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Abstract: This work investigated the photostabilizing role of a commercially available few-layer
graphene (FLG) in mixed polyolefins waste stream (MPWS), ensuring extended lifespan for outdoor
applications. The investigation was conducted by analyzing carbonyl content increase, surface
appearance, and the retention of mechanical properties of UV-exposed MPWS/FLG composites.
Despite the likely predegraded condition of MPWS, approximately 60%, 70%, 80%, and 90% of
the original ductility was retained in composites containing 1, 4, 7, and 10 wt.% FLG, respectively.
Conversely, just 20% of the original ductility was retained in unfilled MPWS. Additionally, less crack
density and lower carbonyl concentrations of the composites also highlighted the photoprotection
effect of FLG. For prime polyolefin blends, only 0.5 wt.% or 1 wt.% FLG was sufficient to preserve
the original surface finishing and protect the mechanical properties from photodegradation. Hence,
it was observed that MPWS requires more FLG than prime polyolefin blends to get to comparable
property retention. This could be attributed to the poor dispersion of FLG in MPWS and inevitable
uncertainties such as the presence of impurities, pre-degradation, and polydispersity associated with
MPWS. This study outlines a potential approach to revalorize MPWS that possess a minimal intrinsic
value and would otherwise be destined for landfill disposal.

Keywords: graphene; polyolefin; waste; photodegradation; photoprotection; mechanical properties

1. Introduction

Worldwide, approximately 350 million metric tons (Mt) of plastic waste are generated
each year, and a substantial part, approximately 50%, is composed of polyolefin mixture [1].
Therefore, the development of effective strategies to revalorize mixed polyolefins waste
stream (MPWS) would pave the way to utilize a significant portion [2] of plastic waste
with a small or no base commercial value that would otherwise be disposed off in landfills.
Consequently, the scientific research on reusing post-consumer waste-recovered polyolefin
blends is getting more attention. Several studies have been developed targeting the mod-
ification of mechanical properties of MPWS [3–7] through, for instance, the addition of
copolymers or rigid fillers. However, the photodegradation [8–11] of polyolefins is a key
challenge that should be successfully resolved to attain an extended lifespan in outdoor
applications, such as containers, bumpers, dashboards, garden furniture, playground
equipment, bottle crates, etc.

Photodegradation is initiated when internal or external light-absorbing groups (chro-
mophore groups) of a polymer absorb photons from the UV radiation (wavelength ≤400 nm)
of sunlight. This irreversible phenomenon may alter the chain length, mechanical proper-
ties, and appearance (color and surface finish) [12] of materials. In turn, the performance of
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the materials is compromised. The photodegradation of polymeric materials is governed
by two influential steps [13,14]:

Initiation: The production of primary radicals due to the absorption of photons by chro-
mophore groups.
Propagation: The production of successive polymer radicals due to the attack of primary
radicals on the polymer chains, followed by consequential crosslinking or chain scission.

These things considered, photodegradation of polymers is mainly governed by the
presence of chromophore groups [15]. Chromophores can be both internal and exter-
nal (catalyst, solvents, additives, in-chain or end-chain unsaturated double bonds, etc.).
For example, the photodegradation of polyolefins is caused by the presence of external
impurities [13,14], which might have been produced during polymerization and post-
polymerization processing steps. Additionally, chromophores can be an integrated group
into the polymer chains. For instance, photodegradation of poly(styrene) (PS) is mainly
caused by the presence of UV-absorbing aromatic groups [16]. Traditionally, rigid filler (car-
bon black [15]) or different chemicals (phenolic/nonphenolic UV absorbers [17], hindered
amines [18], and phenolic antioxidants) are used as photostabilizing additives to protect
thermoplastics from photodegradation. However, some of these additives are associated
with health concerns [19,20], toxicity [21], and the migration of small molecules over time.

Concomitantly, graphene, a carbon-based material, is gaining attention as a prospective
photostabilizer due to the presence of π bonds and two-dimensional (2D) geometry [8].
The chemical structure enables graphene to absorb light in the UV region, through π →
π*transitions [22,23], while the 2D structure allows it to act as a physical barrier to small
molecules [24–26]. Additionally, a recent study has confirmed that few-layer (6 to 10 layers)
graphene (FLG) does not have the same adverse dermal, inhalation, and gene toxicity
effects that are well-known for other nanocarbons [27]. Therefore, FLG is expected to
be a safer option over some traditionally used photostabilizers. Consequently, different
graphene derivatives (graphene, graphene oxide GO, and reduced graphene oxide) have
been investigated to photostabilize several polymers [28–33].

In the case of polymer blends, the photostability depends on the blend composition and
chemical structure of individual phases, as well as the interaction between the respective
blend components. Several studies on the photostability of blends have been summarized
by Manita et al. [34]. Some results, as reported in the literature, are listed in Table 1, along
with key findings of the present work.

Table 1. Photooxidation behavior of several polymer blends compared to that of their component
polymers, cited in the literature.

Polymer Blend System Findings of the Authors on Photostability Ref.

Polycaprolactone(PCL)/Poly
(vinyl chloride) (PVC)

A positive interaction effect of the components
resulted in an increased photostability of the blend
compared to that of the homopolymers.

[35]

PP/high impact polystyrene
(HIPS)

The blend was found to be more photostable than
pure PP as a result of the opacity of the blend and
the larger scattering effect by the phase interface.

[36]

PS/poly(viny1 acetate) (PVAc)

An accelerated photodegradation tendency of the
blend was reported. The degradation behavior was
found to be significantly influenced by the
composition and morphology of the blend.

[37]

Poly(vinyl methyl ether)
(PVME)/PS

The photodegradation of the blend was deemed to
be governed by the photooxidation trend of PVME. [38]

PP/poly(butylene
terephthalate) (PBT)

The photodegradation of the blend was considered
to involve both photolytic degradation and
photooxidation of PBT sequence.

[39]
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Table 1. Cont.

Polymer Blend System Findings of the Authors on Photostability Ref.

Low-density polyethylene
(LDPE)/cellulose

The blend was reported to be less photostable and
more biodegradable than the pure components. [40]

Liner low-density
polyethylene (LLDPE)/plastic
waste (46 wt.% LLDPE,
51 wt.% LDPE, 1 wt.% HDPE,
and 2 wt.% PP)

The presence of plastic waste was found to affect the
photostability of pure LLDPE. [41]

LLDPE/LDPE
The addition of carbonaceous fillers (carbon black,
carbon nanotube and graphene) was found to
improve the photostability of the blend composite.

[42]

(1) MPWS
(2) prime PE/PP

The addition of commercial-grade few-layer
graphene resulted in the retardation of
photodegradation of the blend systems.

This
work

A range of comprehensive studies on the photodegradation process of different poly-
mer blends is available in the literature [1–8]. Photoprotection of polymer blends, however,
has rarely been addressed. In particular, no study has been found to report the photostabiliz-
ing influence of commercial-grade few-layer graphene in PE/PP blend systems. Therefore,
this work aims to explore the photostabilizing potential of a commercial few-layer graphene
to extend the lifetime of polyolefin blends, for both a mixed waste stream, as well as a
prime PE/PP control blend. It is worth mentioning that the used graphene is produced by
an environment-friendly mechanochemical exfoliation process. The collaborating research
group of this study has previously reported that the addition of such commercial-grade
FLG can improve mechanical properties of a polyolefins waste stream [3,43]. The potential
of this FLG to enhance UV protection would eliminate or significantly reduce the use of tra-
ditional photostabilizers, and also increase the lifetime of post-consumer waste-recovered
polymer, intending for outdoor application.

2. Results and Discussion
2.1. Morphology

Figure 1 shows the morphology of the waste polyolefins mixture and neat prime
PE/PP—60/40 blend. Here, the rough phase corresponds to PE phase and the smoother
phase represents the PP phase of the blend, as indicated in Figure 1. The morphology of
control polyolefin blend mimics the microstructure of MPWS.
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Figure 2a–c2 illustrate the microstructure of the compression molded MPWS composite
and prime PE/PP—60/40 blend composite, containing 1 wt.% FLG. Figure 2a shows
that preferentially, FLG localizes to PE phase, which was also reported in our previous
work [3] for the composite containing 4 wt.% FLG. Similarly, Figure 2b, representing the
composite where FLG was premixed with PE, shows that FLG is selectively localized in
PE phase without any indication of FLG migration to PP phase. In contrast, Figure 2c1,c2,
representing the composite where FLG was premixed with PP, indicate that FLG is located
in both PP phase and PE/PP interface. This localization of FLG in PE/PP interface is an
indication of the preference of FLG towards PE over PP. A similar observation was reported
in the literature [44].
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Figure 2. SEM images of 1 wt.%-FLG-filled (a) MPWS composite, prime PE/PP blend composite;
(b) FLG premixed with PE phase, (c1,c2) FLG premixed with PP phase and the localization of FLG
has been marked by the red arrow to guide the readers’ eyes.

2.2. Dispersion of FLG

Figure 3a,b display the processed optical microscope images of thin film of MPWS
and prime PE/PP composites, respectively, each containing 1 wt.% of FLG. Dark regions
represent FLG particles and the white background represents the polymeric phases of the
composites. Additionally, Figure 3c illustrates the frequency of FLG agglomerates as a
function of agglomerate area in the composites to quantify the dispersion of FLG in MPWS
and prime PE/PP blend. The grey bars represent the agglomerate size distribution in the
prime blend composite, while the black bars represent the distribution in MPWS composite.
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Figure 3. The representation of FLG dispersion in (a) MPWS and (b) prime polyolefin blend along
with (c) the frequency of FLG agglomerates in 1 wt.% FLG-filled MPWS and prime PE/PP blend as a
function of FLG agglomerate area.

Remarkably larger agglomerates can be seen in Figure 3a, indicating poor dispersion
of FLG in the MPWS composite. Conversely, the prime PE/PP composite exhibits better
dispersion with smaller FLG agglomerates. This difference in dispersion of FLG could
be attributed to dissimilar rheological property of the polymer content of the composites.
Notable differences can be observed at the two extremes of the X-axis, representing the size
ranges of the agglomerates. It is observed that prime blend composite possesses higher
percentage (~60%) of smaller FLG agglomerates than that (~50%) of MPWS composite or
vice versa. Despite following similar processing conditions, different FLG dispersion is
observed in two different matrices. To investigate the root cause, the MFI value of MPWS
and prime PE/PP blend was measured. The MFI of MPWS and prime blend was found
to be 12 ± 2 g/10 min and 3 ± 0.5 g/10 min, respectively. Hence, prime PE/PP blend of
this work is much more viscous than MPWS. During melt mixing, higher viscosity-driven
shear stress would have facilitated better dispersion of FLG in viscous prime PE/PP blend
than in comparatively less viscous MPWS of this work. It is worth mentioning that better
dispersion in more viscous matrices was also observed by other authors [45].
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2.3. Effect of Adding FLG on UV-Exposed Composites
2.3.1. Chemical Analysis

In Figure 4, calculated carbonyl index of prime PE/PP blend and MPWS have been
plotted along with error bars (standard deviation for the replicas of each sample) as a
function of exposure time. The carbonyl index (CI) was calculated by analyzing the FTIR
absorption spectra of the respective polyolefin blends. It can be noticed that carbonyl
index of MPWS is significantly higher (almost 2 times) than that of prime blend, both
before exposure and after 4 weeks of exposure. This observation suggests that MPWS are
more susceptible to photodegradation as compared to the prime blend. In other words,
polyolefin waste may require more additive to prevent photodegradation.
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Figure 5a,b represent the CI of FLG-filled MPWS and prime polyolefin composites as
a function of UV exposure time. It can be seen that the carbonyl formation rate in unfilled
polyolefin blend (both waste and control) is much higher than FLG-filled composites. In
the case of MPWS composites containing higher concentration of FLG (>1 wt.%), CI starts
to increase only after 2 weeks of exposure. A higher value of CI is observed after 4 weeks of
exposure in the MPWS composites, irrespective of the concentration of FLG. Interestingly,
a decelerated growth of CI in MPWS composites is observed with higher concentrations of
FLG. In contrast, based on CI value, carbonyl formation is not evident in FLG-filled prime
blend composites over the entire UV exposure period. This holds true for both 0.5 and
1 wt.% FLG dosage in the control blend. Eventual retardation and termination of carbonyl
formation in UV-exposed MPWS and prime polyolefin blend composites, respectively,
indicate the photostabilizing potential of FLG. Moreover, this finding also suggests that the
addition and mixing of a small amount of FLG in polyolefins prior to real-life applications
would extend the lifespan of commodities made of polyolefins. It is worth mentioning
that in an earlier publication by the co-authors [8], an Electron Paramagnetic Resonance
(EPR) analysis was conducted to investigate the performance of FLG as a photostabilizer.
The study reported that FLG effectively attenuates the characteristic EPR signal intensity,
indicating both UV absorption/reflection and the scavenging of free radicals by FLG.



Recycling 2024, 9, 29 7 of 16
Recycling 2024, 9, x FOR PEER REVIEW 7 of 16 
 

  

Figure 5. CI of (a) MPWS/FLG and (b) FLG-filled prime polyolefin composite as a function of UV 

exposure time. Dotted lines are used to guide reader’s eyes. 

2.3.2. Surface Appearance 

Figure 6a,b show the surface finish of unfilled MPWS and 1 wt.% FLG-filled MPWS 

composite, after 4 weeks of exposure to UV radiation. In addition, Figure 6c,d showcase 

the surface finish of both the neat PE/PP blend and the PE/PP blend composites with 0.5 

wt.% FLG, after a 4 week exposure to UV light. As a result of photodegradation, numerous 

longitudinal and transverse cracks appeared on the surface of neat MPWS sample. Alt-

hough several cracks are observed after UV exposure on the MPWS/FLG composite with 

1 wt.% FLG, the quantity is considerably reduced when compared to that of unfilled-

MPWS. Similar to the case of MPWS, many longitudinal and transverse cracks are evident 

on the unfilled and UV exposed prime PE/PP blend surface. However, in contrast to the 

FLG-filled MPWS composite, there are no visible cracks on the surface of FLG-filled prime 

PE/PP blend composite. These observations suggest that even an FLG concentration as 

low as 0.5 wt.% is adequate to provide satisfactory UV protection to prime PE/PP, alt-

hough not to mixed polyolefins waste-based compounds. The likely reasons for this are 

discussed in the subsequent section of this work. 

  

  

Figure 6. SEM images of the surfaces of (a) MPWS without FLG, (b) MPWS with 1 wt.% FLG, (c) 

Prime blend without FLG, and (d) Prime blend with 1 wt.% FLG; after 4 weeks of UV exposure. 

Figure 5. CI of (a) MPWS/FLG and (b) FLG-filled prime polyolefin composite as a function of UV
exposure time. Dotted lines are used to guide reader’s eyes.

2.3.2. Surface Appearance

Figure 6a,b show the surface finish of unfilled MPWS and 1 wt.% FLG-filled MPWS
composite, after 4 weeks of exposure to UV radiation. In addition, Figure 6c,d showcase
the surface finish of both the neat PE/PP blend and the PE/PP blend composites with
0.5 wt.% FLG, after a 4 week exposure to UV light. As a result of photodegradation,
numerous longitudinal and transverse cracks appeared on the surface of neat MPWS
sample. Although several cracks are observed after UV exposure on the MPWS/FLG
composite with 1 wt.% FLG, the quantity is considerably reduced when compared to that
of unfilled-MPWS. Similar to the case of MPWS, many longitudinal and transverse cracks
are evident on the unfilled and UV exposed prime PE/PP blend surface. However, in
contrast to the FLG-filled MPWS composite, there are no visible cracks on the surface of
FLG-filled prime PE/PP blend composite. These observations suggest that even an FLG
concentration as low as 0.5 wt.% is adequate to provide satisfactory UV protection to prime
PE/PP, although not to mixed polyolefins waste-based compounds. The likely reasons for
this are discussed in the subsequent section of this work.
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To have an overview of crack formation, the crack density on the surface of UV-exposed
samples has been calculated. Figure 7 shows crack density of FLG-filled MPWS and prime
blend composites, after 4 weeks of UV exposure, as a function of FLG concentration.
Photodegradation-driven crack density on the surface of UV-exposed MPWS compounds
decreases as the concentration of FLG is increased in the composite. A concentration of
FLG > 4 wt.% can effectively prevent crack formation (SEM images of the corresponding
samples, Figure S1a,b, are provided in the Supplementary Information Section). On the
other hand, 1 wt.% FLG is considered sufficient to prevent crack formation on the composite
surface during UV exposure. These observations indicate that the presence of FLG slows
down the UV degradation of polyolefin blends.
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concentration of FLG.

2.3.3. Mechanical Properties

Figure 8a,b present the elongation at break and the impact strength of FLG-filled
MPWS composites, respectively, plotted along primary Y-axis as a function of the concen-
tration of FLG. The retention of the respective properties after 4 weeks of UV exposure is
plotted along the secondary Y-axis. it is worth mentioning that the error bars (indicating
standard deviation) for the ductility of unprocessed and unfilled MPWS are considerably
wider compared to the performance of any of the other composites depicted in the Figure 8a.
Experimental results suggest that the mixed polyolefin waste stream possesses a higher
polydispersity or inhomogeneity. Conversely, the error bars associated with the ductility
of the FLG-filled composites exhibit relatively smaller variations. This can be ascribed to
the homogenizing influence of FLG, a phenomenon previously noted by the coauthors in a
blend of recycled and prime PE in a prior study [42]. In addition, Figure 8c,d represent the
retention of elongation at break and impact strength, respectively, of prime PE/PP blend
composites after 4 weeks of UV exposure as a function of the concentration of FLG. In these
figures, the unfilled bars correspond to the performance of neat (unfilled) blend, while
black bars represent the composites where FLG was premixed with PE, and grey bars stand
for the samples where FLG was premixed with PP.

As noticed in Figure 8a, the presence of FLG resulted in a reduction in the ductility of
the MPWS composites compared to that of neat MPWS, as reported previously [3]. Notably,
a 65% reduction in ductility is observed with the addition of 1 wt.% FLG. Further additions
of 4, 7, and 10 wt.% FLG resulted in 68%, 77% and 80% reduction in original ductility,
respectively. This reduction in the ductility of polymer blend composite is attributed to the
compromised mobility of polymer chains, due to the presence of rigid fillers. A similar
observation was reported earlier by other authors [46–48]. In contrast, an increment in the
ductility of rigid filler-filled polymer blend composite, facilitated by the positive effect of
good dispersion of filler and a strong matrix/filler interaction, was also reported in the
literature [49,50]. After 4 weeks of UV exposure, around 20% of the original ductility is
preserved in neat MPWS. Contrary to neat MPWS, around 60% of the original ductility
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is preserved in MPWS composites containing 1 and 4 wt.% FLG. Remarkably, an even
higher (~90%) ductility retention is observed in MPWS composites, containing 10 wt.%
FLG. This finding suggests that the presence of FLG slows down the photodegradation of
mixed polyolefin waste stream. A similar photostabilization effect of this commercially
available FLG has also been reported in high-density polyethylene by the co-authors of
this work [8]. In line with the observation from Figure 8a, it is evident in Figure 8b that
the impact strength retention of UV-exposed MPWS is significantly lower compared to
that of FLG-filled MPWS composites. Conversely, the tensile modulus and tensile strength
retention for each of the exposed samples are well above 90% (see Figure S2a,b in the
Supplementary Information Section), indicating that these properties of the polymeric
materials have been less sensitive to UV exposure, at least for the irradiation duration
adopted in this study. Similar observations were reported by other authors in unfilled-
polyolefin blends [41]. Polymers undergo simultaneous chain scission and crosslinking
during photo degradation [8,51]. Chain scission (negative effect) and crosslinking (positive
effect) have two opposing effects on both the strength and stiffness of polymeric material.
Therefore, changes in tensile strength and modulus are not clearly evident in the initial stage
of UV exposure. However, after a certain period of irradiation, the negative effect of chain
scission on tensile strength and modulus becomes predominant, resulting in reductions in
the respective properties.
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the composites.
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Similar to aforementioned observations, Figure 8c,d show that the property retention
of neat-prime PE/PP after 4 weeks of UV exposure is much less than those of FLG-filled
prime PE/PP blend composites. However, a higher property retention is noted in FLG-filled
prime blend composites after UV exposure, irrespective of the FLG mixing strategy. In
contrast to the case of MPWS/FLG composites, a higher percentage of ductility and impact
toughness is preserved in UV-exposed prime PE/PP composite at a very low concentration
of FLG (0.5 or 1 wt.%). This can be explained by the poor dispersion of FLG in MPWS
compared to that of prime polyolefin blend, as presented in Figure 3a–c. The associated
findings reinforce the notion that the same FLG concentration has a more pronounced
influence on the prime polyolefin blend compared to MPWS. Moreover, the presence of
higher carbonyl content in the MPWS (being a mix of recycled polymers) than in the prime
blend (shown in Figure 4) indicates that a higher dosage of FLG would be required to slow
down the photodegradation process of pre-degraded polyolefin waste like the MPWS used
in this work.

2.4. Discussions

The results show that the addition of FLG is an efficient strategy to slow down the
photodegradation processes in polyolefin blends, both recovered post-consumer waste
mixture and prime polyolefin blends. Photodegradation of the samples has been inves-
tigated in terms of the carbonyl concentration increase, crack density and mechanical
property retention of the compounds after 4 weeks of UV exposure. Table 2 highlights the
photoprotection effect of FLG in a waste and prime polyolefin mixture.

Table 2. Change in carbonyl index (CI), crack density and retention of ductility after 4 weeks of UV
exposure in MPWS and prime blend composites as a function of concentration of FLG.

Parameters MPWS Prime Blend (FLG Premixed with PE)

Concentration of FLG (wt.%) 0 1 4 7 10 0 0.5 1

Change in CI (%) 1069 964 903 821 645 1325

No significant changeCrack density (µm/µm2) 0.0228 0.0088 0.0004 No visible cracks but
surface delamination 0.0182

Retention of ductility (%) 20 60 70 80 90 10

Based on the information presented in Table 2, the efficiency of FLG as a photostabilizer
is more evident in prime polyolefin blend than in mixed plastic waste. The findings
of Figure 3c help to explain this observation. The plot outlines that FLG was poorly
dispersed in MPWS compared to prime PE/PP blend composites, prepared under the same
processing conditions. It has been reported in the literature [8] that FLG mostly slows down
the photodegradation of polymer material via UV absorption/reflection and free radical
scavenging. Moreover, FLG also acts as a physical barrier to oxygen which limits the oxygen
penetration through the polymer, which also minimizes the photooxidative degradation of
the respective plastic material. Therefore, poor dispersion of FLG in polymeric material
leads to less efficient utilization of FLG.

Additionally, polyolefins are ideally expected to be resistant to photodegradation
as they do not have any unsaturated chromophores or carbon bonds in their backbone.
However, external impurities or structural defects can initiate the photodegradation pro-
cess, resulting in chain scission and eventual formation and accumulation of carbonyl
groups. These initial unsaturated double bonds of carbonyl groups cause polyolefins
to be more susceptible to photodegradation. Therefore, comparatively less photoprotec-
tion attained in FLG-filled waste polyolefins mixture than that of controlled composites
could be attributed to the inherent uncertainties associated with plastic waste, such as
the presence of impurities, presence of pre-degraded polymer chains, and polydispersity.
Larger standard deviations of ductility and comparatively higher carbonyl index of waste
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polyolefin mixture (compared to prime polyolefin blend of this work) present experimental
evidence that supports the fact that more inhomogeneity and predegraded plastic are
present in MPWS. Hence, the combination of a comparatively poor dispersion of FLG with
the presence of impurities and predegraded elements in MPWS makes this mixture more
susceptible to photodegradation, requiring more dosage of FLG to attain a satisfactory level
of photoprotection.

In this context, it is noteworthy to highlight the findings of Figure 5b. The plot indi-
cates no carbonyl growth in UV-exposed primary polyolefin composites after a 4-week UV
exposure period. In other words, the photodegradation of prime polyolefin was signifi-
cantly decelerated due to the presence of FLG. This insight implies the recommendation
of adding FLG into polyolefins as a pretreatment step. It is expected that post-consumer
polyolefin waste generated from FLG-filled polyolefin will experience reduced photodegra-
dation, resulting in both an extended lifespan and requiring a smaller quantity of FLG for
the photoprotection of the subsequent MPWS for reuse.

Concurrently, this study has investigated the impact of selectively localized FLG in
different phases of the blend on the retardation of photodegradation. By employing a pre-
mixing approach, FLG was predominantly located within either the PP or PE phase of the
prime polyolefin blend. The results indicate that the efficiency of FLG as a photostabilizer
remains unaffected by its preference to a specific phase. This could be attributed to the
inherent qualities of FLG as a photostabilizer, which are not significantly influenced by or
contingent upon its selective localization in the blend. It is worth noting that this finding
underscores the application of FLG as a suitable photostabilizing additive for MPWS, espe-
cially in scenarios where achieving predominant selective localization of unfunctionalized
FLG is unattainable.

3. Materials and Methods
3.1. Materials

FLG powder (GrapheneBlack 3X) from NanoXplore Inc., Montreal, QC, Canada, was
used in this work. This grade of FLG typically consists of 6 to 10 atomic layers. The primary
particles exhibit a lateral size ranging from 1 to 2 µm. These primary particles, in a dry
powder state, form loose clusters also known as secondary particles. The average lateral
size of these secondary particles is approximately 30 µm.

For this study, a mixed polyolefins waste mixture was obtained from a local recycler
in Quebec. The information provided by the supplier indicates that the mixture comprises
polyethylene (PE) along with approximately 30 to 40 wt.% polypropylene (PP) and ≤5 wt.%
contamination (such as dye, ink, or pigment). Differential scanning calorimetry (DSC)
analyses were used to assess the composition of the mixture (PE/PP—60/40), as reported
in our previous work [3].

A prime PE/PP—60/40 blend was prepared, replicating the morphology of MPWS
blends. To maintain controlled and simplified conditions, the prime blend was investigated
both without FLG and with FLG, excluding other impurities or uncertainties likely asso-
ciated with MPWS. Table 3 outlines the identification and MFI of the polymers used in
this work.

Table 3. Identification and MFI of the polymers used in this work.

Polymer Commercial Name MFI (g/10 min)

MPWS N/A ≥4 (230 ◦C, 2.16 kg)

PE Formolene HB5502B 0.35 (190 ◦C/2.16 kg)

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

3.2. Methods

In this study, master batch (MB) pellets composed of FLG and polymers (PE, PP, or
MPWS) were utilized to prepare the composites.
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In the case of MPWS/FLG composites, the MPWS/FLG MB was further diluted with
MPWS to prepare composites with 1, 4, 7 and, 10 wt.%. of FLG, respectively.

In addition, FLG-filled prime PE/PP blend composites were prepared through a
two-step process. In the initial step, PE/FLG or PP/FLG MB was diluted with PE or PP,
respectively, which can be referred as a premixing step. In the subsequent step, these
pre-mixed composites were melt-blended with the other corresponding polymer of the
PE/PP blend. Prime PE/PP blend composites containing 0.5 and 1 wt.% FLG were also
prepared in this work, via FLG pre-mixing with PE or PP. All the samples were processed
in a HAAKE twin-screw extruder, (Rheomex OS PTW16/40, manufactured by Thermo
Fisher Scientific, Dreieich, Germany) at 150 rpm, and 200 ◦C in all zones.

Extruded pellets were injection molded to prepare specimens for tensile and impact
property analysis. Injection molding was performed using the Arburg Allrounder 221K-350-
100 Injection molding machine (manufactured by Arburg GmbH + Co. KG, Loßburg, Germany).

3.3. Photodegradation Process

The injected specimens were subjected to an accelerated weathering condition by using
a QUV chamber, equipped with UVA-340 type lamps. According to the guidelines of cycle
A outlined in ASTM G154 [52] the samples were exposed to an irradiation of 0.89 W/m2 at
60 ◦C for 8 h, followed by 4 h of water condensation at 50 ◦C. The specimens were taken
out of the QUV chamber after exposure durations of 2 weeks (336 h) and 4 weeks (672 h).

3.4. Characterizations

Scanning Electron Microscope (SEM) images of the UV-exposed surfaces of the sam-
ples were obtained using a Hitachi SEM S3600-N (Model: MEB-3600-N, manufactured by
Hitachi Science Systems, Ltd., Tokyo, Japan). Before imaging, the surface of the compounds
was coated with a thin layer of gold using a Gold Sputter Coater (Model: K550X, manu-
factured by Quorum Technologies Ltd., East Sussex, UK). This gold coating enhances the
conductivity of the samples and provides better imaging results in the SEM. To investi-
gate the microstructure, the compression molded samples were cryo-fractured, prior to
gold coating.

The optical microscope images of compression molded thin films of 1 wt.% FLG-filled
MPWS and prime PE/PP blend composites were observed using an optical microscope
(Model: Olympus BX51, manufactured by Olympus Corporation, Tokyo, Japan) in trans-
mission mode. A minimum of 10 images were taken from different areas of the films.
Subsequently, ImageJ software (version number: 1.52a) was utilized to evaluate the FLG
dispersion within the various matrices. Before the quantitative assessment of filler disper-
sion, image preprocessing steps involving noise reduction and removal of the polymeric
matrix background were executed by using the ImageJ software. Moreover, length of
the surface crack of UV-exposed samples was determined by using ImageJ software to
determine crack density using the following Equation (1):

Crackdensity =
∑ Crack length (µm)

Area under consideration (µm2)
(1)

Melt flow index (MFI) of mixed polyolefin waste and prime polyolefin blend was
investigated using an MFI tester (manufactured by International Equipments, Mumbai,
India). ASTM D1238 [53] was followed to measure MFI.

ATR-FTIR spectra of the thin films of neat and FLG-filled composites were captured
using a FTIR spectrometer (manufactured by PerkinElmer, Llantrisant, UK) the Spectrum
Two™, equipped with a diamond crystal. A number of 10 scans were acquired with a
resolution of 4 cm−1 within the wave numbers range of 400–4000 cm−1. These spectra
were used to assess the carbonyl index (CI) of each of the samples, with the following
Equation (2):

CI =
AC=O

ACH2

(2)
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Here, AC=O is the peak area within 1680–1800 cm−1 wave number range and ACH2

is the peak areas within 680–760 cm−1 wave number range, representing C=O and CH2
functional groups, respectively. The assessment of CI is interesting because it is an indicator
of the degradation of polymer during its lifespan. At least three spectra from different
parts of each sample were considered to calculate and report the average CI values with
standard deviation as error bars.

The tensile properties of the samples were investigated using an MTS Alliance RF/200
tensile test apparatus (manufactured by MTS Systems Corporation, Eden Prairie, MN,
USA), following the guidelines outlined in the ASTM D638 [54]. The tests were conducted
at room temperature with a 10 kN load, and a crosshead speed of 50 mm/min. The key
parameters analyzed include tensile strength, tensile modulus, and elongation at break.

The notched impact strength of the samples was determined using an impact strength
tester device (manufactured by International Equipments, India). The measurement was
carried out in accordance with the ASTM D256 [55]. To create notches in the samples, a
motorized notch cutter (manufactured by International Equipments, India) was utilized.
For each composite, at least five specimens were tested to investigate tensile and impact
properties. In the subsequent sections of this report, we have graphically depicted the
property (elongation at break, impact strength, tensile strength, and modulus) retention
(%) of the composites after UV exposure as a function of FLG concentration within the
composite. The graphical representation of property retention (%) has been adopted to
portray the precise influence of adding FLG on the retardation of photodegradation of
polyolefin blend. Property retention (%) has been calculated according to the following
Equation (3):

Property retention(%) =
Property after UV

Property before UV
× 100% (3)

4. Conclusions

This work presents that FLG can successfully slow down the photodegradation pro-
cesses in polyolefins blends. This observation is valid for both a plastic waste recovered
polyolefins blend and a control prime polyolefin blend, ensuring longer lifespan of poly-
olefins blends used for outdoor applications. The main findings of this work can be
concluded with the following points:

• The addition of FLG can effectively slow down the photodegradation of polyolefins blends.
• Although FLG exhibits a thermodynamic preference for PE over PP, the photostabi-

lization of a PE/PP blend is not significantly affected by the selective distribution of
FLG in either phase.

• A mere 0.5 wt.% or 1 wt.% of FLG is found sufficient to ensure the photostability of a
prime PE/PP blend.

• To ensure better photoprotection in recycled polymer blends, a higher concentration
of FLG is required, attributed partly to the predegraded condition of MPWS.

• Furthermore, pretreatment of prime polyolefins with FLG could be a recommended
step, which, in turn, would extend the lifespan and generate a less degraded MPWS
for potential reuse.

This work underscores the potential to extend the lifespan of polyolefins, thereby
decreasing the generation of plastic waste, through the addition of commercially available
and low-cost FLG, produced in compliance with Canadian environmental regulations. By
extending the use of plastic products, their entry into waste streams is delayed. Moreover,
extending the lifespan of products is anticipated to decrease the demand for new ones.
Thus, this study presents a promising method to elevate the value of MPWS, intrinsically
with minimum worth, that would otherwise be relegated to landfill disposal.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/recycling9020029/s1, Figure S1: SEM images of the surfaces of MPWS
blend compounds with (a) 7 wt.% FLG and, (b) 10 wt.% of FLG; after 4 weeks of UV exposure;
Figure S2: (a) tensile strength and retention of tensile strength, and (b) tensile modulus and retention
of tensile modulus of UV-exposed MPWS/FLG composites as a function of FLG concentration,
present in the composites.
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