
Citation: Sultana, S.M.N.; Helal, E.;

Gutiérrez, G.; David, E.; Moghimian,

N.; Demarquette, N.R. Effect of

Few-Layer Graphene on the Properties

of Mixed Polyolefin Waste Stream.

Crystals 2023, 13, 358. https://

doi.org/10.3390/cryst13020358

Academic Editors: Justina

Gaidukevic and Jurgis Barkauskas

Received: 31 January 2023

Revised: 13 February 2023

Accepted: 15 February 2023

Published: 19 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Article

Effect of Few-Layer Graphene on the Properties of Mixed
Polyolefin Waste Stream
S. M. Nourin Sultana 1, Emna Helal 1,2,*, Giovanna Gutiérrez 2, Eric David 1 , Nima Moghimian 2

and Nicole R. Demarquette 1,*

1 Mechanical Engineering Department, Ecole de Technologie Superieure, 1100 Notre-Dame Street West,
Montreal, QC H3C 1K3, Canada

2 NanoXplore Inc., 4500 Thimens Blvd, Montreal, QC H4R 2P2, Canada
* Correspondence: emna.helal@nanoxplore.ca (E.H.); nicoler.demarquette@etsmtl.ca (N.R.D.)

Abstract: This work demonstrates how the addition of few-layer graphene (FLG) influences the
processability and mechanical properties of the mixed polyolefin waste stream (R-(PE/PP)). Three
different types of compounds were investigated: (1) R-(PE/PP) with FLG; (2) blends of R-(PE/PP)
with prime polyethylene (PE) or polypropylene (PP) or PP copolymer; and (3) R-(PE/PP) with
both the prime polymer and FLG. The processability was assessed by measuring the torque during
melt extrusion, the melt flow index (MFI), and viscosity of the compounds. Investigations of the
processability and mechanical properties of the composites indicate that the presence of FLG can
reinforce the composites without hindering the processability, an unusual but desired feature of rigid
fillers. A maximum increase in tensile strength by 9%, flexural strength by 23%, but a reduction in
impact strength were observed for the compounds containing R-(PE/PP), 4 wt.% FLG, and 9 wt.%
prime PP. The addition of FLG concentrations higher than 4 wt.% in R-(PE/PP), however, resulted in
higher tensile and flexural properties while preserving the impact strength. Remarkably, the addition
of 10 wt.% FLG increased the impact strength of the composite by 9%. This increase in impact strength
is attributed to the dominant resistance of the rigid FLG particles to crack propagation.

Keywords: graphene; mixed polyolefin; waste stream; processability; mechanical properties

1. Introduction

Over the recent years, polymer materials have demonstrated a promising role in
household as well as industrial applications. Consequently, plastic waste accumulation
is soaring. According to a survey by Deloitte [1], over 11 Mt of plastics were wasted
in Canada during 2016 only, and only 9% was recycled; around 4% was incinerated for
energy recovery and 87% was dumped into the environment. The estimated loss was CAD
7.8 billion for Canada.

Polyolefins (different types of polyethylene (PE) and polypropylene (PP)) are widely
used in packaging materials [2] and are heavily present in post-consumer plastic residues.
However, because they have comparable densities, they cannot be easily separated using
standard techniques available in most sorting facilities. The most straightforward solution
to recycle them consists of blending them and using them as is. However, this is quite
problematic as PE and PP are thermodynamically immiscible with each other, resulting
in a material with weak mechanical properties. Hence, this type of mixed plastic waste
is often directed to incineration and landfills [3]. Therefore, improving the properties of
mixed polyolefin waste streams is highly desired to enable the recycling of a huge portion
of polymer waste.

In general, the mechanical recycling of plastic waste involves mixing with a rigid filler,
prime polymer, or both [4]. In this regard, several investigations have been reported on the
influence of adding different copolymers [5–8], solid particles [9–12], and combinations of
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copolymers and solid particles [6,12–14] on the mechanical properties of prime polyolefin
mixtures. However, these studies cannot be, necessarily, applied to mixed polyolefin waste
due to many uncertainties such as polymer aging, presence of impurities, varied molecular
structure, and molecular weight. Hence, more research work on the improvement of the
mechanical properties of a mixed polyolefin waste stream is needed. A few studies are
available on the upgrade of mixed polyolefin waste streams [15–18], involving a copolymer
and a few rigid fillers. These additives in PE/PP blends mostly increase the impact strength
(impact toughness) and elongation at break (tensile toughness or ductility), but deteriorate
the strength and modulus (stiffness) compared to the unfilled blends. Generally, impact
modifying copolymers increase toughness but hinder the strength of the original material.
Unlike copolymers, inorganic rigid fillers act as stress concentrators and mostly increase
stiffness and strength but reduce toughness. Therefore, different dosages of mechanically
strong fillers and/or impact modifying copolymers need to be explored to obtain a better
balance of stiffness, strength, and toughness in the composite.

Concomitantly, graphene is a 2D carbonaceous filler with lightweight and excellent
mechanical strength. Moreover, commercially available few-layer graphene (FLG), mass-
produced from natural graphite by a mechanochemical exfoliation process, allows for an
economically viable use of graphene at an industrial scale. Although there have been
several reports on the effect of adding modified and unmodified graphene on electrical
properties [19–24], only a few have focused on the mechanical properties [19,25] of prime
PE/PP blends. Furthermore, the effect of the addition of FLG to improve the properties of
a mixed polyolefin waste stream, to our knowledge, has not been investigated. Therefore,
this study was conducted to analyze the potential of commercially available FLG, which is
less expensive than lab-grade graphene, to improve the properties of a mixed polyolefin
waste stream.

In this work, a mixed polyolefin waste stream (designated as R-(PE/PP) mixture was
melt blended with either FLG alone, a prime polymer alone (PE, PP homopolymer, or
PP copolymer), or FLG in combination with a prime polymer. To prepare the composites
containing R-(PE/PP) and FLG, the FLG concentration was varied from 1 to 10 wt.%. To
prepare the blends of R-(PE/PP), FLG, and each of the three prime polymers, only a 4 wt.%
loading was selected. Torque during extrusion, melt flow index (MFI), and viscosity of the
samples were measured to evaluate the influence of adding FLG on the processability of
the composites. In addition, the tensile, flexural, and impact properties of the composites
of R-(PE/PP) containing FLG and/or the prime polymers were evaluated. Finally, the
influence of adding FLG on the microstructure, and subsequently, the mechanical properties
of the composites were investigated by scanning electron microscopy (SEM).

2. Materials and Methods
2.1. Materials

FLG powder (GrapheneBlack 3X) from NanoXplore Inc., Montreal, QC, Canada,
produced through a water-based environmentally friendly mechano-chemical exfoliation
process was used in this work. The average thickness of FLG is 6–10 atomic layers and the
lateral primary particle size is 1 to 2 µm. Loose clusters of primary particles form secondary
particles. The average lateral size of secondary particles is around 30 µm.

A R-(PE/PP) mixture sourced from a local recycler in Quebec was selected for this
work. According to the supplier’s information, the mixture contains around 30 to 40 wt.%
PP with less than 5 wt.% contamination (dye, ink, or pigment, etc.). Differential scan-
ning calorimetry (DSC) analysis of the R-(PE/PP) samples (Figure S1, provided in the
Supplementary Materials) indirectly confirmed the composition to be about PE/PP-60/40.

Masterbatches loaded with 30 wt.% FLG in three different prime polymers (PE ho-
mopolymer, PP homopolymer, and PP copolymer), provided by NanoXplore Inc., Montreal,
QC, Canada, were used in this work. In addition, a masterbatch obtained by adding 20 wt.%
FLG to the R-(PE/PP) was also prepared and used.
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The specifications of the masterbatch polymers used in the present work are summa-
rized in Table 1.

Table 1. Identification, MFI, and density of the polymers used in this work.

Masterbatch Polymer Commercial Name MFI (g/10 min) Density (g/cm3)

R-(PE/PP) N/A ≥4 (230 ◦C, 2.16 kg) N/A

PE homopolymer Alathon H5618 17 (190 ◦C, 2.16 kg) 0.955

PP homopolymer Polypropylene 3720 WZ 20 (230 ◦C, 2.16 kg) 0.905

PP copolymer Formolene 2620 A 20 (230 ◦C, 2.16 kg) 0.900

2.2. Processing

Three types of composites were obtained:
Type 1: R-(PE/PP)/FLG composites by blending the R-(PE/PP) with the R-(PE/PP)/

FLG masterbatch to analyze the individual effect of adding FLG.
Type 2: R-(PE/PP)/prime polymer compounds by mixing the R-(PE/PP) with the

prime polymer (PE, PP homopolymer, and PP copolymer) to analyze the effect of adding
only the prime polymer.

Type 3: R-(PE/PP)/prime polymer/FLG composites by mixing the R-(PE/PP) with
the prime polymer/FLG masterbatch to investigate the combined effect of adding the
prime polymer and FLG.

All of the samples were processed in a HAAKE twin-screw extruder, (Rheomex OS
PTW16/40) at 150 rpm, and 200 ◦C in all zones. Table 2 summarizes the nomenclature and
corresponding compositions of the samples.

Table 2. Sample nomenclature and respective composition of the samples.

Type of
Compounds Samples Nomenclature

R-(PE/PP)
Concentration

(wt.%)

Prime Polymer
Concentration

(wt.%)

FLG
Concentration

(wt.%)

As received
mixed polyolefin

waste stream
R-(PE/PP) 100 0 0

Type 1

R-(PE/PP)/FLG = 99/1 99 0 1

R-(PE/PP)/FLG = 96/4 96 0 4

R-(PE/PP)/FLG = 93/7 93 0 7

R-(PE/PP)/FLG = 90/10 90 0 10

Type 2

R-(PE/PP)/PE/FLG =
87/13 87 13 0

R-(PE/PP)/PP/FLG =
87/13 87 13 0

R-(PE/PP)/PPcop/FLG
= 87/13 87 13 0

Type 3

R-(PE/PP)/PE/FLG =
87/9/4 87 9 4

R-(PE/PP)/PP/FLG =
87/9/4 87 9 4

R-(PE/PP)/PPcop/FLG
= 87/9/4 87 9 4

In the case of the Type 3 composites, 4 wt.% concentration of FLG was selected for
further investigation. This choice was based on the performance of Type 1 composites,
which, after the addition of 4 wt.% FLG, started to exhibit observable differences in the
mechanical properties of the composites. Therefore, 87 wt.% R-(PE/PP) was blended with
the 13 wt.% prime polymer/FLG masterbatch, resulting in Type 3 composites with 4 wt.%
FLG. The final composition resulted in the R-(PE/PP)/prime polymer/FLG = 87/9/4.
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2.3. Characterizations
2.3.1. Melt Flow Index (MFI)

A melt flow index (MFI) tester (manufactured by International Equipments, Mumbai,
India) was used to estimate the MFI of the samples according to ASTM D1238.

2.3.2. Rheological Properties

A capillary rheometer (model: Instron SR20) was used to measure the viscosity of
the samples at 200 ◦C at a shear rate varying from 50 s−1 to 1000 s−1. This range was
selected because it includes the shear rate that the polymer undergoes during the extrusion
or injection processes. The length and diameter of the capillary were 40 mm and 1 mm,
respectively, resulting in an L/D ratio of 40.

2.3.3. Mechanical Properties

An MTS Alliance RF/200 tensile test device was used to study the tensile and flexural
properties of the samples. Tensile properties were studied according to ASTM D638 at
a crosshead speed of 50 mm/min to measure the tensile strength, tensile modulus, and
elongation at break, at room temperature. Flexural strength and modulus were analyzed
according to ASTM D790 with a 0.1 (mm/mm)/min outer fiber strain rate (Z). For each
case, a 10 kN load cell was used.

An impact strength tester device (manufactured by International Equipments, Mumbai,
India) was used to measure the notched impact strength of the samples. The impact
strength was evaluated according to ASTM D256. A motorized notch cutter (manufactured
by International Equipments, Mumbai, India) was used to make notches in the samples.

At least five specimens of each composite were tested at room temperature to report
the tensile, flexural, and impact properties. The average value is reported along with the
standard deviation.

2.3.4. Morphological Characterization

A SEM S3600-N Hitachi (Model: MEB-3600-N) was used to obtain scanning electron
microscope (SEM) images of the samples’ fractured surface. The FLG powder was attached
to the double-sided carbon tape without any gold coating to obtain the SEM image. To
obtain the SEM images of the composites, the samples were cryo-fractured to analyze the
morphology. In addition, a few samples were fractured by applying an impact load. A
Gold Sputter Coater (Model: K550X) was used to coat the surface of the compounds before
taking the SEM images.

3. Results and Discussions
3.1. Rheological Properties

The MFI values (Figure S2, provided in the Supplementary Materials) of the neat
R-(PE/PP) and FLG-filled composites (Type 1 and Type 3) were found to be independent
of the studied additive concentrations and types. Similarly, the applied torque during
extrusion remained at 48 ± 1 Nm, irrespective of the FLG concentration in the composites.
Both observations indicate that unlike other solid particles [26,27], which adversely affect
the processability and flow properties of the polymeric materials, FLG had very little or no
effect on the flow behavior of the R-(PE/PP) when added up to 10 wt.%.

Furthermore, Figure 1 shows the viscosity as a function of shear rate at 200 ◦C (pro-
cessing temperature) for a few of the studied compounds. It can be seen that the viscosity
of the materials was not affected by the addition of graphene. This can be attributed to the
lubrication effect of FLG [28]. Similar findings were reported by the co-authors in a previ-
ous study regarding prime high density polyethylene (HDPE)/recycled HDPE/FLG blend
composites [4]. Another study [28] reported similar results for HDPE/graphite composites.
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Figure 1. Apparent viscosity of the neat R-(PE/PP) and the additive (FLG, prime polymer) filled
R-(PE/PP) samples at 200 ◦C as a function of shear rate.

3.2. Mechanical Properties

The tensile and flexural properties of the R-(PE/PP)/FLG composites (Type 1) as a
function of FLG concentration were investigated. Figure 2a shows the tensile and flexural
strengths, and Figure 2b shows the tensile and flexural moduli of the studied compounds.
Figure 2c displays their impact strength, and Figure 2d indicates their tensile toughness
and elongation at break.

From Figure 2a,b, it can be observed that the presence of FLG resulted in an increase
in the strength and modulus (stiffness) of the composites when compared to the one of
the unfilled R-(PE/PP). The most significant increases in the tensile, flexural, and impact
properties were observed for the R-(PE/PP)/FLG = 90/10 composite. These increases in
strength and stiffness can be attributed to the reinforcement effect of the FLG particles in the
R-(PE/PP). Previously, a similar reinforcing behavior of carbon fiber [9], glass beads [10],
short glass fiber [11], and wood flour [29] in a controlled PE/PP blend system has been
reported in the literature.
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As illustrated in Figure 2c, the addition of 1 wt.% FLG resulted in a reduced impact
strength while 4 and 7 wt.% FLG did not reduce the impact strength of the composites.
However, an increase in the impact strength was observed in the R-(PE/PP)/FLG = 90/10
composite. This unusual trend in the impact strength by the addition of rigid fillers has
only been reported in a few studies, and was attributed to the resistance of the rigid filler
particles to crack propagation throughout the composite [30].
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Both elongation at break and tensile toughness of the FLG-filled composites decreased
as the FLG concentration increased, as can be seen in Figure 2d. This is a common effect of
the addition of rigid fillers and has been reported in the literature [12,31].

It is worth noting that the increase in the FLG loading yielded the opposite effect on
the tensile toughness and impact resistance of the Type 1 composites. Possible reasons
explaining this difference are presented in the Discussion section.

Mechanical properties of the Type 2 (R-(PE/PP)/prime polymer = 87/13) and Type 3
(R-(PE/PP)/prime polymer/FLG = 87/9/4) composites are summarized in Figure 3. The
tensile strength, flexural strength, tensile modulus, flexural modulus, elongation at break,
tensile toughness (estimated by the calculating the area underneath the stress–strain curve),
and impact strength are, respectively, presented in Figure 3a–g, as a function of the type of
prime polymer present in the Type 2 and Type 3 composites.

As observed in Figure 3a–d, the Type 3 composite containing both the prime polymer
(PE or PP) and FLG presented higher tensile and flexural properties than that of the neat
R-(PE/PP) and respective Type 2 samples. For example, with 4 wt.% FLG and 9 wt.% PP,
the flexural strength of Type 3 was 21% higher than the corresponding one of the Type 2
composite with 13 wt.% PP.

However, the Type 2 composites showed a higher elongation at break, tensile tough-
ness, and impact strength than the corresponding ones of Type 3. A substantial increase
in the impact strength and ductility was observed in the Type 2 composite containing the
PP copolymer. Precisely, the addition of the impact-modifying PP copolymer resulted in a
sharp increase in the fracture toughness by 132% for Type 2 and by 50% for Type 3 when
compared to the neat R-(PE/PP). A similar effect resulting from the addition of copolymers
has been reported [5–8].
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Figure 3. (a) Tensile strength, (b) flexural strength, (c) tensile modulus, (d) flexural modulus,
(e) elongation at break, (f) tensile toughness, and (g) impact strength of the Type 2 and Type 3
samples as a function of the type of the used prime polymer. The properties of the as received
R-(PE/PP) are presented by the black bars as a baseline.

3.3. Morphology

Figure 4 shows the SEM images of the cryo-fractured surface of (a) R-(PE/PP), (b) and
(c) R-(PE/PP)/FLG = 96/4 and (d) FLG powder.

In Figure 4a,b, two different phases are visible. The rough phase corresponds to PE
and the smooth phase to PP. PP has a much higher glass transition temperature than PE.
During cryo-fracturing, PP dips below its glass transition temperature much easier than
the case for PE. Consequently, the PE undergoes ductile fracture while the PP undergoes
brittle fracture [18]. Although PE was the major component of the mixed polyolefin waste
stream of this work, the area of the PE phase domain was smaller than that of the PP phase.
In the case of an immiscible polymer blend, the morphology is directly dependent on the
viscosity ratio of the constituting polymer components at the processing conditions. In
the PE/PP immiscible blend systems, PP can form the matrix of the blend morphology
with minor weight contribution, if the viscosity of PP is less than that of PE. A similar
observation of creating a matrix by the minor component of the blend has been reported in
the literature [18]. The authors showed this observation in the case of a PE/PP-65/35 blend
where the viscosity of PE was 500 Pa·s and the viscosity of PP was 300 Pa·s.

Moreover, Figure 4c indicates the localization of FLG in the PE phase, which was
similar to the observations by other authors [23]. The SEM image of the FLG powder on
carbon tape is provided in Figure 4d as a reference and for the purpose of comparison. The
preferential localization of FLG in the PE phase is attributed to lower interfacial tension
between PE and graphene than that of PP and graphene [32]. Moreover, it is observed
that the addition of FLG resulted in a finer or elongated domain size of the PE phase in
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the R-(PE/PP)/FLG = 96/4 composite compared to that of the neat R-(PE/PP). A similar
refinement of morphology in the presence of FLG has been reported by other authors [4].
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Figure 4. SEM images of (a) neat R-(PE/PP), (b,c) R-(PE/PP)/FLG = 96/4, and (d) FLG powder; in
(a,b), the domain of the PE phase is marked by a white outline and in (c), the localization of FLG in
the PE phase is marked by the red arrow to guide the readers’ eyes.

3.4. Discussion

As shown in Figure 1, the viscosity of the FLG-filled composites remained independent
of the loading of FLG. The observed torque during extrusion and the MFI values (provided
in Figure S2 of Supplementary Materials) also support this finding. Therefore, it can be
stated that FLG loadings up to 10 wt.% do not affect the processability of the composites.
This may be the outcome of commensurable contacts of filler agglomerates, which maintain
both the slippage and mobility of the molten polymer chain in the filled composites, similar
to the unfilled compound (i.e., lubricant effect) [28].

It was observed that in the Type 1 composites, higher loadings of FLG increased both
the tensile and flexural strength and modulus of the composites. This is attributed to the
reinforcing effect of strong solid particles [9,11,29] such as FLG. Furthermore, decreasing
trends of both elongation at break and tensile toughness were observed at increasing
concentrations of FLG. In contrast, the impact strength (fracture toughness) behavior
as a function of FLG loading showed a different trend. Low (1 wt.%), medium (4 and
7 wt.%), and high loadings (10 wt.%) of FLG resulted in reduced, similar, and increased
impact strength, respectively, compared to the one of neat R-(PE/PP). In particular, the
R-(PE/PP)/FLG = 90/10 composites showed an increase in the fracture toughness but a
decrease in elongation at break and tensile toughness. In homogeneous or single-phased
materials, both impact toughness and tensile toughness follow a similar trend of variation.
More complicated trends might be at play in heterogeneous or multiphase composite
systems. In fact, the elongation at break of a polymer composite depends mostly on the



Crystals 2023, 13, 358 10 of 14

extent of the polymer chains’ mobility while the impact strength depends on the rate
of crack propagation throughout the compound. Solid particles reinforcing the polymer
composites may have a positive or negative effect on the impact strength by acting either as
defect centers [33] or crack resisting points [30], depending on their strength and stiffness.
In other words, the overall impact strength of the solid particle filled blend composites is the
outcome of the competition between the negative effect of a filler as a defect center and the
positive effect of the crack resistance of the filler. A higher impact strength of the composite
can be achieved if the loading of the rigid filler is within an optimum concentration range
where the crack propagation resistance of the filler is the dominant factor. In this work,
the reduction in the impact strength of the R-(PE/PP)/FLG = 99/1 composite indicates
that 1 wt.% FLG was not within the desired optimum concentration range to overcome the
negative effect of fillers as defect centers in the composite. On the other hand, the increased
impact strength of the R-(PE/PP)/FLG = 90/10 composite suggests that 10 wt.% FLG was
adequate and within the optimum concentration range to increase the resistance to crack
propagation, and to overcome the negative effect of FLG as a defect center, on the impact
toughness of the composite. For reference, the SEM images of the fractured surfaces of
the neat R-(PE/PP), R-(PE/PP)/FLG = 96/4, and R-(PE/PP)/FLG = 90/10 composites are
shown in Figure 5a–c, respectively.
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Figure 5. SEM images of the fractured surface of the (a) neat R-(PE/PP), (b) R-(PE/PP)/FLG = 96/4,
and (c) R-(PE/PP)/FLG = 90/10. The arrows indicate a few of the FLGs, visible on the fractured
surface of the R-(PE/PP)/FLG composites.

It can be seen in Figure 5b,c that more FLG was visible in the R-(PE/PP)/FLG = 90/10
composite than in the R-(PE/PP)/FLG = 96/4 composite. In other words, R-(PE/PP)/FLG-
90/10 (shown in Figure 5c) had more impact crack resisting sites than the neat R-(PE/PP)
and R-(PE/PP)/FLG = 96/4 (as can be seen in Figure 5b)). This phenomenon resulted
in a higher impact strength for the R-(PE/PP)/FLG = 90/10 composite. However, the
polymer chain mobility or slippage of the polymer chains in the solid state was restricted
by strong and rigid FLG, which reduced the elongation at break of R-(PE/PP)/FLG = 90/10.
Simultaneous increment in the impact toughness and reduction in the tensile toughness in
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the same composite was also observed by Antimo et al. [25] in a PE/PP-90/10 composite
with 4 wt.% graphene derivatives.

Based on the analysis of the plots in Figures 2 and 3, it can be concluded that R-
(PE/PP)/FLG = 90/10, R-(PE/PP)/PP/FLG = 87/9/4, and R-(PE/PP)/PPcopolymer = 87/13
compounds have shown significant improvement in different properties compared to that
of the unmodified R-(PE/PP). Table 3 shows the variation in the mechanical properties of
the best performing samples in this work.

Table 3. Mechanical property variation (%) in compounds showing a significant change in properties
compared to the neat R-(PE/PP).

Property Variation (%)

Properties As Received
R-(PE/PP)

Type 1 with 10
wt.% FLG

Type 2
with 13 wt.%
PPcopolymer

Type 3 with 9 wt.%
PP and 4 wt.% FLG

Tensile strength 24 MPa +4% −6% +9%

Tensile modulus 1.4 GPa +60% −7% +37%

Flexural strength 30 MPa +16% −9% +23%

Flexural modulus 0.9 GPa +46% +1% +34%

Elongation
at break 34% −80% +63% −80%

Tensile toughness 6 MPa −67% +39% −70%

Impact strength 55.5 J/m +9% +132% −20%

Further analysis of the data presented in Table 3 suggests that, if the target application
requires an overall increase in the strength, stiffness, and fracture toughness in the mixed
polyolefin waste stream, then the addition of a higher loading of FLG is recommended.
Since any reprocessing step or inclusion of any additive (fillers or nanofillers) will increase
the cost of R-(PE/PP), the addition of a higher loading of FLG will increase the price of
the R-(PE/PP)/FLG composite. However, it is worth mentioning that an industrial grade
FLG was used in this work, which is more cost effective than other grades of carbon based
nanofillers such as carbon nanotubes (CNT). In addition, FLG has the potential to reduce
the photodegradation of polymer composites [34]. Therefore, it is expected that FLG-filled
composites feature a higher strength and durability compared to those of the unmodified
mixed polyolefin waste stream, at a cost of the added FLG. Finally, the presented approach
is intended to recover mixed plastic waste streams that have little or no value at the base
and are otherwise landfilled. For superior impact and tensile toughness, the strategy of the
mixing of R-(PE/PP) with a copolymer would be more useful. For applications requiring
higher strength and stiffness and less sensitivity to toughness, compounds containing both
prime PP and FLG would be interesting.

4. Conclusions

We investigated the influence of adding FLG on the processability and mechanical
properties of mixed polyolefin waste streams. FLG alone, the prime polymer (PE, PP,
or PP copolymer) alone, and FLG in combination with different prime polymers were
melt blended with the R-(PE/PP). MFI, effective torque during extrusion, and viscosity of
the FLG-filled composites remained unchanged for concentrations of FLG up to 10 wt.%.
Moreover, it was shown that the addition of 4 wt.% FLG in combination with prime PP
increased the tensile strength by 9%, the tensile modulus by 37%, the flexural strength by
23%, and the flexural modulus by 34%, but reduced the impact strength by 20% compared
to the respective properties of the neat R-(PE/PP). However, the addition of 10 wt.% of
FLG increased the tensile strength by 4%, tensile modulus by 60%, flexural strength by
16%, flexural modulus by 46%, and the impact strength by 9% compared to that of the
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neat R-(PE/PP). This desired increase in the tensile and flexural properties is attributed
to the reinforcing effect of FLG. The increase in the impact strength of R-(PE/PP)/FLG
with a higher loading (10 wt.%) of FLG was attributed to the resistance effect of strong FLG
particles to impact crack propagation.

Based on the experimental and morphological observations, this work reports that
FLG enables the processability of R-(PE/PP) while improving the mechanical properties of
FLG-filled R-(PE/PP) composites. This work outlines the possibility of channeling a mixed
polyolefin waste stream back to various regular applications with more strength, without
altering the processability. FLG-reinforced R-(PE/PP) composites can be used in outdoor
furniture and in the construction industry. As a result, the demand for virgin polymers
could be reduced, which would be a big step toward the protection of biodiversity and a
reduction in harmful gas emissions. Moreover, this study suggests a useful application of
commercially produced FLG.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13020358/s1, Figure S1: DSC analysis of unfilled R-(PE/PP),
Figure S2: MFI of (a) R-(PE/PP)/FLG composites as a function of the concentration of FLG and
(b) R-(PE/PP)/prime polymer/FLG composites as a function of the type of prime polymer.
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