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Investigation of the Effect of Reprocessing on Thermal
and Mechanical Properties of Polymers and Polymer
Nanocomposites

S. A. Vimukthi Dananjaya, Claudio Fortichiari, Yasith S. Perera, Chamila H. Dasanayaka,
and Chamil Abeykoon*

1. Introduction

Over the past few decades, the synthesis of
polymers has considerably expanded and
spread all over the world due to their excellent
properties such as high speci� c strength,
low cost, reproducibility, and ease of
processing.[1–5] The term “plastics” refers to
materials made up of polymers, a class of
materials with a distinct set of chemical
and physical properties, such as 1–90%
chemical inertness, 1–50 mm yr� 1 corrosion
resistance, and 0.7–4.5 MPa fracture tough-
ness, which can be attributed to their large
molecular size. The combination of these
favorable properties makes polymers ideal
for countless applications spanning a variety
of industries, such as packaging, household
appliances, and electronics.[3,4,6–8] Among
the most consumed plastics, polyethylene
(PE), polypropylene (PP), and polystyrene
(PS) play a major role, and they account for
up to 44.8% of the global polymer market.[9]

Polymers are widely used in virgin, blend, and composite forms
for numerous purposes according to the end application. Polymer
nanocomposites, especially the ones produced through the incor-
poration of graphene nanoplatelets (GNP) into polymeric materi-
als, are quite popular among those varieties due to their excellent
properties, as reported in recent studies summarized inTable 1.
The outcomes of these studies on GNP-polymer nanocomposites
con� rm the enhancement of a wide range of properties with the
incorporation of GNP into polymeric materials. Moreover, it has
been reported that the better intercalation and interface bonding of
GNP with the polymer matrix,[10]good dispersion of GNP, and the
high aspect ratio of GNP[11–14] lead to better reinforcement in
GNP-based polymer nanocomposites. Since GNP-polymer nano-
composites are heterogeneous mixtures, composite processing
methods such as solution blending,[15,16] in-situ polymeriza-
tion,[17,18] and melt blending[19,20] are vital for ensuring the
uniform dispersion of GNP in the polymer matrix. Although solu-
tion blending and in-situ polymerization result in better mixing of
GNP with the polymer matrix,[10,19,21]they are not favorable for
industrial manufacturing due to high production costs[22] and
the use of hazardous chemicals.[23,24]

Despite their bene� ts, plastic products pose a signi� cant
threat to the environment and society, particularly when they
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This study explored the impact of multiple reprocessing cycles on the thermo-
mechanical properties of polystyrene (PS) and low-density polyethylene (LDPE),
simulated through reprocessing with a twin-screw extruder. Additionally, it
compared the thermal and mechanical properties of graphene nanoplatelets
(1% w/w) reinforced polypropylene (PP-GNP) nanocomposites with PP. The
materials undergo seven consecutive extrusion cycles at varying screw speeds (100
and 150 rpm) and temperatures (180 and 200 °C). Increasing the screw speed from
100 to 150 rpm raised LDPE’s screw torque by about 40% at the� rst reprocessing
cycle. Processing PS at 200 °C reduced screw torque by� 20% compared to 180 °C
at 1–5 reprocessing cycles. Both torque and power decrease for PP and PP-GNP
with each reprocessing cycle. LDPE’s tensile modulus decreases with more cycles
at 200 °C, while PS shows no consistent variation. PP’s tensile modulus and
ultimate tensile strength drop by 24% and 12%, respectively, from the� rst to the
� fth cycle, while PP-GNP exhibits no consistent variation. Differential scanning
calorimetry shows no clear change in LDPE’s melting point, but an increase in PP
and PP-GNP’s melting points up to the� fth cycle. This research provides crucial
insights to advance the recycling of polymers reducing environmental impact.
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Table 1.A summary of recent studies on GNP-polymer nanocomposites.

Study Composite Material Objectives of the Study Key Findings

Al-Saleh et al.[92] PP-GNP nanocomposites To prepare PP-GNP nanocomposites by adding
compatibilizers using the melt compounding method.
To investigate the effect of compatibilizers and GNP
loading on the mechanical and thermal properties.

The tensile strength of 4 MPa of PP increasing from
1 to 5 wt% GNP loading, a slight increase in� exural

strength and crystallinity of PP. The onset
temperatures (T20% and T50%) of neat PP occurred at
291 and 317 °C, respectively, while with 1 to 5 wt%
GNP loading, the values increased to 296–306 °C

(T20%) and 322–346 °C (T50%), indicating improved
thermal stability.

Botta et al.[120] Biopolymer-based
nanocomposites reinforced

with GNP

To prepare and characterize GNP-� lled biopolymer
nanocomposites.

A 40% increase in Young’s modulus with an increase
in GNP loading from 0 to 5 wt%.

Narimissa et al.[121] Biopolymer composites based on
polylactic acid (PLA) and nano

graphite platelets (NGP)

To develop and optimize PLA and NGP-based composites
to achieve superior mechanical properties.

A 200% increase in Young’s modulus with an increase
from 0 to 3 wt% of GNP in the PLA matrix.

Gonçalves et al.[122] Biocompatible reinforcement of
PLA with GNP

To study the effect of mixing time, mixing intensity, and
temperature during melt blending of GNP-� lled PLA

composites on their mechanical properties.

An increase of 12%, 20%, and 16% in Young’s
modulus, tensile strength, and elongation at break,

respectively, in PLA nanocomposites.

Wang et al.[123] Poly(sodium 4-styrenesulfonate)
modi� ed graphene for reinforced

biodegradable poly(� -
caprolactone) nanocomposites

To improve graphene dispersion in poly(� -caprolactone)
to provide higher ef� ciency of reinforcement.

Both Young’s modulus and elongation at break
increased by 12% at 0.5 wt% GNP loading in poly

(� -caprolactone) nanocomposites.

Gao et al.[124] PLA-GNP nanocomposites To investigate the effect of particle size on mechanical,
thermal, and electrical properties of PLA nanocomposites.

The Young’s modulus of the PLA nanocomposite
increased by 24% for large-size GNP and 10% for

small-size GNP, respectively, at 5 wt% loading.

Cataldi et al.[125] GNP-based advanced materials To review the progress in GNP-based composite materials
designed for� exible electronics, and motion and structural

sensing.

Improved tensile properties after adding GNP into bio-
composites.

Vallés et al.[126] Few layer graphene-PP
nanocomposites

To compare the mechanical properties of nanocomposites
and balance the degree of functionalization to improve the

compatibility of the matrix without aggregation.

A 200% increase in Young’s modulus and a 10%
increase in the degree of crystallinity with an increase
of GNP (20� m size) from 0 to 20 wt% in graphene-PP

nanocomposites.

Carotenuto et al.[127] Low-density polyethylene (LDPE)
� lled with graphite nanoplatelets

To investigate the effect of nanoscale reinforcement of
graphite nanoplatelets within the LDPE matrix on the

mechanical properties of the composite.

An improvement of 0.1 °C in the melting point and an
increase of 100 MPa in the tensile strength was

observed with an increase in the� ller loading from 0 to
5 wt%.

Wang et al.[128] Graphite nanosheets and carbon
black as� llers for high-density

polyethylene (HDPE)

To develop electrically conductive carbon� llers to be used
in cables as semiconductive screens.

An increase of 2 MPa in Young’s modulus and a slight
increase in the crystallization temperature were

observed, with an increase of 0 to 10 wt% of GNP in
HDPE composites.

Sever et al.[129] Expanded graphite/HDPE
nanocomposites

To incorporate different-sized expanded graphite into
HDPE and examine the electrical, mechanical, and

structural properties.

An increase of 5 and 2200 MPa in the tensile strength
and Young’s modulus, respectively, and a 1015 Scm� 1

electrical conductivity escalation were observed after
adding 10 wt% graphite nanoparticles to HDPE

composites.

Kalaitzidou et al.[130] Multifunctional PP composites
produced by incorporating

exfoliated GNP

To explore the in� uence of GNP on the viscoelastic, barrier,
and thermal properties of PP.

A six times larger thermal conductivity and a higher
storage modulus were observed in 25 wt% GNP-� lled

PP compared to virgin PP.

Young et al.[14] PP-GNP nanocomposites To present a detailed analysis of the mechanism and
mechanics of stress transfer in GNP-� lled polymer

matrices.

An increase of 50 MPa in Young’s modulus with an
increase from 0 to 10 vol% of GNP.

Pramoda et al.[10] Covalent bonded polymer-GNP
nanocomposites

To present an ef� cient and modern route of producing
GNP/covalently-bonded-polymer nanocomposites and
investigate their mechanical and thermal properties.

A higher Young’s modulus and a storage modulus
were observed with PMMA-GNP nanocomposites

compared to PMMA-graphene oxide nanocomposites.

Ahmadi-Moghadam
et al.[131]

Graphene/epoxy composites To introduce a new method for GNP functionalization as a
silane agent for improving reinforcement.

To study and compare the structural, mechanical, and
chemical properties of GNP-� lled epoxy composites.

An increase of 38% and 14% in the tensile strength
and Young’s modulus, respectively, at 0.5 wt%

GNP in epoxy.
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near the end of their useful lives.[25,26] The consumption of
plastic products and the resulting plastic waste continue to grow
exponentially,[27] despite the recent demands and regulations to
limit the manufacture of single-use/disposable plastic products.
The organization of economic cooperation and development

(OECD) recently signed a deal that is expected to spark
a worldwide initiative to reduce the harmful effects of
improper management of plastic waste. As of now, plastic
waste is largely mismanaged worldwide, and� nding ways to
recuperate is still a complex and challenging problem.[28]

Table 1.Continued.

Study Composite Material Objectives of the Study Key Findings

Fayed et al.[132] Electro-spun three-dimensional
PS-GNP ultra� ne � bril composite

fabrics

To investigate the possibility of producing 3D GNP for
ultra� ne � bril composite fabrics and to study their
morphological, mechanical, and thermal properties.

A 57% increase in the tensile strength at 10 wt% of
GNP in ultra� ne � bril composites.

Watt et al.[133] Hybrid bio-composites from PP,
sustainable biocarbon, and GNP

To study the in� uence of GNP addition on the mechanical,
thermal, and morphological properties of compatibilized
PP/bio carbon composites to determine the feasibility of

using them in automotive applications.

An increase of 19% in the tensile strength, a 22%
growth in Young’s modulus, and a 17 °C improvement
in the thermal stability were observed at 3 wt% GNP in

Maleic anhydride grafted PP.

Lee et al.[134] Polyurethane (PU)
nanocomposites based on a
highly concentrated graphite
nanoplate/polyol masterbatch

To study the effect of GNP on the mechanical properties of
composites.

To examine the microphase separation inside the matrix.

An increase of 103% in the tensile strength and an
increase of 152% in Young’s modulus were observed

at 0.1 wt% GNP in the PU nanocomposite.

Oyarzabal et al.[135] bisphenol A polycarbonate/
graphene nanocomposites

To prepare polycarbonate/graphene nanocomposites with
commercially available graphene (without any additional
treatment) using a simple single melt mixing procedure.

An increase of 52% in Young’s modulus was observed
at 7 wt% GNP in the polycarbonate matrix.

Kiziltas et al.[136] GNP reinforcement of bio-based
polyamide nanocomposites for

automotive applications

To investigate the effect of nano� llers on the electrical,
rheological, morphological, thermal, and mechanical

properties of the nanocomposites.

A 25% and 56% improvement in the tensile strength
and Young’s modulus, respectively, with 7 wt% GNP in

the polyamide composite.

Hamidinejad
et al.[137]

Polymer-GNP composites
fabricated via supercritical-� uid
treatment and physical foaming

To develop a facile, cost-effective, and industrially viable
method to produce lightweight and conductive polymer-

GNP nanocomposites.

A 404% increase in thermal conductivity was observed
with 18 vol% GNP in HDPE polymer composites.

Yu et al.[138] Thermally conductive composite
� lm � lled with highly dispersed

GNP via the solvent-free one-step
fabrication

To propose an application process for the one-step
fabrication of high-conductivity polymer composite� lms
based on the previously proposed processes of powder

mixing and in situ polymerization.

The thermal conductivity increased by 857% at 20 wt%
GNP in cyclin butylene terephthalate.

Araby et al.[139] Electrically and thermally
conductive elastomer/GNP
nanocomposites by solution

mixing

To � nd effective solution-mixing polymers with cost-
effective graphene of hydrophobic surface for preventing

the stacking of graphene layers.

The tensile strength, Young’s modulus, thermal
conductivity, and tear strength improved by 413%,

782%, 83%, and 709%, respectively, at 24 vol% GNP in
styrene butadiene rubber.

Wijerathne et al.[140] GNP-reinforced recycled
polycarbonate composites

To broaden the understanding of the nano� ller
reinforcement capability for improving the properties of

recycled polycarbonate composites.

A 12 °C enhancement in the thermal stability and an
increase of 72% in the failure strength of 10 wt% GNP

in recycled polycarbonate/GNP composites were
observed.

Qi et al.[141] PS nanocomposites with ultralow
graphene content

To enhance the conductivity of PS with ultra-low graphene
content.

A 6.7� 10� 14 to 3.49 Sm� 1 increase in the electrical
conductivity was observed at 1.1 vol% GNP in PS.

Polschikov et al.[142] PP-GNP nanocomposites To examine the properties of isostatic PP� lled with GNP
produced by in-situ polymerization.

The crystallization and melting temperatures of
5.6 vol% GNP in isostatic PP increased by 16 and 4 °C,

respectively.

Pereira et al.[143] GNP-based multifunctional eco
composites

To develop smart and multifunctional eco composites
based on� ax fabrics coated with optimized GNP polymeric

formulations composed of chitosan and polyethylene
glycol.

A 30 °C improvement in the degradation temperature
of 2% GNP-� lled polyethylene glycol.

Mayoral et al.[144] Biaxially stretched PP-GNP
composites

To explore the effects of the biaxial stretching action and
the presence of� ller materials on the resulting structure

and the properties of stretched PP-GNP composites.

The degree of crystallization resulted from biaxial
stretching, increased from� 40% (unstretched) to

� 63% at 15 wt% GNP, and to� 70% at 20 wt% GNP.

Al-Maqdasi et al.[145] Wood and GNP-reinforced
polymer composites

To produce a commercial masterbatch of GNPs in HDPE
to enhance the physical and mechanical properties of wood

� our-reinforced polymer composites.
To demonstrate the synergistic effect of reinforcing the

polymer with varying amounts of wood and GNPs.

The tensile stiffness, yield stress, impact strength,
thermal conductivity, and diffusivity showed an
increase of 140%, 79%, 35%, 80%, and 210%,
respectively, with increasing GNP content up to

15 wt%.
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Figure 1 provides an outlook of the global plastic waste genera-
tion in 2015.[27]

As evident from Figure 1, PP and LDPE waste account for
17.39% and 16.37%, respectively, and are the two most dominant
materials in the global plastic bin. At present, the most likely
scenario, except for a handful of countries like Norway and
Switzerland, for used or End-of-Life (EoL) plastics is to exit
the lifecycle by being dumped in land� lls, while virgin materials
are used for new products.[29] The scene is more diversi� ed with
less indebted middle-income countries (LIMICs). According to
Wilson et al.[30] about 2 billion people are left to manage their
own municipal solid waste, primarily by scattering it on the
ground, or more commonly by burning it in the open, which
Lau et al.[31] estimated to be between 18 and 49 million tons
of plastic waste annually. Waste pickers, which may number
between 10 and 20 million,[30,31]are the primary source of mate-
rial gathered for recycling in LIMICs.[32] Operations for sorting
and recycling plastics are frequently smaller and, in some
circumstances, poorly regulated, with no safeguards for the envi-
ronment, workers’ rights, or public health. A more far-sighted
and ef� cient view is to introduce the waste materials back into
the cycle by repurposing them, and this method is generally
referred to as recycling.[33] This contributes to the idea of
building a circular economy, where the lifecycle of materials
for consumption is extended for as long as possible by sharing,
reusing, and recycling to create further value out of materials and
thereby minimizing the amount of waste generated.[34]

According to the OECD Global Plastics Outlook Database,[35]

50% of global plastic waste was land� lled in 2019, with misman-
aged, incinerated, and recycled plastic waste accounting for 22%,
19%, and 9%, respectively, as shown inFigure 2. Recycling is
currently the ideal solution for reintroducing consumed materi-
als into the circular economy.[36,37]Table 2presents a summary
of previous studies on polymer recycling and reprocessing.

Recycling techniques can be classi� ed as thermal recycling,[38]

feedstock recycling,[39] and thermomechanical recycling.[40]

Thermally recycled materials are not regenerated and are lost
in a combustion reaction.[37] Feedstock recycling is not feasible
and affordable.[37] However, this is more effective than land� ll-
ing[41] or incinerating[42] while also being more immediately
applicable to a larger scale.[42] Among the recycling methods
considered, thermomechanical recycling is designated as the
technique with the most signi� cant balance between technologi-
cal preparedness and environmental advantage.[43]

For producing polymer composites, melt blending is more
popular in the industry due to its scalability[44] and economic
feasibility despite its drawbacks, such as the slightly lower aspect
ratio[45] and the lower degree of dispersion in certain
conditions.[46] Among the machinery used for melt blending,
twin-screw extruders are commonly used to produce polymer
nanocomposites.[47] Screw extrusion has become a mainstay
for processing thermoplastic polymers and is one of the most
prevalent processing methods among the different polymer
processing techniques.[48,49]

Extrusion processing parameters such as the screw rotational
speed, die and barrel set temperatures, cooling rate, and material
feed rate have a signi� cant in� uence on the stability of the
extrusion process and the quality of the extruded product.[50–52]

Figure 1. The global plastic waste generation in 2015. Reproduced with permission.[27]Copyright 2015, American Association for the Advancement of Science.

Figure 2. OECD Global Plastics Outlook Database. Reproduced with
permission.[35] Copyright 2019, OECD.
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Table 2.A summary of existing studies on plastic waste recycling and reprocessing.

Study Application Objectives of the Study Key Findings

Wölfel et al.[146] Recycling and reprocessing of
thermoplastic PU materials toward

nonwoven processing.

To study the basic raw material
properties, morphological, mechanical,

and thermal properties of
reprocessed PU.

The molecular weight was reduced by
50% at the eighth run, and the

crystallization enthalpy decreased by
about 60%, approaching a minimum.

Jubinville et al.[43] Thermomechanical recycling of PP for the
facile and scalable fabrication of highly

loaded wood plastic composites (WPCs).

To investigate the possibility of utilizing
reprocessed and recycled PP, which

generates altering degrees of degradation,
to fabricate highly� lled WPCs free of other

lubricants and compatibilizers.

After six reprocessing cycles, PP’s
molecular weight and tensile strength

reduced by 20.69% and 9.86%,
respectively.

Aumnate et al.[65] Recycling of PP/polyethylene (PE) blends:
the effect of chain structure on the

crystallization behaviors.

To study the in� uence of various chain
structures of PEs on the crystallization

behavior and tensile properties of
PP/PE blends.

Crystallinity experienced a 20% reduction
for LDPE and a 16% improvement for

HDPE in PP blend up to 100 wt%. Tensile
strength showed a 26% reduction up to

100 wt% LDPE.

Bataineh[147] Life-cycle assessment of recycled
postconsumer HDPE and polyethylene

terephthalate (PET).

To measure the overall environmental
performance of mechanical recycling of

postconsumer HDPE and PET.

Recycled HDPE pellets required 12–13%
energy in the cut-off recycling method,

while 62% energy was consumed by the
system expansion method.

Bumanis et al.[148] Thermal and sound insulation properties
of recycled expanded PS granule and

gypsum composites.

To produce gypsum matrix composites
� lled with expanded PS waste as a
lightweight aggregate prepared by
traditional casting and semi-dry

compression methods and evaluate the
mechanical and thermal properties.

The thermal conductivity reduced from
0.079 to 0.039 Wm� 1 K� 1) and the

apparent density decreased from 298 to
48 kgm� 3 with four times drop in the

gypsum content.

Gandhi et al.[149] Life cycle assessment of recycling HDPE
waste.

To study the environmental burdens and
energy consumption of different polymer
processing steps within the mechanical

recycling process.

Mechanical recycling of HDPE consumed
40% of the amount of energy consumed
by other plastic recycling methods with

less fossil fuel consumption.

Montava-Jorda et al.[150] Mechanical recycling of partially bio-based
and recycled PET blends by reactive

extrusion with poly (styrene-co-glycidyl
methacrylate).

To ascertain the possibility for mechanical
recycling of the next generation PET
materials using rheological, thermal,
mechanical, and thermomechanical

property characterization.

An increase of 303.1% and 368.8% in
toughness at 3 Phr and 5 Phr of poly

(styrene-co-glycidyl methacrylate) in PET,
respectively.

García-Barrera et al.[151] A recycling alternative for expanded PS
residues using natural esters.

To provide a new eco-friendly recycling
method for expanded PS.

Omega-3 dissolved expanded PS waste in
30 mins with a recovery of 94.6%,

compared to glyceryl tributyrate, which
took 130 mins with a recovery of 68.4%.

Alabi et al.[152] Powder production from recycled LDPE
waste and doum palm nuts for lightweight

engineering applications.

To reduce plastic and agro-waste by
recycling.

To study the potential of doum palm nut
and recycled waste LDPE as raw materials

for lightweight structural engineering
applications.

Recycled LDPE powder showed
approximately an increase of 30 °C in

thermal stability and an increase of 15 °C
in the endothermic peak compared to

doum palm nut powder.

Eriksen et al.[153] Contamination in plastic recycling:
In� uence of metals on the quality of

reprocessed plastics.

To obtain samples of PET, PE, PP, and PS
plastic waste and reprocessed plastic

waste (pellets or� akes) from households
and investigate metal contamination

levels and their potential effect on the
applicability of reprocessed waste plastic

in material recycling.

The concentrations of Al, Pb, Ti, and Zn
metals in household waste were

considerably larger than those of other
types of waste and virgin plastics.

Tiancheng Wei et al.[154] Progress of recycled polyester in
rheological performance in moulding, and
economic analysis of recycled� bers in

fashion and textile industry

To evaluate the properties of polyester for
durable and feasible end products.

Maximum shear viscosity was obtained at
15% additive loading.

Jin et al.[155] Effect of extensive recycling on� ow
properties of LDPE

To modify the technological parameters
during LDPE processing.

At 100 processing cycles, the melt� ow
index of LDPE was reduced from 23.1 to
0.2 g min� 1, with the insoluble fraction

about 35 %.
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Gálvez et al.[53] studied the thermomechanical properties of PLA
processed at 60 and 150 rpm rotational speeds at a 160 °C tem-
perature and claimed that the polymer processed at 60 rpm
exhibited better tensile and thermal properties. Feng et al.[54]

observed a reduction in the viscosity when increasing the
temperature from 150 to 170 °C at 35 rpm and concluded that
the screw speed and melt temperature are directly related to
the viscosity. While the polymer travels across an increasing tem-
perature gradient, it continues to be sheared and mixed by the
screw. Eventually, it is forced out of a die, which extrudes the
polymer at a constant cross-section.[54] As a result of the shear
forces in an extruder, polymer chains can experience severe deg-
radation and changes in their chemical structure and molecular
weight.[55] Generally, polymers are degraded by chain scission
and crosslinking inside an extruder.[56] The former decreases
the average molecular weight of the polymer, whereas the latter
increases it.[57] Chain scission or cleavage is identi� ed as
the most common effect in PP, whilst crosslinking prevails in
PE.[58]The differences in thermal degradation mechanisms were
further studied by Scott et al.[59] through the observation of the
mechanical properties of PE and PP. However, thermomechan-
ical recycling needs further improvements for it to be capable of
recovering more types of waste products and producing materials
with smaller deterioration in properties.

The impact of recycling on the thermal, rheological, and
mechanical characteristics of polymers has been the subject of
numerous research works. In a previous study on the mechanical
recycling of LDPE, Jin et al.[60] discovered that while chain cross-
linking predominated overall, chain scission prevailed during the
� rst extrusion cycle. According to Abad et al.[61]at the� fth reproc-
essing cycle, LDPE degraded by branching and crosslinking with
an increase in the yield stress and Young’s modulus and a signi� -
cant decrease in failure stress, failure strain, and fracture energy.
HDPE degrades primarily by chain scission. Aurrekoetxea et al.[62]

found a linear increase in Young’s modulus for the � rst eight

cycles, at which point the modulus peaked. Huang et al.[63] and
Incarnato et al.[64] investigated the effect of the number of recy-
cling cycles on the properties of PP and found a decrease in
the molecular weight and� uidity with an improvement in the
crystallization rate. When comparing PP with HDPE, it was found
that the rate of decrease in the molecular weight of PP was faster
than that of HDPE. Moreover, blending LDPE into PP was found
to reduce the overall crystallization rate.[65] Rust et al.[66] investi-
gated the degradation of virgin and recycled isotactic PP from bat-
tery casings and con� rmed that the reprocessing of PP led to the
degradation of isotactic PP via chain-breaking mechanisms, result-
ing in a reduction in entanglements and tensile properties.

The main contribution of this study is to investigate the effect
of reprocessing cycles on the thermomechanical properties of
LDPE, PS, PP, and PP-GNP materials, and this is an area which
has yet to be reported in the existing literature. Here, studying
the effect of successive extrusion cycles on the properties of poly-
mers can enhance our understanding of the methods and proc-
essing conditions that ought to be adopted during recycling and
which conditions are favorable to prevent the degradation of their
properties. The in� uence of polymer degradation within the con-
text of thermomechanical recycling at three different processing
conditions and seven processing cycles was also studied. Overall,
this study extends the knowledge on reprocessing polymeric
materials, which should be really helpful in reusing/reprocessing
polymers and hence supporting circular economy.

2. Experimental Section

2.1. Materials

In this study, three polymeric materials (i.e., LDPE, PP, and PS)
were used, the details of which are summarized inTable 3. The
physical and mechanical properties of these polymers are

Table 2.Continued.

Study Application Objectives of the Study Key Findings

Singh et al.[156] Waste management by recycling of
polymers with reinforcement of metal

powder.

To perform recycling of waste plastics
with the addition of Fe powder by

controlling the melt� ow index.

To improve mechanical properties, 90%
HDPEþ 10% Fe powder composite and
the 100% LDPE are the most suitable

compositions.

Zhang et al.[157] Blending recycled HDPE with the virgin
polymer as an effective approach to
improve the mechanical properties.

To determine the in� uence of blending
virgin and recycled polymers on both the

tensile and fatigue properties.
To compare the effects of different mixing

approaches.

Regardless of the mixing method, virgin
HDPE has a higher tensile strength than

recycled HDPE.

Ramesh et al.[158] Recycling of engineering plastics from
waste electrical and electronic equipment:

In� uence of virgin polycarbonate and
impact modi� er on the� nal performance

of blends.

To reutilize the ecological and economical
engineering plastics with a melt blending
technique, instead of open burning which

causes environmental pollution.

Recycled plastics blended with 10% virgin
polycarbonate showed a 167.7% increase

in the impact strength and a 11 %
improvement in the storage modulus.

Ragaert et al.[159] Mechanical and chemical recycling of
solid plastic waste.

To present a comprehensive description
of thermal and mechanical recycling of

plastics.

Mechanical recycling is economically
more feasible and thermal recycling is
unfavorable due to contamination, and

both methods showed promising results
compared to land� lling.
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provided in Table3 and4, respectively. To produce the PP-GNP
nanocomposites, GNP with a particle size of 15� m and a surface
area of 120–150 m2 g� 1 were used.

2.2. Experimental Procedure

All raw materials were subjected to conditioning by exposing
them to the standard atmospheric conditions in the laboratory
for 24 h. After preheating the materials at 70 °C for 2 h, the mate-
rials were processed using a Thermo Scienti� c Haake PolyLab
Rheomex parallel twin-screw extruder, which was equipped with
a co-rotating twin-screw with a diameter of 16 mm and a length-
to-diameter (L/D) ratio of 25:1. The extruder barrel was 400 mm
long with 10 heaters installed along its length. Each heater had a
rating of 300 W and 240 V. Three different processing conditions
were used in the extruder during the experiments, as shown in
Table 5, to assess the effect of the processing conditions on the
materials during reprocessing.

Polymer pellets were fed at a constant rate into the extruder
using a Brabender volumetric feeder. The extruded polymer was
run through a water bath and fed into a Haake pelletizer, which
chopped and pelletized the extruded polymer.

The PP-GNP nanocomposites were prepared through melt-
mixing of GNP with molten PP in the twin-screw extruder.
GNP (5 g) was added to 500 g of PP by feeding GNP to the extruder
simultaneously with the polymer using a Brabender gravimetric
feeder. The polymers and GNP were fed to the extruder at feed

rates of 960 and 50.53 g hr� 1, respectively. A Nederman extraction
hood was used to extract airborne particles.

Figure 3 presents a schematic explaining the procedure for
processing the materials. The pellets collected were transferred
to a tray covered with aluminum foil. The tray was placed in a
vacuum oven to remove the residue water and moisture absorbed
from the water bath. Once dried, a sample of 30 g was taken for
testing, and the rest of the material was fed back into the extruder
for reprocessing. This procedure was repeated for seven process-
ing cycles.

The feed rate of the volumetric feeder was set at 6% for the
experimental sets running at 100 rpm (i.e., processing conditions
A and C) and 9% for those running at 150 rpm (i.e., processing
condition B), to ensure a linear relationship between the mass
� ow rate of the output and the screw speed. A temperature gra-
dient was created inside the extruder by setting the temperatures
of the barrel heaters, as indicated in Table 5.

During the experimental trials, the torque required to turn the
screw, as well as the amount of power consumed by the extruder,
were recorded. This was done to get an insight into the in� uence
of different processing conditions, materials, and reprocessing
cycles on the torque generation and power consumption of
the extruder. The amount of power consumed by the extruder
is affected by the torque and the rotational speed of the screw.
(Also, the heat required to increase the temperature inside the
extruder is a major method of power consumption). The torque
required to turn the screw was recorded using a torque
sensor integrated into the extruder system, which continuously
measured the rotational resistance during operation. Their math-
ematical relationship is expressed by Equation (1) and (2), where
P, T, � , andnrpm denote the power consumption, torque, angular
velocity, and screw rotations per minute, respectively.

P ¼ T� (1)

P ¼ T
� nrpm

30
(2)

2.3. Tensile and Thermal Testing

Bone-shaped tensile test specimens with dimensions of
4.9� 1.6� 50 (mm in width x thicknessx gauge length) were pre-
pared using a Haake Minijet II micro-piston injection moulding
machine with a barrel holding about 4 g of polymer. LDPE pellets
were transferred into the heater to melt and then injected into the
mold at 400 bar for 8 s and holding at 250 bar for 4 s. The injection
moulding machine was kept at 200 °C and the mould at 40 °C. PS
was injected at 550 bar for 6 s and then held at 300 bar for 5 s. For
PS, the injection molding machine was at 200 °C, but the mold was

Table 3.Physical properties of the polymers as per the manufacturers’ datasheets.

Polymer Brand name Manufacturer � ðgcm� 3Þ Tgð°CÞ Tmð°CÞ Melt � ow rate (MFR) [g/10 min]

LDPE Lupolen 2420H LyondellBasell 0.924 –120/–90 111 1.9

PP SCG P739ET SCG Chemicals 0.920 –10 175 55.0

PS Styrolution PS 124N Styrolution 1.040 101 – –

Table 4.Mechanical properties of the polymers as per the manufacturers’
datasheets.

Polymer Tensile
modulus [MPa]

Yield
stress [MPa]

Ultimate tensile
strength (UTS) [MPa]

Strain at
break

LDPE 260 11 32-60 0.30

PP 1270 27 – 1.60

PS 3200 50 – 0.02

Table 5.Different processing conditions used in the extruder for
processing the materials.

Processing
condition

Screw speed
[rpm]

Barrel set temperatures [°C]

Temperature
condition

Zones
1–3

Zones
4–6

Zones
7–10

A 100 200 160 180 200

B 150 180 150 160 180

C 100
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kept at 65 °C, to allow easier detachment of the specimen. Five ten-
sile specimens of each polymer sample were produced. All these
set conditions were identi� ed through trials carried out prior to
proper tests and every sample test was replicated for three times.

Tensile tests were performed with a 500 N load cell for 60 s
using an Instron tensile testing machine, following the ISO
527 standard with strain rates applied as shown inTable 6.
While this variation in strain rates may hinder a direct compari-
son between the materials, it was essential to ensure a low signal-
to-noise ratio across all tests.

Differential scanning calorimetry (DSC) was performed using
2 and 20 mg test samples with a TA Instruments Q1000 Thermal

Analyzer in the temperature range from 20 to 220 °C, at
10 °C min� 1, within an inert gas atmosphere around the sample.

3. Results and Discussion

3.1. Process Control Measurements

3.1.1. Process Control Measurements for LDPE

Figure 4 and Table 7display the average torque generation and
power consumption of the extruder during reprocessing of LDPE
under each processing condition. Processing LDPE at 150 rpm
and 180 °C (i.e., processing condition B) resulted in the highest
power consumption across all reprocessing cycles. Under this
processing condition, the torque dropped by 28.7% from the� rst
cycle to the third and by 17.8% from the sixth cycle to the seventh,
while the torque rose by about 10% from the third cycle to the
sixth. According to the Figure 4, large error bars could be visible
at the� rst reprocessing cycle. Large error bars in the torque val-
ues during the� rst reading of extrusion could be due to material
inconsistencies, such as uneven� ow or poor initial mixing of the
composite. Additionally, � uctuations in pressure at the start
of the process can cause variations in the torque measurement.

Table 6.Strain rates applied during tensile tests for each polymeric
material.

Polymer or matrix material Strain rate [mm min� 1]

LDPE 25

PS 2

PP 100

Figure 3. Flowchart of the procedure followed during the experiments.

Figure 4. Variation of the average torque generation and power consumption of the extruder during reprocessing of LDPE under different processing
conditions.
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The decrease in torque could be due to the reduction in the
viscosity of the polymer melt as a result of deterioration.[67] A fall
in viscosity indicates that chain scission occurred during the
reprocessing cycles 1 to 3 and 6 to 7.[68,69]This can be expected
considering the results reported by Jin et al.[60] where chain
scission was found to be the dominating mechanism during
the � rst cycle. Khanam et al.[70] also identi� ed a viscosity drop
in LDPE-GNP nano-composites due to chain scission inside a twin-
screw extruder. A similar� nding on the viscosity drop in LDPE
caused by chain scission inside a single-screw extruder was reported
by Yamaguchi et al.[71] Castéran et al.[72] and Teymouri et al.[73]

provided a detailed explanation of the chain scission of PE inside
a twin-screw extruder, which caused a viscosity drop.

Between the third and sixth reprocessing cycles under process-
ing condition B, crosslinking of the polymer might have
occurred, which increased the viscosity of the polymer and, in
turn, increased the torque and power.[74]Andersson et al.[75]iden-
ti� ed an increase in the torque caused by the crosslinking of PE
inside a twin-screw extruder. However, the increase in torque
and power between the third and sixth reprocessing cycles is
small and could have been caused by the uncertainty in the meas-
urements. In that case, an overall downward trend in torque with

an increasing number of reprocessing cycles would signify a slow
and steady reduction in molecular weight. It can be seen from
Table 7 that processing LDPE at 150 rpm and 180 °C (i.e.,
processing condition B) resulted in higher torque generation
compared to processing at 100 rpm and 180 °C (processing con-
dition C). This is expected as processing at a higher screw speed
shears the polymer melt at a higher rate, which in turn applies
more mechanical resistance to the motion of the screw resulting
in increased torque generation.[76,77]Abeykoon et al.[78] reported
an increase of 80 Nm in torque with an increase in the screw
speed from 10 to 90 rpm. However, the rate of increase of the
torque reduced as the polymer’s viscosity dropped due to shear
thinning. Abeykoon et al.[52] reported a comparable result of
increased torque resulting from an increase in the screw speed
from 10 to 50 rpm during the processing of LDPE.

The power consumption exhibits a similar trend to the torque
with an increasing number of reprocessing cycles under
different processing conditions. The similarity between the
behavior[79] as can be observed from Equation (1). There may
be a difference occurred at the experimental values obtained
than the theoretical values from Equation (1) and (2) due to
the heat generation inside the extruder, energy losses and
other variations of conditions. As evident from Figure 4 and
Table 7, the power consumption is increased by a factor
of more than 1.3 at all reprocessing cycles when the screw
speed increased from 100 to 150 rpm, which can be attributed
to the combined effect from the increased screw rotational
speed as well as the increased torque caused by high shear
rates.[80]

3.1.2. Process Control Measurements for PS

Figure 5 and Table 8present the average torque generation and
power consumption of the extruder against the number of
reprocessing cycles of PS under different processing conditions.
The highest torque values were reported when the material was
processed under processing conditions B and C, while the high-
est power consumption values were reported under processing
condition B across all reprocessing cycles. Similar to the case
of LDPE, the signi� cantly large power consumption under

Table 7.Average torque generation and power consumption values of the
extruder during reprocessing of LDPE under different processing
conditions.

Reprocessing
cycle

Average torque
generation [Nm]

Average power
consumption [W]

100 rpm
200 °C

150 rpm
180 °C

100 rpm
180 °C

100 rpm
200 °C

150 rpm
180 °C

100 rpm
180 °C

1 81 115 80 153 324 153

2 81 90 85 156 260 164

3 74 82 72 144 242 142

4 77 84 82 147 248 158

5 72 87 84 144 252 160

6 78 90 77 152 260 147

7 70 74 84 137 220 160

Figure 5. Variation of the average torque generation and power consumption of the extruder during reprocessing of PS under different processing
conditions.
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processing condition B can be attributed to the high torque gen-
eration and high screw speed. Compared to LDPE, PS exhibited a
more signi� cant decrease in torque and power values as the tem-
perature condition in the extruder increased from 180 to 200 °C.
This can be attributed to a substantial drop in the viscosity of PS
that may be related to the thermal degradation of PS inside the
extruder caused by the greater dependence of viscosity of PS on
temperature, compared to LDPE as con� rmed by rheological
tests reported in the literature.[77] Liu et al.[79] also reported a
38.8% reduction in the apparent viscosity with the shear rate
for PS-GNP nanocomposites. Arisawa et al.[81]observed a similar
decrease in torque values for PS inside the extruder and discov-
ered that thermal forces could only cause PS deterioration under
extreme stress conditions at temperatures of 50 °C. Hence, it is
clear that the process control measurements obtained for PS are
consistent with previous works.

3.1.3. Process Control Measurements for PP and PP-GNP

The average torque generation and power consumption of the
extruder against the number of reprocessing cycles of PP and
PP-GNP at 100 rpm and 200 °C (i.e., processing condition
A) are shown inFigure 6 and Table 9. During the � rst cycle,

PP-GNP showed higher torque and power values than PP. The
incorporation and intercalation of GNP into the polymer are
responsible for an increase in the viscosity of the melt at initial
reprocessing cycles.[82]According to Triantou et al.[83]reprocessing
for several cycles inside an extruder increases the void formation
of virgin PP and the crystal phase, while GNP protects the PP
matrix from ageing. Processing PP and PP-GNP required similar
levels of torque and power from the third cycle to the seventh.
The overall decrease in torque with an increasing number
of reprocessing cycles suggests that the melt viscosity was
decreasing. The decrease in viscosity can be attributed to the
reduction in the average molecular weight of the polymer, which
indicates that the predominant degradation mechanism was chain
scission.[62,84] Botta et al.[85] observed a similar trend of torque
values caused by thermal oxidation and degradation inside the
extruder.

3.2. Tensile Test Results

3.2.1. Tensile Properties of Virgin Polymers

Figure 7 illustrates the stress–strain curves of virgin LDPE, PS,
and PP polymers. The tensile properties of these materials are

Table 8.Average torque generation and power consumption values of the
extruder during reprocessing of PS under different processing conditions.

Reprocessing
cycle

Average torque
generation [Nm]

Average power
consumption [W]

100 rpm
200 °C

150 rpm
180 °C

100 rpm
180 °C

100 rpm
200 °C

150 rpm
180 °C

100 rpm
180 °C

1 77 96 104 150 303 185

2 68 93 87 132 250 178

3 68 87 89 130 254 170

4 67 83 87 127 222 158

5 65 84 85 125 252 161

6 72 92 90 138 261 177

7 83 90 84 100 247 175

Figure 6. Variation of the average torque generation and power consumption of the extruder during reprocessing of PP and PP-GNP at 100 rpm and
200 °C.

Table 9.Average torque generation and power consumption values of the
extruder during reprocessing of PP and PP-GNP at 100 rpm and 200 °C.

Reprocessing cycle Average torque
generation [Nm]

Average power
consumption [W]

PP
(100 rpm
200 °C)

PP-GNP
(100 rpm
200 °C)

PP
(100 rpm
200 °C)

PP-GNP
(100 rpm
200 °C)

1 83 91 163 175

2 76 77 143 145

3 77 76 143 142

4 72 72 140 140

5 70 72 136 138

6 66 71 127 134

7 64 68 125 131
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shown in Table 10. The tensile tests were performed with differ-
ent strain rates for different materials, as indicated in Table 10.
Especially in the case of PS, if the same strain rate as LDPE was
used, the samples would have almost failed at a faster rate than
the recording frequency itself, resulting in the recording of only a
few points.

Figure 7 shows that the yield point of LDPE corresponded to
the onset of necking on the physical specimen. The section of the
LDPE sample undergoing necking had a smaller cross-section
and was therefore subjected to a greater force per unit area, mak-
ing it more susceptible to deformation, hence the reduction in
the gradient of the curve past the yield point. PS did not show
the same ductility as LDPE and, in fact, failed in a brittle manner.

The brittle fracture was physically demonstrated by a� at fracture
surface on the tensile test specimen, which can be observed by the
low strain at break and the absence of a plateau. Polystyrene (PS)
typically does not show onset necking during tensile testing due to
its brittle nature and lack of signi� cant plastic deformation. Unlike
ductile materials that undergo noticeable necking after yielding,
PS tends to fail abruptly, showing little or no plastic� ow. This
brittle behavior is a result of the polymer’s molecular structure,
where the chains do not easily stretch or slide past each other
under stress, leading to immediate fracture rather than necking.
Additionally, PS has a low capacity for strain hardening, further
contributing to the absence of a necking phase. PP exhibited a ulti-
mate tensile strength (UTS) of 40 MPa and an elongation at break,
reaching � ve times the length of the original specimen length,
according to Figure 7. As shown in Table 10, the tensile test
results were very close to the standard values obtained from the
manufacturers’ datasheets, which are displayed in Table 4.

3.2.2. Tensile Properties of Reprocessed LDPE and PS

Figure 8andTable 11illustrate the effect of the screw speed and
the temperature condition on the tensile modulus of LDPE and
PS over seven reprocessing cycles. It can be observed that the
tensile moduli of both LDPE and PS do not exhibit a consistent
variation with an increasing number of reprocessing cycles.
Freymond et al.[86] reported a random variation in the tensile
strength of LDPE up to 11 cycles and concluded that the change
in the degree of crystallinity and the size of crystals of LDPE dur-
ing reprocessing induced� uctuations in the tensile strength.
A similar behavior was reported in this study as well due to
the variations in the degree of crystallinity and crystal sizes with
an increasing number of reprocessing cycles. Hence, the tensile
test results did not exhibit an apparent variation with the number
of reprocessing cycles. Moreover, the tensile properties of the
specimens might also have been affected by defects formed
during the injection moulding process. It is expected somewhat
that uniaxial tensile test results will be rather inconclusive, as
reported in some of the past studies.[87,88] It was reported that
impact testing was a technique that re� ected the degradation
of polymers more vividly. As can be seen from Table 11, PS
shows a reduction in the tensile modulus under processing con-
dition 100 rpm 180 °C, compared to the processing condition

Figure 7. Stress–strain curves of virgin polymers.

Table 10.Tensile properties of virgin polymers.

Polymer UTS [MPa] Tensile modulus [MPa]

LDPE 21.3� 0.5 211.00� 1.3

PS 43.0� 0.6 3012.72� 2.8

PP 40.0� 0.9 1270.00� 4.3

Figure 8. Variation of tensile modulus of LDPE and PS with reprocessing cycles at different processing conditions.
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100 rpm 200 °C, after the� rst and � fth reprocessing cycles.
However, an increase in the tensile modulus can be observed
after the third and� fth reprocessing cycles at 100 rpm condition
for both 180 and 200 °C temperatures. After the seventh cycle, for
the both conditions, a drop in tensile modulus was experienced.
This could have been caused by the drop in viscosity during
reprocessing, where the material was processed at a higher
heating condition due to high number of processing cycles
and continuous exposure for shear forces. These results also sup-
port the previous studies by Saron et al.[89] and Shokoohi et al.[90]

A reduction in the tensile modulus of LDPE can be observed
with an increase in the screw speed from 100 to 150 rpm during

all reprocessing cycles except for the� fth cycle (see Figure 8).
Ding et al.[91] reported a similar behavior in the tensile modulus
of LDPE with increasing screw speed caused by macromolecular
chain fracture at high processing speeds. Similar results were
observed by Shokoohi et al.[90]as well. However, the tensile mod-
ulus of PS did not exhibit an apparent variation with increasing
screw speed at different reprocessing cycles.

3.2.3. Tensile Properties of Reprocessed PP and PP-GNP

Tensile test results for PP illustrated inFigure 9 and Table 12
indicate a signi� cant drop in mechanical performance after

Table 11.Effect of the reprocessing cycle number on the tensile modulus of LDPE and PS.

Reprocessing cycle Average tensile modulus [MPa]

LDPE PS

100 rpm 200 °C 150 rpm 180 °C 100 rpm 180 °C 100 rpm 200 °C 150 rpm 180 °C 100 rpm 180 °C

1 224� 09 207� 10 212� 09 2425� 177 2223� 206 2507� 202

3 230� 14 198� 14 226� 12 2550� 73 2550� 44 2105� 48

5 212� 16 211� 15 206� 10 2608� 1613 2402� 1605 2791� 555

7 202� 11 198� 16 214� 07 2423� 1286 2494� 981 1480� 1115

Figure 9. Variation of tensile properties of PP and PP-GNP with reprocessing cycles at 100 rpm and 200 °C.
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the � rst reprocessing cycle. The immediate drop in the tensile
modulus con� rms the prevalence of chain scission during the
� rst extrusion cycle.[83,92]During the processing of the PP homo-
polymer, radicals are formed by thermomechanical cleavage,
consuming traces of oxygen present in the barrel and forming
intermediate radical groups containing oxygen.[85] Yang et al.[93]

presented a similar type of behavior in glass� ber-reinforced
PP composites with a temperature increase from 200 to 240 °C.
These radicals are not able to propagate further once the oxygen
is consumed and, therefore, terminate by disproportionation,
producing CH2= C–(CH3)– end groups.[84,94] Also, the thermal
oxidation of PP is dominated by intramolecular hydrogen trans-
fer due to the presence of an extra methyl group in the polymer
chain. PP undergoes oxidation more readily than PE because the
tertiary hydrogen opposite to the methyl group is more prone to
oxidation, allowing oxygen to induce chain scission at that site.
Oxidation also occurs through free radical chain reaction and is
promoted by mechanical stress, heat, and the presence of oxygen
and metal catalyst residues[95–97] Consequently, PP degrades
preferentially by chain scission. This leads to a drop in the
viscosity and the tensile properties with the reduction of molec-
ular weight by degradation. The values of strain at break obtained
by this study are presented inTable 13. It also resulted in a
reduction of yield stress with reprocessing cycles, and the same
reasoning for the drop in tensile strength observed was
attributed to degradation caused by chain scission and thermal
oxidation.

PP-GNP composites exhibited a slight rise in the tensile mod-
ulus and the UTS from the� rst cycle to the third and then a
reduction from the third cycle to the� fth. The reduction in
the tensile modulus was for similar reasons as for PP. The inter-
facial interactions between GNP and PP worsened due to PP
chain deformation with thermal degradation and oxidation pro-
cesses. GNP acted as a foreign material to the polymer matrix
and anticipated initial crack propagation. This has resulted in

PP-GNP having a lower stiffness than PP. Ahmad et al.[98]

reported a similar behavior in GNP reinforced PP with a GNP
loading of 5 wt%, and the tensile modulus of the composite
was reduced by 5 MPa from 0 to 5 wt% GNP. However, the rise
in the tensile modulus of PP-GNP by 13 MPa after the� rst cycle
was due to the uniform dispersion of GNP and crosslink forma-
tion in the PP matrix, as shown inFigure 10. A similar � nding
has been reported by Al-Saleh et al.[92] experiencing a growth in
the tensile strength from 16.5 to 20.18 MPa with an increase
from 0 to 5 wt% of GNP loading, while El Achaby et al.[99]

reported a 27.59 MPa increase in the tensile strength with
GNP loading varying from 0 to 3 wt% in PP-GNP nanocompo-
sites, and both studies concluded the same reason for this behav-
ior. As evident from Table 12, the UTS values of PP-GNP after
the third and � fth reprocessing cycles were found to be greater
than those of PP. This is obvious as the crosslink formation and
reinforcement of PP-GNP are higher than those of PP due to the
continuous mixing of GNP inside the PP matrix with an increas-
ing number of reprocessing cycles.

3.3. Differential Scanning Calorimetry Results

Figure 11illustrates the DSC curves for PS samples from differ-
ent reprocessing cycles under different processing conditions,
and there is no identi� cation of a clear melting peak. A peak
between 90 and 100 °C could be identi� ed, which is related to
polymer bead collapsing. The� ndings of Maafa et al.[100] also
support the results observed here. The virgin PS curve corre-
sponds to DSC for PS and it degrades thermally at higher tem-
peratures due to exposure to greater heat, hence the molecular
weight is reduced considerably. Akintola et al.[101] reported
similar results in their study on functional polymer-based com-
posites. There was only a“kink” in the curve below 100 °C, show-
ing what could be the glass transition temperature (Tg). A
consistent trend in the shift of the DSC curves was also not iden-
ti� ed. The DSC curves of all reprocessed PS samples exhibit
higher heat � ow values compared to virgin PS due to thermal
degradation occurring during reprocessing. This degradation
leads to chain scission, reducing the molecular weight and alter-
ing the polymer’s thermal behavior. Consequently, less energy is
required to induce phase transitions, resulting in higher heat
� ow values.[102]

Figure 12 illustrates the DSC curves of LDPE reprocessed at
different processing conditions. The curve for virgin LDPE dis-
plays all its characteristic thermal properties. The section of the
curve where the line dips into the trough indicates the onset tem-
perature, and as expected, this is found to be around 100 °C.
Rosa et al.[103] and Poh et al.[104] reported results similar to the
value obtained. The curve has a negative gradient ahead of the
melting point trough because of the semicrystalline nature of this
polymer.[105] The broader size distribution of crystallites causes
them to start melting at a wider range of temperatures.[106] The
successive reprocessing cycles shifted the curve upwards for
LDPE, reducing the area enclosed by the DSC curve. This corre-
sponded to a decrease in the enthalpy of fusion of the polymer
and, therefore, a reduction in the crystallinity.[107] It can be
deduced that reprocessing caused partial destruction of crystal-
line domains with an increase in the number of reprocessing

Table 12.Effect of reprocessing cycles on the tensile properties of PP and
PP-GNP at 100 rpm and 200 °C.

Reprocessing cycle Tensile modulus [MPa] UTS [MPa] Strain at break

PP PP-GNP PP PP-GNP PP PP-GNP

1 324 231 34.2 30.1 0.582 0.455

3 242 244 31.3 32.5 0.453 0.444

5 247 230 30.1 31.1 0.474 0.439

Table 13.Mechanical properties of PP after 0, 1, 3, and 5 extrusion cycles
at 260 °C, reported in the study by Tocháÿcek et al. (2008).

Property Extrusion cycle

Before
extrusion

1st extrusion
cycle

3rd extrusion
cycle

5th extrusion
cycle

Stress at
yield [MPa]

29.9� 0.1 29.5� 0.1 29.4� 0.1 29.2� 0.1

Elongation
at break [%]

67.3� 23 54.8� 16 59.1� 4.2 56.3� 18
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cycles.[108]Due to the changes in crystallinity, an apparent varia-
tion of the melting point of LDPE under the three processing
conditions could not be observed (seeFigure 13 and
Table 14). However, the melting point of LDPE samples
after the � rst cycle showed similar� ndings as reported by
Ding et al.[91] who observed a diminishing trend in the fusion
enthalpy (about 3 Jg� 1) with an increase in the screw speed from
50 to 150 rpm. The same phenomenon was not observed in PS,
where the evolution of the DSC curves does not show a clear
shift, as shown in Figure 11. Reasonably, PS could not have
been subjected to a reduction in crystalline domains due to its
amorphous nature.

Figure 14illustrates the DSC curves of the reprocessed PP and
PP-GNP materials.Figure 15and Table 15present the variation

of the melting points of PP and PP-GNP with increasing reproc-
essing cycles. The melting point of both materials increased with
an increasing number of reprocessing cycles up to the� fth cycle.
It can be observed that PP has a higher melting point than
PP-GNP after the initial reprocessing cycles. Al-Saleh et al.[92]

reported a similar behavior of the melting point due to a weak
nucleation effect of GNP on PP. However, GNPs function as
a nucleating agent, causing the alpha (� ) crystalline phase of
PP to develop epitaxially. The particle surface that is open to het-
erogeneous nucleation has an impact on the nucleating
effect.[109] It is noticed that the tiniest micrometric particles
exhibit radial spherulitic growths. Because they are easily orien-
tated by� ow, the coarsest GNPs promote the trans crystallinity of
PP, causing the (010) plane of PP to align with the (001) plane of
graphene nanoplatelets.[110] Ajorloo et al.[111] reported an oppo-
site behavior, where the melting point of PP-GNP was found
to be 14 °C higher than the melting point of PP, owing to the
� -crystal formation at 3 (vol%) GNP loading. The� ndings by

Figure 11.DSC curves of virgin and reprocessed PS at different process-
ing conditions.

Figure 10.A schematic showing the possible crosslink formation between GNP and PP.

Figure 12.DSC curves of virgin and reprocessed LDPE at different proc-
essing conditions.
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Abdou et al.[112]and Kalaitzidou et al.[113]based on DSC results of
PP and PP-GNP composites also support these results.
Ajorloo et al.[111] further observed a higher melting point of
the composite with a reduction in the particle size of GNP
and a lower melting point at higher GNP loading for branched
PP. As shown in Figure 15, the melting points of both polymer

and polymer composite have increased from the� rst cycle to the
� fth and diminished from the � fth cycle to the seventh. The DSC
results are in con� ict with the tensile test results, which exhibited
an apparent molecular weight reduction effect in PP-GNP. Here,
an increase in melting temperature would correlate to a more
likely occurrence of chain crosslinking, as shown in Figure 10.[92]

Thermal degradation with the heat generated inside the extruder
reduces the melting point after the� fth reprocessing cycle.[114]

3.4. Key Findings of the Study

According to the results reported in Section 3.1–3.3, the key� nd-
ings of this study can be summarized as presented inTable 16.

4. Tackling Polymeric Waste and Sustainable
Development Goals

The United Nations Sustainability Goals, also known as the
Sustainable Development Goals (SDGs), encompass a compre-
hensive set of 17 global objectives designed to tackle pressing
social, economic, and environmental challenges by the year
2030.[115]Among these goals, environmental sustainability holds
paramount importance, and one notable avenue for achieving
this is through the recycling and reuse of polymers, as plastic-
based waste has been a global disaster and can be found all over

Figure 13.Variation of the melting temperature of LDPE with reprocess-
ing cycles at different processing conditions.

Table 14.Effect of reprocessing cycles on the melting temperature of
LDPE.

Reprocessing cycle Melting temperature [°C]

100 rpm 200 °C 150 rpm 180 °C 100 rpm 180 °C

1 114.8 113.9 114.7

3 114.1 115.0 114.8

5 115.2 115.4 114.3

7 115.3 114.5 113.8

Figure 14.DSC curves of reprocessed PP and PP-GNP.

Figure 15.Variation of the melting temperature of PP and PP-GNP with
reprocessing cycles.

Table 15.Effect of reprocessing cycles on the melting temperature of PP
and PP-GNP.

Reprocessing cycle Melting temperature [°C]

PP (100 rpm 200 °C) PP-GNP (100 rpm 200 °C)

1 169.57 168.74

3 170.06 169.82

5 171.05 171.7

7 169.55 169.62
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the world in waters, lands, and air.Figure 16a shows an image of
part of the great Paci� c garbage patch, which is part of the� ve
offshore plastic accumulation zones (see Figure 16b) in the
oceans, and this is located between Hawaii and California. It
has been estimated that this covers a surface area of 1.6 million
square kilometers, and, for example, this is an area equivalent to
twice the size of Texas and three times the size of France.
Moreover, it has been estimated that between 1.15 and 2.41
million tons of plastics are entering the ocean annually, mainly
via rivers[116]

Under these tragic circumstances, recycling plastic waste has
become a global priority. The process of recycling and reusing

polymers has emerged as a vital contributor to environmental
sustainability. It has yielded signi� cant results in various areas:
� rstly, recycling and reusing polymers make a substantial impact
in reducing resource consumption. Reprocessing LDPE, PP, and
PS polymers has a profound impact on the United Nations
Sustainability Goals as they are among the most commonly used
polymers in the world at present. Recycling initiatives instead of
land� lling and incineration of plastic waste can reduce demand
for virgin materials such as petroleum-based feedstocks, which
directly contributes to Goal 12: Responsible Consumption and
Production. By reprocessing these polymers, responsible con-
sumption patterns can be promoted by extending their lifecycle

Table 16.Key� ndings based on the results of the study.

Parameter/Property Material Processing condition Key� ndings

Torque and
power

LDPE Screw speed
(from 100–150 rpm)

Increase in torque and power with increasing screw speed at all reprocessing cycles.

Set temperature
(from 180–200 °C)

No signi� cant effect on torque and power.

PS Screw speed
(from 100–150 rpm)

Increase in power with increasing screw speed at all reprocessing cycles.

Set temperature
(from 180–200 °C)

Decrease in torque and power with increasing set temperatures at all reprocessing cycles.

PP and
PP-GNP

100 rpm screw speed at
200 °C set temperature

Torque and power decreased with an increasing number of reprocessing cycles.
A higher torque and power consumption were observed with PP-GNP compared to PP during the� rst

reprocessing cycle.

Tensile
properties

LDPE Screw speed
(from 100–150 rpm)

Tensile modulus decreased with increasing screw speed except at the� fth reprocessing cycle.

Set temperature
(from 180–200 °C)

Tensile modulus increased with increasing set temperatures except at the seventh reprocessing cycle.
A general reduction in tensile modulus was observed with an increasing number of reprocessing cycles at
the 200 °C temperature condition. However, no signi� cant effect on the tensile modulus was observed

with an increasing number of reprocessing cycles at other processing conditions.

PS Screw speed
(from 100–150 rpm)

Tensile modulus decreased with increasing screw speed at the� rst and � fth reprocessing cycles and
increased at the third and seventh reprocessing cycles.

No consistent variation in the tensile modulus was observed with an increasing number
of reprocessing cycles.

Set temperature
(from 180–200 °C)

Tensile modulus decreased with increasing set temperatures at the� rst and� fth reprocessing cycles and
increased at the third and seventh reprocessing cycles.

No consistent variation in the tensile modulus was observed with an increasing number
of reprocessing cycles.

PP 100 rpm screw speed at
200 °C set temperature

A signi� cant reduction in tensile properties was observed after the� rst reprocessing cycle.

PP-GNP Tensile strength and modulus increased at the third reprocessing cycle and then reduced
at the � fth reprocessing cycle.

Strain at break is reduced with an increasing number of reprocessing cycles.
Tensile properties of PP-GNP showed a signi� cant reduction compared to PP after the� rst

reprocessing cycle.

Thermal
properties

LDPE Screw speed
(from 100–150 rpm)

Set temperature
(from 180–200 °C)

No clear variation in the melting point was observed with increasing screw speed, increasing set
temperatures, or increasing number of reprocessing cycles.

PS Screw speed
(from 100–150 rpm)

Set temperature
(from 180–200 °C)

A peak at 90–100 °C could be identi� ed in the DSC curve caused by the polymer bead collapsing.

PP and PP-GNP 100 rpm screw speed at
200 °C set temperature

The melting point increased with an increasing number of reprocessing cycles up to the� fth
cycle and decreased after the seventh cycle.
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and reducing the demand for new plastic production. This helps
in achieving sustainable resource management and reducing the
environmental footprint associated with plastic consumption.[97]

Moreover, recycling and reusing of polymers play a crucial role
in waste reduction and pollution prevention. PP, LDPE, and PS,
when discarded, can persist in the environment for extended
periods, polluting ecosystems. By engaging in polymer recycling,
indeed, it is possible to prevent plastic waste from accumulating
in land� lls or � nding its way into our oceans, thus supporting
Goal 14: Life Below Water and Goal 15: Life on Land. By diverting
these polymers from land� lls and incineration, the pollution
risks they pose to marine and terrestrial ecosystems are miti-
gated. Reprocessing minimizes plastic waste accumulation
and ensures that these materials are given a second life, signi� -
cantly reducing environmental pollution and safeguarding
delicate ecosystems.[115] This process further caters to achieving
Goal 11: Sustainable Cities and Communities. Proper manage-
ment of polymer waste can contribute to creating clean and
sustainable cities through recycling and reusing polymers and
reducing the volume of waste sent to land� lls. In addition, recy-
cling and reusing polymers contribute to energy conservation
and the reduction of greenhouse gas emissions. The energy
required to recycle plastics is considerably lower than that needed
to manufacture virgin materials.[117]This energy ef� ciency aligns
with Goal 7: Affordable and Clean Energy. Furthermore, recy-
cling contributes to the reduction of greenhouse gas emissions,
supporting Goal 13: Climate Action. Reprocessing polymers
helps mitigate the carbon footprint and combat climate change
by reducing the environmental impact of plastic production.
Furthermore, the concept of recycling and reusing polymers
promotes the adoption of a circular economy. Hence, the reproc-
essing of polymers promotes a circular economy, aligning with
Goal 9: Industry, Innovation, and Infrastructure. By collecting,
sorting, and reprocessing these materials, it is possible to
establish a closed-loop system that allows for repeated reuse.
This reduces the dependence on new plastic production, encour-
ages sustainable industrial practices, and fosters innovation in
recycling technologies.

Apart from the environmental pillar, recycling, and reusing
polymers also contribute to the socio-economic bottom lines
as well. Encouraging the development of innovative recycling
technologies and infrastructure can enhance the ef� ciency and
effectiveness of polymer recycling, which drives technological
advancements and promotes sustainable industrial practices

by aligning with Goal 9: Industry, Innovation, and
Infrastructure. This practice can further be extended to attain
Goal 8: Decent Work and Economic Growth. Expanding the
polymer recycling and reuse industry creates job opportunities
and fosters economic growth. Finally, the process of recycling
and reusing polymers would directly cater toward achieving
SDG 1: No Poverty and indirectly toward SDG 2: Zero
Hunger, as well.[115]

Through concerted efforts in recycling and reusing polymers,
signi� cant strides have been made toward achieving various UN
Sustainability Goals. These efforts exemplify responsible con-
sumption, environmental protection, sustainable production,
decent work and economic growth, and no poverty, and all of
these should help to propel us closer to a more sustainable
and inclusive future.[118,119] In summary, reprocessing poly-
mers/plastics/ or related composites signi� cantly contributes
to multiple United Nations Sustainability Goals. Likewise, it pro-
motes responsible consumption, reduces waste and pollution,
combats climate change, and drives the transition toward a cir-
cular economy. Eventually, this will shed light on achieving a
more sustainable and inclusive future for our planet.

5. Conclusions

This study was conducted to examine the effect of processing
conditions and the number of reprocessing cycles on the
mechanical and thermal properties of LDPE, PS, PP, and
(1 % w/w) GNP-reinforced PP nanocomposite materials. The
process of thermomechanical recycling was simulated on a
smaller scale by reprocessing the materials up to seven extrusion
cycles under three different processing conditions on a
twin-screw extruder. The experiments did not account for the
level of impurities usually present in polymer waste streams.

An increase in the torque and power consumption was
observed for LDPE and PS with increasing screw speed due
to the high shear forces at high screw speeds. However, the
torque and power consumption decreased with increasing set
temperatures for PS due to chain scission and thermal degrada-
tion. GNP disturbed the void formation of PP and protected PP
from chain scission through the reinforcement between polar
groups. Therefore, PP-GNP consumed more power compared
to PP during the� rst reprocessing cycle. The tensile properties
of LDPE and PS were found to have been affected by the proc-
essing conditions (i.e., screw speed and set temperatures).

Figure 16.a) An image showing part of the great Paci� c garbage patch, b) an illustrative map showing the� ve major offshore plastic accumulation zones
worldwide. Reproduced with permission.[116] Copyright 2019, Forbes.
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However, no consistent variation in the tensile properties was
observed with an increasing number of reprocessing cycles
for both LDPE and PS. The tensile properties of PP were found
to have reduced signi� cantly after the� rst reprocessing cycle,
while the tensile properties of PP-GNP exhibited a signi� cant
reduction compared to PP after the� rst reprocessing cycle. In
terms of thermal properties, the melting point of LDPE did
not report a clear variation with the processing conditions and
the number of reprocessing cycles. A peak at 90–100 °C was iden-
ti� ed in the DSC curve of PS, which was attributed to polymer
bead collapsing. The melting points of PP and PP-GNP increased
with an increasing number of reprocessing cycles up to� ve
cycles and then decreased after the seventh cycle.

In future work, direct measurements of average molecular
weight, as well as� exural and impact testing on both virgin
and GNP-� lled composites, could be conducted to gain more
detailed insights into the material properties and performance.
Scanning electron microscopic images of cross-sections of
fractured tensile specimens would be bene� cial to examine
the fracture surfaces to understand the fracture behavior.
Comparative studies on waste polymers with various types of� ll-
ers should be implemented further to achieve better properties of
reprocessed polymers. In the processing conditions, by altering
screw rotational speed and temperature during reprocessing
cycles, the number of cycles for optimum properties could be
detected. Also, by changing the� ller loading in polymer nano-
composites, property variations could be investigated further.
Moreover, polymer blending would be bene� cial to improve
the properties of the matrix and by varying the percentage of each
polymer inside the blends and composites, properties could be
tested in different reprocessing conditions.
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