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The need for renewably sourced polymers has intensified with the worsening of global challenges such as
emissions and plastic pollution. Here, we report a CO,-based poly(cyclohexene carbonate) (PCHC) vitri-
mer cured with zinc stearate that directly addresses both issues. Enhanced zinc dispersion within the
network enabled faster curing and reprocessing than possible with zinc acetate systems, while maintain-
ing consistent Ty and mechanical integrity across multiple cycles. The vitrimer undergoes rapid glycolysis
in ethylene glycol, valorisation into ethylene carbonate with up to 97% yield without additional catalyst.
When applied to carbon fibre-reinforced polymers (CFRPs), applying this strategy enabled the develop-
ment of sustainable CO,-based CFRP that can undergo full resin valorisation and recovery of clean,
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damage-free fibres. Collectively, this tandem CO, valorisation strategy—from vitrimer synthesis to fibre-
reinforced composites and subsequent chemical valorisation—establishes multiple recycling and valorisa-
tion pathways and provides a promising routte for carbon capture and utilization as well as material
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Introduction

Traditional polymer design strategies emphasized stability and
performance, but the resulting durability has contributed to
persistent global polymer waste. The persistence of conven-
tional polymers in the environment and the difficulty of re-
cycling them have intensified global concerns over plastic
waste and resource preservation. Consequently, the need for
sustainable alternatives to conventional polymers, particularly
thermosetting polymers, has never been more urgent.

Owing to their easily tuneable mechanical properties
through substrate and crosslink density manipulation, along
with their high resistance to creep and stress relaxation, the
use of thermosets has increased over the past few decades in
fields such as construction,"”” 3D printing,>* solid-state
batteries,”” adhesives,>® and coatings.>® In particular, their
great stiffness and fatigue resistance have made thermosets
the dominant polymer used in the field of carbon fibre
reinforced polymers (CFRPs).>'%"* Due to their light weight,
high strength, and excellent chemical resistance, thermoset
composites are widely used in high-demand applications such
as wind turbines, aircraft, and spacecraft.
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However, in contrast to thermoplastics, thermosets typically
cannot be repaired or healed once damaged due to their resis-
tance to flow at elevated temperatures. In other words, thermo-
sets cannot be subjected to mechanical recycling into the
same application. Even minor damage in thermoset compo-
sites can lead to large cracks or delamination, necessitating
complete replacement. Consequently, the increased use of
thermosets further reinforces the already problematic linear
economy of polymers.

Vitrimers,'>™® polymer networks whose strands or cross-
links can undergo dynamic bond-exchange reactions (BERs) at
elevated temperatures, are regarded by many researchers as
potential alternatives to thermosets, since these reactions
enable flow above the topology freezing temperatures (7), a
temperature at which the stress relaxation and creep become
noticeable. However, the presence of such BERs mean that
vitrimers behave like thermoplastics at elevated temperatures,
thereby compromising their thermal stability. Moreover, even
at temperatures below T,, vitrimers undergo slow BERs and
exhibit long-term creep and stress relaxation at slow rates
above their glass-transition temperature (T,)."” ! Such dimen-
sional instability is especially detrimental in CFRP fabrication
as disorientation and delamination of fabrics can occur.

While multiple strategies have been explored to increase
the thermal and dimensional stability of the vitrimer
materials,'”?*?* BERs are easily suppressed under T,.'°
Therefore, increasing the Ty, of the vitrimer substrate offers a
straightforward means of enhancing both the thermal and
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dimensional stability. Such improvements allow vitrimers to
be substituted for thermosets in CFRP applications while pro-
viding enhanced reprocessability.

We have previously developed the CO,-based poly(cyclohex-
ene carbonate) (PCHC) vitrimer system that valorises CO, into
a high-T, polycarbonate network.”® The material exhibited
excellent mechanical properties with no sign of creep for T <
Tg. Although the material exhibited minimal creep up to
165 °C, successful reprocessing was demonstrated at 160 °C at
high pressure (ca. 13.8 MPa compressive force). Furthermore,
the material could be depolymerized into trans-cyclohexene
carbonate and subsequently repolymerized back to vitrimer.
Hence, CO, was valorised into a mechanically and chemically
recyclable network with superior properties.

We envisioned that modifying the transesterification cata-
lyst to improve dispersion and catalysis of BERs can further
enhance the mechanical and chemical recyclability of the
system. Such improvement would allow the vitrimer material
to be more evenly incorporated into sustainable CFRP, where
further chemical valorisation of the resin could enable fibre
recovery. Herein, we demonstrate a tandem CO, valorisation
strategy: first into recyclable and upcyclable polycarbonate
vitrimer for lightweight, recyclable CFRP, and subsequently,
glycolysis into ethylene carbonate at the end of service life,
enabling recovery of carbon fibre from CFRP (Fig. 1).

Results and discussion

We prepared the same tri-functional acid-capped PCHC prepo-
lymer from CO,, in a manner similar to that used with our pre-
viously-reported CO,-based PCHC vitrimer platform. This pre-
polymer served as the precursor for vitrimer network for-
mation. In the network synthesis, carboxylic acids from malic
acid and the acid-capped PCHC prepolymer reacted with the
epoxide groups of DGEBA, generating p-hydroxy ester bonds
that can undergo dynamic BERs (Fig. $1).>°

In our previous report, we surveyed three Lewis acid cata-
lysts (antimony oxide, tin octoate, and zinc acetate), and zinc
acetate was identified as the optimal curing catalyst, as it suc-

OH

Fibre
Recovery

2"d Valorisation

[ =

Fig. 1 Tandem valorisation of CO, into CO,-based vitrimer, composite
and ethylene carbonate.
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cessfully cured the network without decomposition. However,
poor dispersion of zinc aggregates was observed, which can act
as reinforcing fillers and suppressed macroscopic creep.
Dispersion improved upon reprocessing. While the suppres-
sion of creep and the associated enhancement in mechanical
performance are beneficial for the resin itself,>> the presence
of aggregates can introduce microdefects in CFRPs that could
propagate along the fibre-matrix interface and eventually lead
to interfacial debonding or delamination.'***® To promote
better dispersion of zinc in the PCHC vitrimer matrix, zinc
stearate was selected due to its lower melting point and
superior solubility in organic media.

The curing kinetics profiles of the PCHC vitrimer resin with
zinc stearate suggest better dispersion of zinc ions into the
network. While 5 mol% of zinc acetate was used to enable
curing up to 100% gel fraction in the previous report,>® the
same equivalence of zinc stearate resulted in decomposition of
the network at 150 °C (Fig. 2b and S2). Such decomposition is
likely due to the higher incorporation of zinc ions into the
network as all zinc catalysts are chemically dispersed into the
network without agglomeration. Additionally, unlike acetic
acid from zinc acetate, the stearic acid from zinc stearate
remains in the network after curing and can further catalyse
the transesterification and transcarbonation to induce backbit-
ing decomposition of PCHC (Fig. S3).

Optimal curing of PCHC vitrimer was achieved upon redu-
cing the equivalence of the zinc stearate. At 3 mol% of zinc
stearate, the network reached a gel fraction above 90% upon
4 h of heating at 150 °C (Fig. 2b). It was also confirmed that
post-curing for 4 h from 4 h to 8 h can slightly increase the gel
fraction of the network without decomposition (Fig. 2b).

Non-isothermal creep experiments were conducted to
characterize and compare the BERs of vitrimers with zinc stea-
rate and zinc acetate catalysts. The sample containing 3 mol%
zinc stearate exhibited slightly greater creep than the sample
with 5 mol% zinc acetate (Fig. S4). This enhanced creep behav-
iour can be attributed to the combined catalytic activity of the
zinc complex and residual stearic acid, which resulted in the
3 mol% zinc stearate system creeping more than the 5 mol%
zinc acetate system despite its lower zinc content.

Manas-Zloczower et al. reported that density functional
theory (DFT) calculations predicted zinc stearate to have an
activation energy comparable to that of zinc acetate.”®
Interestingly, their experimental results did not follow the DFT
predictions. Vitrimer materials with zinc stearate showed
much slower stress relaxation, which they attributed to the
large molar mass of zinc stearate acting as a filler, as well as
counterion mobility and network inhomogeneities. In our
system, inefficient dispersion of zinc acetate similarly caused
zinc aggregates to act as fillers, suppressing creep despite the
comparable activation energies predicted for zinc stearate and
zinc acetate. In contrast, the efficient dispersion of zinc stea-
rate promoted slightly greater creep than that observed for
zinc acetate catalysed vitrimers.

The temperature sweep experiment revealed that the vitri-
mer with 3 mol% zinc stearate possessed a lower crosslinking

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Curing and reprocessing of poly(cyclohexene carbonate) (PCHC) vitrimer with zinc stearate. (a) Photos of PCHC samples in reprocessing
cycles. (b) Curing kinetics of PCHC vitrimer with different amounts of zinc stearate catalyst at 150 °C. (c) Gel fraction of the sample with 3 mol% zinc
stearate at each reprocessing cycle. (d) Differential scanning calorimetry (DSC) curves of the sample with 3 mol% zinc stearate at each reprocessing

cycle with corresponding value of glass-transition temperature.

density than did the system with 5 mol% zinc acetate. This
difference arises from the lower extent of zinc incorporation,
as zinc ions additionally serve as crosslinking centres within
the network (Fig. S5).

The increased catalytic activity of the PCHC vitrimer
network with 3 mol% zinc stearate was also observed during
the demonstration of mechanical recycling of the resin. To
minimize mechanochemical degradation®** of the network
and promote particle-particle contact of the ground resin,**
the PCHC vitrimer samples were cryogenically ground via ball-
milling at — 196 °C for 10 min to produce a fine powder of
PCHC vitrimer. Upon pressing at 160 °C for 2 h (Fig. 2a) the
powder coalesced to high quality samples with minimal
reduction in gel fraction. In contrast, the samples in the pre-
vious report with zinc acetate required 4 h of heated pressing.
This highlights that the enhanced catalytic activity of zinc stea-
rate accelerated the reprocessing of the PCHC vitrimer
network.

The PCHC vitrimer resin was successfully reprocessed for
up to three cycles with minimal reduction in gel fraction and
no change in T, (Fig. 2c and d). In contrast, vitrimer materials
with zinc acetate previously showed an increase in T, upon
reprocessing due to improved catalyst dispersion.”> The
unchanging T, of the PCHC vitrimer with zinc stearate implies
that the extent of zinc incorporation was already at a
maximum in the virgin samples. The combination of rapid
reprocessing and stable zinc incorporation highlights the
enhanced mechanical recyclability of the network, consistently
maintained from the virgin samples to subsequent reproces-
sing cycles. Furthermore, the fast BERs that enable fast repro-
cessing also provide potential for facile chemical decompo-
sition when desired.

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

Having established the mechanical recyclability of the vitri-
mer resin, we next evaluated its chemical deconstruction in
resin and in CFRPs. While the synthesis of CO,-based PCHC
vitrimer itself represents a successful valorisation of CO,,
resolving the zinc dispersion issue and enhancing recyclability
with zinc stearate further establishes this system as a promis-
ing platform for CO,-based PCHC CFRP composites, thereby
extending CO, valorisation from vitrimer resins to sustainable
CFRPs.

Previously we had demonstrated chemical recycling
through addition of extra catalyst to induce backbiting depoly-
merization of PCHC trans-cyclohexene
However, this approach requires additional catalyst, elevated

into carbonate.
temperature, and vacuum. In addition, residual vitrimer com-
ponents would remain on the fibres after depolymerization,
meaning that the process achieves only partial recycling.

From an economic perspective, recovery of fibre is more
important than the recycling of PCHC resin. One of the
reasons the depolymerization of PCHC is challenging is the
relatively high ring-strain energy of the trans-cyclohexene car-
bonate, which leads to a high ceiling temperature and necessi-
tates high temperature for depolymerization. Therefore, we
envisioned that using low-cost ethylene glycol to form ethylene
carbonate with low ring-strain energy would accelerate the
resin decomposition and promote fibre recovery.

To validate the approach, valorisation of the PCHC vitrimer
resin into ethylene carbonate was conducted (Fig. 3). Since
zinc stearate was already fully dispersed within the network,
no additional catalyst was necessary. According to the curing
kinetics reported previously,” the PCHC vitrimer with zinc
acetate decomposed above 180 °C; therefore, vitrimer samples
with zinc stearate were subjected to decomposition at 180 °C.

RSC Appl. Polym.
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Fig. 3 Chemical valorisation of PCHC vitrimer resin. (a) Gel fraction as a function of treatment time in bulk and in 50 weight% ethylene glycol at
180 °C. (b) Nuclear magnetic resonance (NMR) spectroscopy of PCHC and aliquots after 4 h and 8 h of treatment in ethylene glycol. (c) Conversion
of PCHC and yield of ethylene carbonate at different times of ethylene glycolysis.

When the vitrimer was heated without ethylene glycol, the gel
fraction decreased to 43% after 18 h at 180 °C, indicating that
simple heating of the PCHC vitrimer resin requires prolonged
heating at high temperature and is therefore not ideal for
decomposition strategy (Fig. 3a). The sol fraction was majorly
composed with PCHC and DGEBA, suggesting that not much
decrosslinking from trans-cyclohexene carbonate formation
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Fig. 4 Chemical valorisation of carbon fibre-reinforced vitrimer composite. (a) Photos of composite undergoing ethylene glycolysis to be separated
into valorised resin and fibres. (b) Mass % of the insoluble content after solvolysis treatments. (c) SEM images of recovered fibres.

occurred (Fig. S9). In contrast, heating the PCHC vitrimer
samples in ethylene glycol (with a weight equal to that of the
sample) significantly accelerated the decomposition, with the
decomposition rate Increasing with temperature. Notably, the
PCHC vitrimer resin was completely decomposed (0% gel frac-
tion) upon 3 h of heating at 180 °C (Fig. 3a). For comparison,
glycolysis was performed on PCHC vitrimers with zinc acetate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and on thermosets without external catalysts. The role of cata-
lytic activity was evident—while the catalyst-free thermoset
retained 20% gel fraction after 16 h, the vitrimer containing
zinc acetate achieved complete resin digestion (0% gel frac-
tion) within 8 h. The low catalytic activity of the vitrimer con-
taining zinc acetate can be attributed to the reduced incorpor-
ation of zinc ions caused by catalyst agglomeration, as evi-
denced by the slower curing kinetics.

Nuclear magnetic resonance (NMR) spectroscopy of the
decomposed mixture from zinc stearate catalysed vitrimer
suggests 39% conversion of the PCHC backbone and 30%
yield of ethylene carbonate after 4 h of heating at 180 °C
(Fig. 3b, c and S6). Upon further heating for 4 h (8 h in total),
full conversion of PCHC backbone was achieved with 96%
yield of ethylene carbonate (according to BHT signals as
internal standards) (Fig. 3b, ¢ and S7). Upon vacuum distilla-
tion, 73% yield of spectroscopically pure ethylene carbonate
was separated (Fig. S10). The high yield of ethylene carbonate
highlights the efficient valorisation mechanism with minimal
side reactions.

PCHC CFRP was prepared via hand layup process and heat
pressing at 150 °C. Before applying this valorisation strategy to
the CFRPs, the chemical stability of the PCHC CFRP was
assessed. PCHC CFRP samples containing 65 wt% fibre were
immersed in acetone and THF. Almost no mass loss or fibre
disorientation was observed, confirming full curing and
effective binding of the PCHC resin to the fibres (Fig. 4b and
S9).

In contrast, when the PCHC CFRP was immersed in ethyl-
ene glycol for resin digestion, the fibres began to disorient and
detach from the matrix after heating at 180 °C for 3 h. After
washing with THF, the remaining insoluble content was 71%,
indicating that although some resin remained between the
fibres, most of the matrix had been digested. After prolonged
heating at 180 °C for 16 h, fibres were successfully separated
from the resin. Upon separation, the fibres were washed with
THF to remove residual resin (Fig. 4a). The remaining in-
soluble content after drying was 64.3 wt%, suggesting that all
the resin was separated from the fibres (Fig. 4b). The "H NMR
spectrum of the separated resin further suggests full conver-
sion of PCHC backbone into ethylene carbonate, which facili-
tated the resin and fibre separation (Fig. S8). The SEM images
of the recovered fibres showed fibres with almost no leftover
resin on their surfaces (Fig. 4c and S10). Together, these
results demonstrate effective valorisation of the PCHC vitrimer
resin into ethylene carbonate and recovery of clean fibres,
highlighting a successful tandem CO, valorisation from vitri-
mer to CFRP and ultimately to ethylene carbonate.

Conclusions

To conclude, we developed a CO,-based PCHC vitrimer that
can be efficiently cured with zinc stearate to yield a high-T,
resin with excellent mechanical reprocessability. Improved
zinc dispersion in the vitrimer network enabled faster curing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and reprocessing compared to previous systems, while main-
taining consistent T, and mechanical integrity across multiple
cycles of reprocessing, making the CO,-based PCHC vitrimer a
suitable platform for CFRPs. The PCHC vitrimer resin under-
goes fast and complete glycolysis into ethylene carbonate,
enabling further chemical valorisation of the incorporated CO,
in high yield. When implemented into CFRPs, this strategy
enables efficient resin degradation and clean fibre recovery,
thereby demonstrating both the chemical valorisation of the
PCHC vitrimer and the effective recovery of carbon fibres.
These results establish multi-step valorisation of CO,. We envi-
sion that this tandem CO, valorisation strategy will inspire
future designs of carbon fibre-reinforced thermoset compo-
sites and provide a promising route toward carbon neutrality
and polymer sustainability by transforming CO, into recyclable
and upcyclable materials.
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