the inclusion of the
compatibilizer. This type of novel sustainable and recycled
plastic-based composite could be widely used in manufacturing
packaging materials and commodity products and decreased
the waste produced from non-degradable polymers.

4. MATERIALS AND METHODS
4.1. Materials. The waste agave fiber was acquired from

the city of Tequila, Mexico. All the details of the cleaning and
sieving of the agave fiber (425−500 μm) have been described
elsewhere.15 After sieving the fiber, it was oven-dried at 75 °C
prior to processing. An agriculture waste bale wrap produced
from LLDPE was received from Don Nott, Nott Farms,
Clinton, ON, Canada. The rLLDPE bale wrap was wiped and
cleaned of compost and soil, dried in an oven at 80 °C, and
then extruded using a counter-rotating twin screw extruder,
Leistritz (Germany) at 180 °C and screw speed of 100 rpm,
followed by pelletizing. PP pellets from Pinnacle Polymers,
USA, under the trade name PP 1350N were mixed with
rLLDPE (50:50 ratio) as the matrix. Two types of
compatibilizers were used in the study to compare their
effectiveness in the biocomposites. They were the industrial
compatibilizer MAPP/MAPE (50:50 by weight) and synthe-
sized compatibilizer MA(PP/rLLDPE). Industrial compatibil-
izers MAPP and MAPE under the trade name Fusabond P353
for MAPP and Fusabond M603 for MAPE were purchased
from Dupont (NC, USA). The initiator Luperox 101 (2,5-
bis(tert-butyl-peroxy)-2,5-dimethyl-hexane) was purchased
from Sigma-Aldrich, USA.
4.2. Preparation of the “Synthesized Compatibilizer”

MA(PP/rLLDPE). The synthesized compatibilizer was pre-
pared in the laboratory using grades of PP and recycled
LLDPE. LLDPE was dried in an oven at 75 °C overnight
before processing. The composition was at a weight ratio of

50:50 (PP/rLLDPE), with 2.5 phr of MA (Sigma-Aldrich,
USA) and 0.5 phr of initiator Luperox 101. The PP and
rLLDPE pellets were mixed manually with MA powder in a
plastic bag for 2 min. The desired amount of the initiator was
dispersed in 1 g of acetone to give uniform mixing of Luperox
with the polymer pellets and left in a fume hood for 30 min
before processing. MA(PP/rLLDPE) was produced via
reactive extrusion using a counter-rotating twin screw extruder,
Leistritz (Germany) at 180 °C with a screw speed of 60 rpm.
The compatibilizer strands were cooled in a water bath,
pelletized, and kept for 3 days in a vacuum oven at 80 °C to
remove the unreacted MA. The grafting degree was
determined similarly to the procedure by Muthuraj et al.38

using the back-titration method. The percentage of grafting
was found to be 3.43%.

4.3. Biocomposite Fabrication. Waste LLDPE and PP
pellets (50:50 ratio) were mixed before processing. The
biocomposites with 25 wt % agave fiber were fabricated by
adding different amounts (1, 2, 3%) of a synthesized or
industrial compatibilizer (Table 1). The biocomposites were
prepared at 180 °C by a twin-screw counter-rotating extruder
with a screw speed of 100 rpm and 2 min mixing followed by
injection-molding (DSM, The Netherlands).

4.4. Property Measurement. The surface morphology of
the prepared biocomposites was observed by SEM using a
Phenom ProX (The Netherlands) at an accelerating voltage of
15 kV. The impact cryofractured biocomposites were gold-
coated for 10 s before the examination.
Mechanical properties were tested in accordance with

ASTM standard methodsASTM D638 for tensile tests,
ASTM D790 for flexural and ASTM D256 for notched Izod
impact strength. Tensile and flexural testing used an Instron
3382 while impact testing used a Zwick Roell-HP25 impact
tester, Germany. The tensile and flexural properties were
measured at crosshead speeds of 50 and 14 mm/min,
respectively.
HDT was measured using a three-point cantilever on a

dynamic mechanical analyzer Q800, TA Instruments, using a 2
°C/min heating rate and 0.455 MPa load in accordance with
ASTM D648. The result was taken as the mean of two
replicates.
FTIR spectra of the biocomposites were obtained to help

predict the fiber−matrix interaction by observing bond
formation using a Nicolet 6700 (Thermo Fisher, USA) with
a 4 cm−1 resolution.
The rheological characteristics of the PP/rLLDPE matrix

and agave fiber composite samples were obtained using an
Anton Paar MCR-302 rheometer. The measurements were
made at a strain of 1% (within the linear viscoelastic region)
using a parallel plate geometry and a temperature of 180 °C.
The plates had a gap of 1 mm while the plate diameter was 25

Table 2. Thermal Properties of PP/rLLDPE Composites from the Second DSC Heating Scan

Tm (°C) ΔHm (J/g) Xc (%)

sample second heating second heating second heating

PP 163.5 (0.3) 103.8 (0.7) 50.1 (0.5)
rLLDPE 124.3 (0.02) 74.8 (7.74) 25.52 (1.35)

PP/rLLDPE PP rLLDPE PP rLLDPE PP rLLDPE

(50:50) 163.0 (1.1) 124.3 (0.6) 41.5 (0.46) 14.1 (4.1) 40.1 (0.5) 9.65 (2.8)
25% agave 164.7 (0.2) 125.1 (0.1) 30.9 (1.1) 11.7 (2.1) 39.8 (1.4) 10.1 (1.9)
2% ind comp 163.6 (2.2) 124.9 (1.2) 32.3 (3.1) 11.1 (2.6) 42.7 (4.1) 10.4 (2.4)
2% syn comp 164.4 (3.0) 125.0 (1.7) 31.6 (3.1) 10.7 (2.1) 41.9 (4.2) 10.7 (2.1)

Table 3. Density of the PP/rLLDPE Matrix and the
Composites

Formulation Density (g/cm3)

PP/rLLDPE matrix (50:50) 0.929 ± 0.0004
agave/matrix (25/75) 1.020 ± 0.002
agave/matrix/synthesized compatibilizer (25/73/2) 1.030 ± 0.005
agave/matrix/industrial compatibilizer (25/73/2) 1.016 ± 0.0012
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mm. The angular frequency was varied between 0.05 and 600
rad/s.
Thermal properties were measured using a differential

scanning calorimeter (Q200 TA Instruments, USA). Samples
of about 6 mg were subjected to a heating/cooling/heating
cycle from −70 to 250 °C under inert gas (N2) with a heating
and cooling rate of 10 °C/min. Two samples were tested for
each material. The crystallinity (Xc) of PP and rLLDPE was
calculated according to eq 1

=
Δ

⌀ Δ * ×X
H

H( )
100c

m

m (1)

where ΔHm is the melting enthalpy of the matrix, ϕ is the
weight fraction of PP or rLLDPE in respective samples, and
ΔHm* is the 100% melting enthalpy of perfectly crystalline PP
(207.1 J/g) or rLLDPE (293 J/g) according to theoretical
measurements.
Density measurement of the matrix and composite materials

was made using an MD-300S densimeter, Alfa Mirage, Japan.
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