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Post-consumer recycled polypropylene (PCR PP) is promising for sustainable applications, yet its limitations
in electrical conductivity and mechanical properties require modifications. This study develops a vitrimer
nanocomposite by modifying PCR PP via styrene-assisted maleic anhydride grafting and incorporating
a molecule containing multiple epoxide groups facilitating effective crosslinking. Graphene oxide (GO) is
added as a nanofiller, improving rheological, thermal, electrical and infrared thermal properties.
Characterization techniques confirm structural enhancements, while tensile testing shows significant
gains in strength and modulus. The vitrimer nanocomposite demonstrates recyclability and high
performance, offering a sustainable path for advanced engineering applications within a circular

rsc.li/nanoscale-advances economy framework.

1. Introduction

According to conservative predictions, the world's yearly plastic
manufacturing will surpass 500 million tons by 2050." However,
plastics do not currently have a recyclable lifespan. Only around
9% of plastic trash is recycled; the remainder is burned, dumped,
or landfilled, which has a major and lasting negative influence on
the environment.>* Globally, nations have implemented policies
aimed at curbing the issue of plastic pollution.® To reduce plastic
waste pollution in the environment, two strategies have been
explored: replacing commercial non-biodegradable plastic prod-
ucts with biodegradable plastic products and dumping, collect-
ing, recycling, and reusing plastic trash.*® Short-term plastic
pollution reduction is possible with the latter strategy, which is
also a more effective and industrially viable approach. However,
rather than directly recycling plastic waste into products of
similar value, the current approach to recycling waste plastic
primarily involves re-extrusion with virgin polymers, additives or
fillers. This is necessary, otherwise the polymer degrades ther-
mally and mechanically during the re-extrusion process, and it
also degrades due to photo-oxidation during the service time.'**®
However, this is associated with a huge carbon footprint which
sets a significant challenge to tackle in the coming decades. In
order to reach net-zero carbon emissions, a closed-loop circular
economy in the plastics industry is essential. However, gathering,
classifying, and processing post-consumer recycled (PCR) plastics
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presents a significant obstacle to this circularity until a workable
way is developed.* In 2019, the global production of waste poly-
propylene (PP) exceeded 61 million tons, making up nearly 20%
of all plastic trash.”” Consequently, it is essential for the
sustainable development of polypropylene (PP) to either create
new PP materials with enhanced properties or responsibly upcy-
cle existing materials with reduced negative effects on the
economy and environment.

Incorporating dynamic crosslinkers into waste plastics
presents a viable solution to this problem. This entails con-
verting waste plastics into covalent adaptive networks (CANSs),
where the crosslinks can interchange dynamically in response
to external triggers.'® The strong mechanical characteristics of
conventional thermosets and the malleability or reprocess-
ability of thermoplastics are combined in an ideal CAN.**"** Bulk
reprocessing using injection molding, compression molding,
melt blowing, or twin-screw extrusion has been shown to be
effective in CANs that are based on dynamic linkages such as
acetals,”®*” vinylogous ureas/urethanes,”®** Diels-Alder struc-
tures,® hydrazines,** dioxaborolanes,?* boroxines,*3*
olefins,*?* silyl ether,” disulfides,*®* siloxanes,” diketoen-
amines,*" and so forth. Even with these advancements, most
CANs still rely on dynamic linkages that are typically absent
from well-established commercial thermosets, necessitating the
creation, synthesis, and development of novel materials. The
integration of various polar structures through the use of CANs
is anticipated to potentially expand the variety and value of PP's
uses in addition to addressing the material's notable loss of
mechanical qualities after repeated recycling.*” Yet, because of
the strict synthetic requirements and the non-reactive PP
backbones, the production of CANs using PP requires adher-
ence to more specific concepts than when using many other
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Fig. 1 Schematic diagram for the preparation of the PCR PP vitrimer nanocomposite and reprocessing via dynamic exchange.

polymers. To meet industrial demands, dynamic chemistry
should be incorporated into polypropylene (PP) in a way that is
scalable, features a universal structure, avoids costly additives,
and remains resistant during post-processing.** The potential to
directly convert standard polymers into CANs without addi-
tional modification or optimization of current facilities makes
the implantation of dynamic links via post polymerization
functionalization attractive.” Conversely, the effective synthesis
of PP-CANs is contingent upon a restricted set of dynamic
reactions because of their chemical and thermal stability within
the matrix.**

Over the past ten years, transesterification has emerged as
a widely renowned technique for creating CANs, thanks to the
groundbreaking research conducted on vitrimers in 2011.*°
Therefore, adding maleic anhydride (MA) side groups to PP, the
most thoroughly researched commercial product among all
post-functionalized PP materials, presents a workable platform
for transesterification.***® To accomplish transesterification,
such reliable dynamic reactions typically require the presence of
external catalysts.**->

We developed a straightforward, scalable method for upcy-
cling PCR PP into vitrimers via transesterification using zinc
acetate as an external catalyst. The process involved a two-step
reaction: first, grafting maleic anhydride (MA) onto PCR PP
with styrene as a co-agent and dicumyl peroxide (DCP) as an
initiator, followed by crosslinking with TGDDM epoxy in a twin-
screw extruder (Fig. 1). Post evaluating the vitrimer thoroughly,

© 2025 The Author(s). Published by the Royal Society of Chemistry

graphene oxide (GO) was incorporated to design vitrimer
nanocomposites, allowing us to study the effects of GO on the
nanocomposite's thermomechanical, rheological, electrical,
and infrared thermal properties, both pre- and post-recycling.
There are plenty of literature studies on polypropylene
nanocomposites,*>* however, currently, there is no literature
exploring the impact of adding nanofillers to polyolefin vitrimer
nanocomposites or recycling them. Therefore, understanding
the role of nanofillers in polyolefin vitrimer systems is essential.
This study investigates the thermomechanical, rheological,
electrical, and infrared thermal properties of PCR PP vitrimer
nanocomposites by varying the amount of graphene oxide (GO).
Additionally, the performance of these properties was carefully
evaluated after recycling to assess the nanocomposites' dura-
bility and potential for sustainable reuse.

2. Experimental section
2.1 Materials

The PCR PP granules were contributed by Manjushree Tech-
nopack Limited and subjected to a proper 5-hour vacuum
drying process at 80 °C before undergoing reactive extrusion.
GO with a thickness (z) of ~0.8-2 nm and dimensions (x and y)
of ~5-10 pm was purchased from Adnano Technologies. Maleic
anhydride (MA) (99%), dicumyl peroxide (DCP) (99%), 4,4'-
methylenebis(N,N-diglycidylaniline) (TGDDM), Irganox 1010
(pentaerythritol  tetrakis(3-(3,5-di-tert-butyl-4-hydroxyphenyl)
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propionate)) (99%), zinc acetate dihydrate (99%), styrene (99%),
xylene (99%), and acetone (99%) were procured from Sigma
Aldrich (Merck).

2.2 Reactive extrusion for the formulation of styrene assisted
maleated PCR PP and PCR PP vitrimers and vitrimer
nanocomposite batches

Every batch of styrene assisted maleated PCR PP (m’-PCR PP),
PCR PP vitrimers and the corresponding nanocomposites with
GO was prepared by employing reactive extrusion in a DSM Xplore
twin-screw micro-compounder with 15 cm® capacity. The device is
equipped with co-rotating conical screws and a recirculation
channel, enabling precise control over residence time. Initially,
10 wt% maleic anhydride (MA), 0.5 wt% DCP catalyst, and
0.5 wt% Irganox 1010 as an antioxidant were added to PCR PP
along with styrene (St) which acts as a co-grafting agent to
formulate m’-PCR PP (Table S17) and mixed thoroughly at 180 °C
temperature at 150 rpm screw speed for 2 min in a melt extruder.
As widely elaborated and reported in the literature, the inclusion
of styrene considerably diminishes PP chain scission while
enhancing the grafting degree of MA on PP. This is achieved as
styrene preferentially interacts with the PP macroradicals to form
stable styryl macroradicals, which copolymerize with MA, gener-
ating branches that mitigate PP chain scission and elevate graft-
ing efficiency.* The molar ratio of maleic anhydride and styrene
was maintained at a 1:1 ratio according to earlier literature.*

In the following step, PCR PP vitrimer batches were fabricated
by crosslinking the prepared m’-PCR PP batches with TGDDM in
the presence of zinc acetate as a transesterification catalyst® by
subjecting them to extrusion at 180 °C and 150 rpm speed for
2 min residence time. PCR PP vitrimer batches were fabricated at
different concentrations of TGDDM crosslinker (Table S2t). The
nanocomposites of the most optimum crosslinked sample were
formulated with the GO nanofiller at varying concentrations
(Table S3t). The conditions for preparing the nanocomposites
were kept consistent with those for the vitrimer samples. After
extruding each batch, tensile samples were prepared through
injection molding, with the barrel temperature set at 180 °C and
the mold kept at ambient temperature. Four dog bone-shaped
specimens were molded for each sample, using an injection
pressure of 14 bar for mechanical testing.

3. Materials characterization
3.1 FT-IR

FT-IR spectroscopy of m’-PCR PP and PCR PP vitrimers was
performed with a PerkinElmer Frontier spectrometer in ATR

mode in the range of 650-4000 cm ™.

3.2 Gel fraction studies

Initially, approximately about 250 mg of the PCR PP and cross-
linked PCR PP samples were weighed and transferred to a 100 mL
round-bottom flask (RB) accompanied by 50 mL of xylene in order
to calculate the gel fraction of the respective PCR PP vitrimers and
the corresponding nanocomposite with GO. Following the initial
step, the RB was subjected to heating in an oil bath under reflux
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conditions at a temperature of 120 °C for 24 h. Following this,
xylene was removed from the RB flask and the residual undis-
solved polymer was thoroughly rinsed with acetone followed by
vacuum-drying for 24 hours at 80 °C, and the final weight of the
dried residue was weighed. The gel fraction was estimated based
on the mass ratio of the polymer both before and after heating in
xylene. The matching equation is given below:

Gel fraction (%) = W/Wy x 100 (1)

where W, = final weight of the sample and W, = initial weight of
the sample.

3.3 Tensile testing

Dumbbell-shaped specimens of PCR PP, vitrimers and vitrimer
nanocomposites underwent uniaxial tensile testing at room
temperature in accordance with the ASTM D638 standard, using
Tinius Olsen 1ST universal testing apparatus equipped with a 5
kN load cell. The tests were conducted at a fixed crosshead
speed of 50 mm min~'. Yield strength (YS) was determined,
which is a material property that describes the amount of stress
a material can withstand without permanently deforming. The
elastic modulus was calculated as the gradient of the linear
section in the elastic range of the stress-strain curve before
yielding, while elongation at yield (EY) was determined as the
percentage strain at the yield point.

3.4 Differential scanning calorimetry (DSC)

The melting and crystallization transitions of neat PCR-PP, vitri-
mers, and vitrimer nanocomposites were analysed using
a DSCQ2000 from TA Instruments. Prior to thermal analysis, 3-
4 mg samples were vacuum-dried at 80 °C for 6 hours to remove
moisture. A consistent temperature profile was maintained across
all samples. The first temperature scan involved heating the
samples to 200 °C and holding at this temperature for 2 minutes
to achieve internal relaxation and eliminate any prior thermal
history.

The crystallization temperature (7.) was determined from
the exothermic peak observed during cooling to 40 °C. Subse-
quently, a second heating cycle was conducted to measure the
melting temperature (Ty,) from the endothermic peak. The
heating and cooling rates were set at 10 °C min "' under
a nitrogen flow of 50 mL min~".

The fraction of crystallinity (% X.) of each vitrimer was
determined by comparing its melting enthalpy (AH,,) with the
theoretical enthalpy of 100% crystalline isotactic polypropylene
(i-PP), AHy, , which is 207.0 J g~ ', where®

% X, = AHp/AHp, x 100 2)

3.5 Thermogravimetric analysis (TGA)

The thermal stability of vitrimers was determined through ther-
mogravimetric analysis using a thermogravimetric analyser
Q5000 from TA Instruments. For this study, 10 mg sample of each
vitrimer was heated in ceramic pans under a nitrogen atmosphere

© 2025 The Author(s). Published by the Royal Society of Chemistry
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at a heating rate of 10 °C min ™", within the temperature range of
30 °C to 800 °C. The weight loss of the samples was observed and
documented as the temperature increased.

3.6 Rheological studies

A TA Instruments HR-3 DISCOVERY hybrid rheometer was used
to investigate the viscoelastic properties of PCR PP, TGDDM
crosslinked PCR PP vitrimer and GO infused vitrimer composite
samples. The experiments were carried out under a N, atmo-
sphere utilizing a parallel plate geometry consisting of EHP
steel (25 mm in diameter) and a sample thickness of ~1 mm.
Additionally, the entire experiment was conducted under
a consistent 10-20 N axial force. The frequency sweep was
performed over a range of 0.1 to 100 rad s~ ' at a temperature of
180 °C maintaining a uniform strain amplitude of 0.5%
throughout the experiment.

3.7 SEM study

The fracture morphology of tensile-tested samples was analysed
using a Zeiss EVO-10 at an accelerating voltage of 15 kv with
5000x magnification. By using this tool, the effect of the vitri-
mer network, GO, and recycling of PCRPP on fracture
morphology was studied, and failure mechanisms were
analysed.

3.8 Conductivity study

The AC electrical conductivity of the samples was assessed
using an impedance analyser (Alpha-A analyser, Novocontrol,
Germany) across a wide frequency range of 10" to 10’ Hz at
room temperature.

3.9 Infrared thermal analysis

Infrared thermal analysis of 15 TGDDM and the 0.5 GO vitrimer
nanocomposite was conducted by measuring the surface
temperature of the laser-exposed sample using an IR camera

View Article Online
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during laser exposure of the sample at 808 nm and a power
density of 1.4 W cm ™~ positioned 78 mm from the sample.

4. Results and discussion

4.1 Spectroscopic evidence, the gel fraction and structural
properties

FTIR analysis of m’-PCR PP and the corresponding PCR PP
vitrimers was performed to check the dynamic network forma-
tion between functionalized PCR PP and the employed cross-
linker molecule. The characteristic peak in the region of 1730-
1735 em™ " corroborates the successful formation of B-hydroxy
ester bonds as a result of the reaction between reactive epoxy
groups of TGDDM and maleic anhydride (MA) groups on the
PCR PP backbone (Fig. 2a). These ester bonds can participate in
transesterification exchange reactions at elevated temperatures.
It is well reported that with a subsequent increase in concen-
tration of TGDDM, the peak intensity at 1730-1735 cm
increases owing to consumption of more MA groups (which is
characterized by the diminishing intensity of the peak at 1780-
1785 cm™ " corresponding to symmetric stretching of C=0 of
MA) due to the formation of more dynamic networks in the
system. The presence of styrene (St) in the extruded m’-PCR PP
and corresponding vitrimer samples is confirmed by its char-
acteristic peak at 704 cm ™' owing to the asymmetric stretching
vibration of the phenyl group in St.*>

Graphene oxide (GO) was specifically chosen as the nano-
filler for the vitrimer nanocomposites due to its unique surface
chemistry, which includes a high density of oxygen-containing
functional groups such as hydroxyl, epoxy, and carboxyl
groups. These functional groups facilitate strong interfacial
interactions with the epoxide groups of TGDDM (the crosslinker
used in our study) and maleic anhydride. FTIR spectra of 0.5 GO
and 1 GO samples were analysed and compared with that of the
15 TGDDM sample (see Fig. S17). It is evident that the intensity
of the anhydride peak at 1782 cm™" decreases from the 15
TGDDM to the 1 GO sample and the intensity of the ester peak
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(a) FT-IR spectrum of m’-PCR PP and vitrimers with different concentrations of TGDDM. (b) Gel fraction of PCR PP and PCR PP vitrimers.
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at 1730 cm ' increases. This confirms that GO reacted with
maleic anhydride and formed an ester bond. This results in
improved interfacial adhesion between GO and the vitrimer
matrix.

The degree of crosslinking in PCR PP and the corresponding
vitrimer samples was assessed through gel fraction studies by
subjecting the samples to reflux conditions in xylene at 120 °C
overnight. The analysis shows that the level of maleic anhydride
groups grafted onto PCR PP is crucial for promoting cross-
linking.'*** Functionalized PCR PP (m'-PCR PP) systems present
active functional sites capable of reacting with the TGDDM
molecule, which promotes the crosslinking of the polymer and
facilitates the formation of dynamic covalent adaptable
networks. This leads to the conclusion that the degree of
crosslinking is intrinsically linked to the maleation efficiency.
As depicted in Fig. 2b, pristine PCR PP has a 0% gel fraction,
implying its non-crosslinked network which accounts for its
complete dissolution in hot xylene during the experiment. In
contrast, the corresponding vitrimers of PCR PP with TGDDM
did not dissolve, corroborating the formation of a crosslinked
network that does not dissolve in xylene. The gel fraction
progressively increased from 44% to 74% with TGDDM
concentrations ranging from 5 wt% to 20 wt%, corroborating
the enhancement in crosslinked networks in the system owing
to availability of more TGDDM moieties to attach to the MA
groups on the PCR PP backbone. Interestingly, the gel fraction
saturated at 74% for both the samples 15 TGDDM and 20
TGDDM, suggesting that the crosslinking density of the PCR PP
vitrimer approaches a saturation threshold at 15 wt% of
TGDDM beyond which additional crosslinkers do not signifi-
cantly enhance dynamic network formation and may be left
dangling. Additional gel fraction analyses of GO incorporated
vitrimer nanocomposites reveals that the addition of GO did
not significantly alter the crosslink density (Fig. S2+). This result
suggests that GO has minimal effect on the crosslinking of
PCR PP.

The mechanical properties of post-consumer recycled poly-
propylene (PCR PP), along with vitrimers containing varying
concentrations of TGDDM and GO-incorporated vitrimer-
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nanocomposites, were examined through tensile testing at
room temperature. The mechanical properties and corre-
sponding stress-strain curves are presented in Fig. 3a and S3f
respectively and listed in Table S4.f All samples exhibited
significantly higher yield compared to their thermoplastic
precursor, PCR PP, prior to failure.

A notable observation was the steady increase in Young's
modulus (YM) and yield stress (YS) with increasing TGDDM
concentrations, from 5% to 20%. This trend highlights the
substantial impact of the degree of crosslinking and crystal-
linity (X.) on the mechanical properties of these semi-crystalline
polymers. The observed behaviour can be explained by the
preferential reaction of styrene with macroradicals of PP,
leading to the formation of more stable styryl macroradicals.
These radicals copolymerize with MA in the modified PCR PP
(m'-PCR PP), forming branches. As a result, the addition of
styrene mitigates PP chain scission while simultaneously
enhancing the grafting of MA, thus improving the overall
mechanical performance of the vitrimer system.**** The cross-
linking of maleic anhydride (MA) and TGDDM, resulting in the
formation of a covalent adaptable network (CAN) within the
PCR PP matrix results in this upcycling of PCR PP. Given that
the transesterification reaction responsible for topological
rearrangement of CANSs is slow at room temperature, the PCR
PP vitrimer samples behave similarly to non-dynamically
crosslinked PCR PP. This creates a significant barrier to crys-
tallite rearrangement, which explains the higher Young's
modulus (YM) and yield stress (YS) compared to those of the
precursor material. The CANs thus demonstrate their potential
for upcycling PCR PP, as evidenced by the increase in YS from
28 MPa in PCR PP to 33 MPa for the 20% TGDDM system.*>*° All
vitrimers and the vitrimer-nanocomposite showed a similar
elongation at yield (EY) as that of PCR PP. At 20% TGDDM
content, the vitrimer reached a saturation point in both Young's
modulus (YM) and yield stress (YS), showing similar values to
that of the 15% TGDDM system. This suggests that further
increases in crosslinker concentration may lead to crosslinker
aggregation, negatively affecting mechanical properties. As
a result, the 15 TGDDM system was selected for further studies
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(a) Mechanical properties of PCR PP vitrimers at room temperature and (b) the DSC thermogram illustrates the melting and crystallization

behaviour of PCR PP vitrimers, both with and without nanofillers, emphasizing that the dynamic network has a trivial impact on the crystallization

process of the vitrimers.
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due to its optimum mechanical properties. To explain these
observations, it is proposed that at lower gel content, the
increased crosslink density enhanced the interactions between
molecular chains, improving the mechanical properties of m'-
PCR PP TGDDM vitrimers. However, at higher gel content, the
denser crosslinked network restricted the mobility and elon-
gation of the molecular chains, causing a decline in EB as the
TGDDM content increased from 5% to 20%.%” The underlying
reason lies in the fact that the mechanical strength of semi-
crystalline polymers like polypropylene (PP) is largely derived
from their crystalline morphology. When crosslinked with
active agents, the mechanical strength initially increases as
crosslinker concentration However, at higher
concentrations, the crystalline structure is disrupted, resulting
in reduced elongation, toughness, and overall mechanical
performance.®®® Interestingly, the percentage crystallinity
showed only a slight decrease from PCR PP to the 20% TGDDM
vitrimer (which is further discussed in the later sections),
indicating that TGDDM is primarily concentrated in the amor-
phous regions of PP and has minimal impact on the crystalline
regions. Similarly, previous work by Kar et al. reported the use of
a di-epoxy crosslinker, DGEBA, to upcycle recycled PP and PE,
demonstrating a comparable approach to enhance the
mechanical properties of recycled polymers.** However,
TGDDM, with its four epoxide functional groups, exhibits
higher reactivity, potentially promoting twice as many cross-
linking reactions during epoxy-anhydride curing compared to
the former epoxy crosslinker. This enhanced reactivity occurs
through interactions with the pendant maleic anhydride groups
grafted onto the PCR PP chain via the styrene-maleic anhydride
(SMA) charge transfer complex (CTC). As a result, the mechan-
ical properties of PCR PP are significantly enhanced, facilitating
more effective upcycling of the material post vitrimer
formation.

In the case of graphene oxide (GO), especially in the 15%
TGDDM vitrimer a significant increase in Young's modulus was
observed while maintaining comparable tensile strength and
elongation atyield as listed in Table S4.7 This improvement can
be attributed to the oxygen-containing functional groups on the
GO surface, which likely formed covalent bonds with the
epoxide groups of unreacted TGDDM. As a nanofiller, GO
possesses a large surface area, facilitating strong interfacial
adhesion with the matrix. Additionally, its surface chemistry
fosters strong interfacial interactions with the epoxide groups,
resulting in a marked enhancement of the composite's
mechanical properties. The robust interfacial adhesion between
GO and the vitrimer matrix translates to higher energy
absorption at failure, as observed in the composites with as low
as 0.5% GO in the vitrimer.

However, when the GO content was increased to 1.0%, the
system exhibited a reduction in tensile strength, Young's
modulus, and elongation at yield, leading to diminished overall
toughness in the sample 1 GO. This decline is likely due to the
short mixing time (2 minutes) during extrusion, which may
have been insufficient to achieve proper dispersion of 1% GO
within the vitrimer matrix. As a result, GO agglomerated
creating stress concentration points that led to premature

increases.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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failure of the 1 GO vitrimer nanocomposite.” Thus, the 0.5 GO
vitrimer nanocomposite system was selected for further exper-
imental work, as it demonstrated the most optimal mechanical
performance.

4.2 Effect on crystallinity and flow properties

Crosslinking semi-crystalline polymers like polypropylene (PP)
primarily affects the amorphous regions rather than the crys-
talline domains.” Consequently, the thermal transition char-
acteristics of the crosslinked polymers remain like those of their
thermoplastic precursors. Table S5t lists the melting tempera-
ture (Ty,), crystallization temperature (7.), and crystallinity (%
X.) of the crosslinked vitrimers and their post-consumer recy-
cled thermoplastic precursors, with the corresponding ther-
mograms shown in Fig. S4.1

Thermograms reveal a less intense peak at around 125 °C in
heating scans and 114 °C in cooling scans of PCR PP, attributed
to a minor concentration of polyethylene in the waste PCR PP
stream, which potentially entered during collection, sorting, etc.
As crosslinking density increased, T, exhibited an upward
trend, reflecting that less undercooling was needed for crystal-
lization due to heterogeneous microdomains acting as nucle-
ation sites in PCR PP. For the 15 TGDDM vitrimer with a gel
fraction of 74%, T. increased marginally as compared to neat
PCR PP (T. = 125 °C), and further addition of TGDDM did not
elevate T, beyond that of 15 TGDDM (T, = 132 °C), indicating
that non-bonded esters aggregated in the amorphous regions,
as corroborated by a consistent gel fraction of 74% between
15% and 20% TGDDM.

Moreover, the peak of the crystallization exotherm decreased
and broadened with increasing TGDDM concentration, signi-
fying a rise in matrix heterogeneity. This trend was also
observed for Ty,, where reduced crystalline domains required
less energy to melt. Crosslinking constraints significantly
hindered the segmental alignment of polyolefin chains,
creating a physical barrier to chain packing and reducing crys-
tallinity. At lower TGDDM concentrations, nucleation and
crosslinking were balanced, while higher TGDDM content led to
dominant crosslinking as evidenced by the 20 TGDDM vitrimer,
where crystallinity is lower compared to that of the 5 TGDDM
system, although the crystallization temperature (7.) is the
highest as depicted in Table S5.1* The incorporation of styrene
during the melt mixing of PCR PP and maleic anhydride (MA)
reduces PP chain scission. It activates MA double bonds via
charge transfer complex (CTC) formation, enhancing grafting
and reactivity with TGDDM.>>”*> This results in increased gel
content and decreased crystallinity. Despite the high TGDDM
concentration, the vitrimer maintains a notable semi-crystalline
structure with only a slight reduction in crystallinity compared
to its thermoplastic precursor, PCR PP, thereby preserving its
mechanical properties.

The addition of 0.5% GO to the vitrimer results in a minor
baseline shift in the DSC thermogram (Fig. 3b), indicating
a transition towards a composite material. Given the low
concentration of 0.5% GO, it does not significantly influence the
crystallinity, since their number and size are insufficient
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compared to the crosslinking junctions, which are the primary
nucleation sites. Consequently, the 7. and crystallization exo-
therm of the 0.5 GO vitrimer nanocomposite system (AH. = 49.6
J g') remain comparable to those of the 15 TGDDM vitrimer
system (AH, = 50.19 J g ). Similarly, the melting endotherm
around T, exhibits little change, reflecting the minimal impact
on crystallinity and thermal transitions.

In contrast, the 1% GO system displays a pronounced base-
line shift in the DSC thermogram, suggesting that it has evolved
into a distinct vitrimer-nanocomposite system. Although 1%
GO content is too low to act as major nucleation sites, the
presence of GO domains impedes the smooth packing and
folding of the PP matrix, reducing crystallinity (X.) to 16% while
keeping T, relatively unchanged at 131 °C. This disruption leads
to a lower crystallization exotherm of 35.81 J g '. The dimin-
ished crystalline domains require less energy to melt and
induce flow, resulting in a reduced melting endotherm of 33.87
J g, even though Ty, remains intact. Thus, the presence of GO
in the 1 GO sample creates barriers that hinder crystalline
structure formation, affecting the thermal and mechanical
properties of the vitrimer nanocomposite.

TGA thermograms of PCR PP, 15 TGDDM, and 0.5 GO are
presented in Fig. S5t which illustrates the differences in
thermal stability during the transition from thermoplastic to
vitrimer to vitrimer-composite. Notably, the T4s of both 15
TGDDM and 0.5 GO is observed at approximately 328 °C, which
is lower than that of PCR PP (372 °C). However, the T4q5 of 0.5
GO exceeds that of both PCR PP and 15 TGDDM, reaching
450 °C. The identical Ty5 at 328 °C for both 15 TGDDM and 0.5
GO is presumably due to the volatiles originating from the onset
of TGDDM decomposition. According to Lee,” it was suggested
that the thermal breakdown process of cured epoxy resins
occurs through the decomposition of the glycidyl ether unit
within the network. The TGA analysis demonstrated a signifi-
cant change in slope at around 373 °C, indicating the decom-
position of a substantial amount of TGDDM into glycidyl ether
units.” The higher Ty95 of 15 TGDDM compared to PCR PP,
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along with a residual weight loss of 5.55% at 800 °C, can be
attributed to the strong dynamic networks of the B-hydroxy ester
in the vitrimer system undergoing thermally activated bond
exchange even at elevated temperatures imparting enhanced
thermal stability compared to neat PCR PP. Conversely, the Tqos
of 0.5 GO, not even identified within the temperature scan
range, with a residual weight loss of 7% at 800 °C, indicates that
the decomposition temperature is elevated by the addition of
GO nanofillers within the 15 TGDDM vitrimer matrix. The
reason behind this originates from the phenomenon that the
nanofiller GO shows spatial interference which enforces the
development of the highly crosslinked molecular structure of
0.5 GO vitrimer-nanocomposites.”

Rheological experiments were conducted to better understand
the flow behaviour and viscoelastic nature of vitrimers at increased
temperatures, which has a direct impact on their processibility
and end use. To investigate the viscoelastic properties of vitrimers,
small amplitude oscillatory sweeps (SAOS) were used to assess flow
characteristics at different frequencies or shear rates. The
frequency sweeps at 180 °C showed that both the vitrimer and the
vitrimer-composite exhibited power-law behaviour (¢ ~ G” ~ "),
as shown in Fig. 4a. This common power-law behaviour has been
regularly observed in various earlier vitrimer investigations.”®””
The classic behaviour of a viscoelastic polymer melt with a signif-
icant frequency dependency is evident in the case of PCR PP,
where G’ and G” increase with an increase in frequency, probably
resulting in difficulty in relaxation at higher frequencies. Inter-
estingly, PCR PP exhibited no crossover points between its storage
(@) and loss (G") moduli. Furthermore, Fig. 4b shows that PCR PP
shows more viscous character (G” > G') than elastic across the full
frequency range investigated. Dynamic crosslinking with TGDDM
resulted in vitrimers showing elastic solid behaviour with
a frequency-independent G’ at lower frequencies, virtually reach-
ing a plateau, and a significantly lower G” than G, as is typical of
crosslinked materials.” Furthermore, the G’ and G” trends of 15
TGDDM vitrimer samples in Fig. 4a demonstrated no crossover
point in the examined frequency range.

10¢
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- 72
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a —e—G' PCR PP i
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Fig. 4
vitrimer and the vitrimer nanocomposite at 180 °C.
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Angular Frequency (rad/s)

(a) Storage modulus (G') and loss modulus (G”) versus angular frequency and (b) complex viscosity versus angular frequency for PCR PP,
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Fig. 5 SEM micrograph of tensile fractured surfaces of (a) the PCR PP vitrimer (15 TGDDM) and (b) its nanocomposites (0.5 GO).

Interestingly, the addition of 0.5% GO in 15 TGDDM did not
change its viscoelastic characteristics significantly, only
enhancing both G’ and G” marginally. The minimal increase in
G' is presumably due to the reaction of GO with the unreacted
TGDDM leading to the formation of covalent bonds, and
therefore a better filler-matrix interface, and improved load
transfer characteristics.”””**® The incorporated GO in the vitri-
mer matrix might bridge the separated polymer chains in the
vitrimer-nanocomposite matrix reducing the slippage of the
chains during viscous flow and therefore increasing the G”.**

Fig. 4b shows that PCR PP attained zero-shear viscosity at
roughly 10° Pa s, and that of 15 TGDDM continued to increase
dramatically, nearly two orders of magnitude higher, with no
evidence of zero-shear viscosity within the studied frequency
range. This result represents a significant increase in melt
strength due to the creation of a crosslinked network in the
vitrimers. The 0.5 GO vitrimer-nanocomposite system behaves
similarly to the 15 TGDDM vitrimer system in terms of shear
thinning. The marginal increase in complex viscosity can be
attributed to the formation of a GO nanoparticle network in the
vitrimer system corroborated by the literature reported on
graphite oxide suspensions in PDMS.*

Auto2 | 25.3

Auto 2 108.2
2]

Fig. 6

Auto 2 94.5
2]

The surface morphology of tensile fractured PCR PP is re-
ported as shear bands and microfibres in our prior work.*
However, after transforming PCR PP into a vitrimer, the tensile
fracture morphology remained unchanged and exhibited the
same fibrous texture with no phase separation, as depicted in
Fig. 5a. A similar fibrous morphology was observed following
the addition of 0.5 wt% GO to the PCR PP vitrimer (Fig. 5b).

4.3 Infrared thermal properties, electrical conductivity and
recyclability studies

A series of thermal maps were recorded with an IR camera at 30
second intervals during the heating phase and throughout the
cooling phase after the laser was turned off, until reaching room
temperature. The resulting data, illustrated in Fig. S61 and 6,
present the temperature changes over time, highlighting the
notable heat dissipation capabilities of the 15 TGDDM vitrimer
and 0.5 GO vitrimer nanocomposite, respectively. This indicates
its potential as an effective energy-harvesting material, capable
of converting laser energy into thermal energy.** For the 15
TGDDM sample, the temperature increase was minimal
(~74 °C) after 300 seconds of laser exposure (see Fig. S61). In

120
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- -@-05Go
O 100
o
-’
o
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(a—d) Infrared thermal image of the PCR PP vitrimer nanocomposite (0.5 GO) subjected to laser heating and (e) temperature vs. time graph

upon heating and cooling for the PCR PP vitrimer (15 TGDDM) and its nanocomposite (0.5 GO).
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Fig. 7 AC electrical conductivity of PCR PP, the PCR PP vitrimer (15
TGDDM), and its nanocomposite (0.5 GO).

contrast, the 0.5 GO sample exhibited a sharp temperature
increase, reaching up to 108 °C at the same exposure duration,
followed by a rapid decline to 32 °C within 120 seconds, as
shown in Fig. 6. This temperature increase is attributed to the
uniform dispersion of GO as conductive nanofillers within the
crosslinked PCR PP matrix, as evidenced by the SEM analysis
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presented in Fig. 5b. With the ability to generate heat upon laser
exposure, this vitrimer nanocomposite could be applied in
thermal management systems for electronic devices. For
instance, it could be incorporated into systems requiring
controlled dissipation of heat generated by components such as
chips and processors. The strong photothermal conversion also
makes it suitable for solar energy applications, particularly in
solar-thermal devices that convert sunlight into heat for water
heating, power generation, or other energy applications.

The electrical conductivity of PCR PP and its vitrimer 15
TGDDM is very low due to the insulating nature of the polymer.
However, the incorporation of 0.5 wt% GO into the vitrimer
increased AC conductivity to 107'® S em™' (Fig. 7). This
enhancement is likely due to the formation of a network
structure within the polymer matrix, which facilitates charge
transport. Chammingkwan et al. observed a similar range of AC
conductivity by the addition of 1 wt% GO into PP.** Therefore,
lightweight conducting composites derived from PCR PP and
GO can potentially serve as antistatic packaging for electronic
components, automotive parts for static dissipation, and EMI
shielding materials for sensitive electronic equipment.®

The thermally activated bond exchange induced by trans-
esterification in the vitrimer enables the vitrimer-nanocomposite
to be reprocessable. The initially extruded strands of 0.5 GO
nanocomposite samples were cut into small pieces, re-extruded,

140
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Fig. 8 Recyclability study of the PCR PP vitrimer nanocomposite. (a) Recycling scheme, (b) recovery rate of mechanical characteristics, (c) AC
conductivity, and (d) temperature vs. time graph upon heating and cooling along with infrared thermal imaging for the vitrimer nanocomposite

(0.5 GO-r) post recycling.
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and then injection molded under the same processing conditions
to produce thermo-mechanically reprocessed vitrimer-nano-
composite samples (0.5 GO-r). The TGA thermogram (Fig. S7t) of
the recycled 0.5 GO-r closely matches with that of the original 0.5
GO vitrimer nanocomposite sample showing that no change in
the weight loss pattern has occurred, proving that no early
degradation occurred due to recycling. Mechanical data (Table
S61) showed that the yield strength (YS), elongation at yield (EY),
and Young's modulus (YM) remained almost unchanged after
recycling, as evidenced in the stress—strain graph (Fig. S8) for the
0.5 GO samples. This is further supported by the recovery rates of
100% for both TS and EY including 90% for YM, as depicted in
the recovery rate (RR) bar plot (Fig. 8b). The fracture morphology
of 0.5 GO-r was analyzed after tensile testing which revealed that
the fracture surface exhibited characteristics similar to those of
the parent material, including shear bands and microfibers
aligned with the load direction, with no apparent phase separa-
tion (Fig. S9t). However, during the recycling of 0.5 GO, the AC
conductivity slightly decreased to 10™" S em™" due to a minor
breakdown of the network during extrusion (Fig. 8c).*® Despite
this reduction being minimal, it can be concluded that the AC
conductivity is largely preserved after recycling. Furthermore, in
the infrared thermal study of 0.5 GO-r, the temperature increase
was up to 104 °C at 300 s of laser exposure time and there was an
instantaneous fall in temperature (up to 32 °C) within 120 s of
turning off the laser beam (Fig. 8d). This suggests the excellent
heat dissipation capability of the prepared 0.5 GO vitrimer
nanocomposite due to the high thermal conductivity of GO even
after vigorous recycling. Thus, a thermally conductive vitrimer-
nanocomposite produced from PCR PP helped to synthesise
a recyclable nanocomposite for reprocessable CANs that fully
recover their crosslink densities, associated thermomechanical
properties and AC conductivity.

5. Conclusions

In conclusion, this study demonstrates the successful develop-
ment of vitrimer nanocomposites from post-consumer recycled
polypropylene (PCR PP), modified with styrene-assisted maleic
anhydride grafting, TGDDM epoxy, and graphene oxide (GO) as
a nanofiller. The maleic anhydride-grafted PCR PP promotes
strong interfacial adhesion, enhancing the composite's
mechanical properties. TGDDM epoxy contributes a dynamic
covalent network, adding reprocessability and durability. GO
further reinforces the material, enhancing thermomechanical
and rheological performance while ensuring uniform stress
distribution. Together, these features position the vitrimer
nanocomposites as robust, recyclable materials suitable for
diverse industrial applications where longevity, sustainability,
and mechanical integrity are paramount. Future work should
focus on formulation optimization to expand these nano-
composites' applicability and performance.
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