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Abstract

Recycling aromatic polyester waste into UV-curable covalent adaptable networks (CANs) offers
a promising pathway toward more circular materials. Here, we present a straightforward strategy
to convert post-consumer polyethylene terephthalate (PET) bottles and polybutylene
terephthalate (PBT) fabrics into photocurable, mechanically reprocessable, and chemically
degradable CANs. PET and PBT were first depolymerized via glycolysis or alcoholysis to yield
BHET and BHBT, which were subsequently methacrylated to form resins PR and FR. A third
resin, SBJR, containing dynamic imine (Schiff-base) linkages, was synthesized from
methacrylated vanillin and Jeffamine to introduce reversible bonding into the network. These
components enabled fabrication of two permanently crosslinked polymers (PR100, FR100) and
two covalent adaptable networks (CANI1, CAN2). Structural analysis verified the expected
chemical transformations, and all materials exhibited good thermal stability, with CANs showing
slightly reduced Ts¢; due to flexible aliphatic segments and reversible imine bonds. Rheological
creep and stress-relaxation studies supported associative imine exchange as the governing
mechanism without network dissociation. CAN2 also demonstrated robust solvent resistance and
could be mechanically recycled and chemically degraded through imine-exchange-driven
depolymerization. Overall, this work establishes an efficient molecular design framework for
transforming plastic and textile waste into photocurable materials, advancing value of plastic

waste as a resource for new materials and reduced environmental pollution.
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Introduction

Plastic pollution is widely recognized as a major global environmental challenge.' Among
synthetic polymers, polyethylene terephthalate (PET) and polybutylene terephthalate (PBT) rank
among the most heavily produced materials, representing roughly 6% of worldwide plastic
production and increasing annually due to extensive use in packaging, textiles, construction, and
electronics.*’ The attractive thermoplastic properties - high mechanical strength, optical
transparency, and processability>® — also contribute to their persistence in the environment,
generating long-term ecological impacts in the absence of effective end-of-life solutions.””'° To
address this, numerous chemical recycling routes have been developed, including glycolysis,!!-1?
hydrolysis,'> ammonolysis,'>1> acidolysis, and alcoholysis. Several of these have advanced to
commercial implementation,'®!” reflecting increased efforts to close the material loop and reduce
dependence on virgin fossil-derived feedstocks.!0-18:1

Recently, Liu et. al., reported a strategy for constructing closed-loop recyclable polymer aerogels

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

derived from low-cost PET waste,” while Feng et. al., developed an effective approach to
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with high mechanical performance (Scheme 1).!° Singh et. al., further reported upcycling of PET
waste into poly(ester-amide) capable of closed-loop circularity.® In addition, Jia et al.,
investigated recycling of PET into polyester-based covalent adaptable networks (CANs) with
varying network densities.?!

The depolymerization of PET via glycolysis is promoted by catalysis. A wide range of catalysts
has been employed, such as zinc acetate (Zn(OAc),), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD),
sodium methoxide (NaOMe), carbonate bases (NaHCO3, Na,CO3, and CaCOs, etc.), as well as

heterogeneous organic catalysts such as MOF or COF.222* These catalysts improve
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transesterification efficiency and accelerate PET breakdown.?>2° In addition, ionic liquids (ILs)
and deep eutectic solvents (DESs) have emerged as promising alternatives, acting simultaneously
as reaction media and catalysts to improve glycolytic efficiency and bis(2-hydroxyethyl)
terephthalate (BHET) yields.* Li ef al. demonstrated that PET-derived polyurethane elastomers
can be synthesized via DES-assisted glycolysis,’? while Ha et al. and Attallah et al. showed that
microwave-assisted DES glycolysis enables rapid, high-yield depolymerization. Bifunctional
DESs can further deliver high monomer recovery under relatively mild conditions.3!-3? Despite
these advances, challenges remain—including catalyst separation, BHET purification, and
managing mixed-waste streams. Yet, when combined with greener catalysts and energy-efficient
technologies, glycolysis remains one of the most promising pathways for scalable PET chemical

recycling and industrial adoption.?82°

Covalent adaptable networks (CANSs) are cross-linked polymers capable of altering their network
topology through associative or dissociative bond-exchange reactions. These materials combine
the mechanical, thermal, and solvent resistance of thermosets with the reprocessability typically
associated with thermoplastics. Incorporating imine bonds into CANs introduces dynamic
exchange pathways—including transimination, imine metathesis, and imine hydrolysis—and
these networks can be readily synthesized by condensing aldehydes or ketones with amines. 833~
35 The presence of imine linkages imparts potential for thermal reprocessability, chemical
recyclability, self-healing, and shape memory capabilities.’¢,3738 Existing PET-upcycling studies
largely focused on depolymerization to BHET followed by conversion into thermoplastics, with
only a limited number demonstrating the transformation of PET into dynamically crosslinked
polymers (Scheme 1).3°#' Moreover, these examples typically relied on multistep

workflows.??142 Beyond CAN formation, broader research shows that PET recycling can yield
4
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epoxy resins, alkyd resins, coatings, and other high-value materials, further highlighting the

significant potential of polyester waste as a circular feedstock.®

Here, we test the hypothesis that post-consumer PET bottles and PBT textile waste can be
depolymerized and used as raw materials for UV-curable covalent adaptive networks (CANS).
We introduce a recycling route that couples alcoholytic depolymerization, methacrylation, and
dynamic-imine network design to generate mechanically reprocessable and chemically
degradable CANs from waste-derived monomers. The resulting materials were comprehensively
evaluated from mechanical performance and stress relaxation behavior to recyclability. This
strategy provides a promising approach to develop more circular resin systems and offers a basis

for future research on scalable pathway.
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Scheme 1. Comparison of photocurable resins previously formulated from alcoholysis products
of PET and in current work also from alcoholysis of PBT fabrics.

Results and discussion

Synthesis of photocurable resins from post-consumer bottles and fabrics

Commercial PET bottles and PBT fabrics were chemically depolymerised to be utilized as
photocurable resin components (Scheme 2). In the first step, the materials were uniformly cut into

small pieces, which were subjected to chemical depolymerization through reaction with ethylene glycol or

1,4-butanediol, respectively, in the presence of zinc acetate (Zn(OAc),) as a catalyst to obtain their

6
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corresponding alcoholysis products, BHET and BHBT. Subsequently, in the presence of dimethyl
aminopyridine (DMAP) as a catalyst, BHET and BHBT underwent a methacrylation reaction
with methacrylic anhydride to generate the photocurable resins, PR and FR. A third resin
component containing a dynamic imine-bonds (Schiff base) to facilitate circularity was
synthesized starting from Jeffamine and biobased methacrylated vanillin (SBJR) (Scheme 2).
These three photocurable resins were then formulated into two traditional thermosetting
polymers (PR100 and FR100) and two covalent adaptable networks (CAN1 and CAN2) shown

in Scheme 2.
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Scheme 2. The synthesized photocurable resins, and photocured thermosets (PR100 and
FR100) and covalent adaptable networks (CAN1 and CAN2).

The chemical structures of the intermediates and resins were confirmed by NMR. In the "TH NMR
spectra of intermediates BHET and BHBT, the peaks of ester-CH, and aliphatic-OCH, appeared
at 6 ~4.52 and 4.01 ppm, respectively, and the aromatic signal appeared at 6 8.15 ppm. Similarly,
in BHBT, the peaks of ester-CH, and aliphatic-OCH, appeared at & ~4.51 to 4.63 ppm, the peak
of aliphatic-CH, appeared at 6 ~1.74 to 1.93 ppm, and the peak of aromatic-CH appeared at &
8.11 ppm. After methacrylation, due to the electron-withdrawing properties of the vinyl ester
group, the BHET and BHBT of the ester and aliphatic -OCHj, shifted slightly to the up-field, and
three new peaks were observed at 0~6.15 and 5.61 ppm, and & 1.96 ppm, respectively,
corresponding to the methacrylic -CH, and -CHj; peaks. The other peaks, such as the ester -CH,
and aliphatic -OCHj,, aliphatic -CH, and aromatic signals, correspond well with the photocurable
resins (PR and FR) (Figure 1A). In the 'H NMR spectrum of SBJR, methacrylate hydrogen
peaks appeared at & 5.90, 6.27, and 1.98 ppm, which agrees with previously reported SBJR
spectra.’*

In 3C NMR spectra of BHET and BHBT, aromatic ester carbonyl and aromatic carbons,
aliphatic -OCH, and -CH, peaks were observed at 6 ~165.63, 134,10-129.52, 67.49-59.44 and
~29.15 ppm, respectively. After the methacrylation vinyl and aromatic ester carbonyl peaks were
observed at 0 ~167.12, 165.48, aromatic and methacrylic carbons, aliphatic -OCH, peaks
appeared at 0 ~135.88 to 62.25 ppm, and methacrylic -CH; peak at 6 ~18.26 ppm as shown in
Figure 1B. All shifts in 3C NMR spectra of FR unambiguously matched with the structure
(Figure S2), while the spectrum of SBJR was again consistent with the spectrum previously

reported in the literature.’*

Page 8 of 24


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6py00244g

Page 9 of 24

Polymer Chemistry

View Article Online

DOI: 10.1039/D6PY00244G

(A) . Ar-H _ Ali-CH, (B) Ar-C and -C=C
. g methacrylic -CH,
ooy e -CH ot s
° j R ©
PR | ll ||l il 1l | I
BHET | | A1 SRET \ | L
| oot ¢k | coay
B g7 | -CF2COOH cDcly FFLCOOH ‘
PET
| L
T b | T T T T I I T | T T T T T T T T 1
10 9 8 7 6 5 4 3 ppm 200 180 160 140 120 100 80 60 40 20 ppm

Transmittance (%)

Wavenumber (cm™)

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 26 June 2026. Downloaded on 6/28/2026 12:06:13 AM.

(cc)

\/"'\M' =
o~
()]
<
S
€
Y ]
s
'_
-OH \ﬂ'l/ C¥Q -C=N
4000 3500 3000 2500 2000 1500 1000 2000 1500 1000

Wavenumber (cm™)

Figure 1. (A) 'H NMR (400.13 Hz, CDCI;) and (B) 3C NMR (100.61 MHz, CDCI;) spectra of
PET, BHET and PR. (C and D) FTIR spectra of PET, BHET, PR, SBJR, PR100 and CANI1.

The structures of the photocurable resins (PR, FR and SBJR) and corresponding cross-linked

materials (PR100, FR100, CAN1 and CAN2) were also confirmed by FTIR analysis (Figure 1C-

D and Figure S3 A-B). For the resins, ester carbonyl stretching signals were observed at ~1715

cm!, imine (-C=N) peaks at ~1605 cm’!, and -C=C bending vibrational peaks at ~941 and 876

cm’!, respectively. After photopolymerization the intensity of -C=C bending vibrational peaks

decreased at ~941 and 876 cm! indicating consumption of methacrylate bonds in the

photopolymerization reaction, while the remaining peaks exactly matched with corresponding

polymer structures.
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Thermal properties

Thermogravimetric analysis (TGA) was used to analyse the thermal stability of intermediates,
photocurable resins, and the final photocured crosslinked polymers, see Figure 2, Figure S4 and
Table S1. Uncured resins PR and FR demonstrated 7’5, of 214 °C and 181 °C, respectively, and
the maximum decomposition temperatures (7,) were observed at 424 °C and 409 °C (Figure 2A,
Table S1). The T, and T, of uncured Schiff-base resin (SBJR) were in the same range, i.e., 215
°C and 394 °C, respectively. After crosslinking the thermal stability of PR100 and FR100
significantly increased, resulting in 75, values of 264 °C and 221 °C. These values are
approximately ~40-50 °C higher than the corresponding values for uncured resins (PR and FR).
The Tso; and T,; of FR and FR100 were somewhat lower than those observed for PR and PR100,
which is explained by the longer aliphatic alcohol, resulting also in slightly lower aromatic
content. Mixing SBJR with PR or FR to prepare crosslinked CAN1 and CAN2, resulted in 75 of
221 °C and 187 °C, i.e., a reduction of approximately 30-40 °C compared to PR100 and FR100,
which could be explained by the introduction of flexible aliphatic Jefm units and labile imine-
bonds. However, the T, values were similar to values of PR100 and FR100. While these T’
values were slightly lower than what has been reported for similar systems earlier, the 7, values
were in the same range. As an example, one-pot depolymerization of PET waste into
photocurable resins led to T’s., and T, values of ~329-365 °C and ~366-414 °C,%!0 while vanillin-
containing Schiff base-based photocurable networks had 7’5, and T, values from 250-270 °C and

~410 °C, respectively. 3443

10
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Figure 2. TGA analysis of (A) PET bottle derived intermediates, photocured PR100 and CANI1
and (B) PBT fabric derived intermediates, photocured FR100 and CAN2.

Thermomechanical analysis

Thermomechanical properties of the thermosets (PR100 and FR100) and CANs (CANI1 and
CAN2) were analyzed by dynamic mechanical analysis (DMA) (Figure S5 and Table-S1). The
T, were determined from fan 0 curves. PR100 and FR100, exhibited relatively high 7, values
(202 °C, 154 °C, respectively), while T, values of corresponding CAN1 and CAN2 with flexible
Jetm were significantly lower (128 °C and 52 °C, respectively). Broadening of the tan J curves,
especially in the case of FR100 and CANI1, is attributed to the heterogeneity of the cross-linked
materials. These values are significantly higher than the previously reported 7, (25 °C) for CANs
prepared by photocuring SBJR alone in the absence of PR100 or FR100.3* This is explained by

the higher rigidity and aromatic content compared to the flexible SBJR.

Furthermore, the crosslinking densities of thermosets (PR100, FR100), and CAN1 and CAN2
were calculated as 1.8 x 103, 1.6 x 103, 6.4 x 103 and 2.8 x 103 mol/m?3 and the storage moduli at
30 °C were ~18, 16, 57, and 2.5 MPa, respectively. Both traditional thermosets illustrated

relatively similar crosslinking densities and storage moduli, while CANI1 exhibited higher
11
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crosslinking density and storage modulus. The crosslinking density of CAN2 was intermediate
between thermosets and CAN1, while it had the lowest storage modulus. The lower crosslinking
density of CAN2 compared to CANI1, agrees with observed lower gel content and solvent
stability (Table S2) with possible additional influence from the longer alcohol used during
depolymerization. The significantly lower storage modulus of CAN2 observed at 30 °C is likely
mainly deduced to the closeness to T, with further contribution from the more flexible structure

and lower crosslinking density compared to CAN1.

In addition, thermomechanical analysis of CAN1 and CAN2 was performed using rheology
through three different types of experiments shown in Figure 3 A-D and S6. This analysis is
approximately three orders of magnitude more sensitive than calorimetric analysis for detecting
T,, and it allowed determination of 7, of CAN1 and CAN2 at 103 and 83 °C, respectively. The
lower T,, of CAN2 was expected due to the greater structural flexibility of BHBT compared to
BHET. It is also expected that the 7,, obtained by thermomechanical analysis is somewhat higher
compared to the one obtained by calorimetric analysis. No dissociation was observed in the
storage modulus within the rubbery state, at least up to 200 °C, supporting an associative

exchange mechanism.

Creep tests were conducted at different temperatures, all at least 50 °C above the highest 7,, and
below T’., obtained by TGA: i.e., at 160, 170 and 180 °C. An interesting effect was observed:
although both materials exhibited creep deformation due to the presence of imine bonds, the
influence of temperature appeared to be minimal. As a result, parameters such as the activation

energy (E,) and the topology freezing transition temperature (7)) could not be reliably extracted

12
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from these experiments. Nevertheless, this behaviour is promising. The limited influence of
temperature on the strain-time response suggests a high crosslinking density, leaving little free
volume available for network rearrangement. Additionally, stresses higher than 75 000 Pa could

not be applied due to instrument overspeed limitations.

Finally, stress relaxation tests were performed at 160 °C, 170 °C and 180 °C on both CAN1 and
CAN?2. The relaxation times (73,%) were only around one minute, confirming again the dynamic
behaviour facilitated by the imine bonds. Unfortunately, it was not possible to accurately
determine E, and 7, due to the lack of a stable storage modulus at rubbery plateau.
Consequently, stress relaxation measurements were only performed at a single temperature.
After 30 minutes, no total relaxation was observed due to the highly crosslinked structure,
remaining around 83 % relaxation for CAN1 and 91 % for CAN2. A higher relaxation in CAN2

was expected due to a lower 7,. Due to the absence of dissociation observed in the tan delta

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

experiment, along with the existence of dynamism observed in the creep and stress relaxation

experiments, we can conclude that the system is an associative adaptable covalent network

Open Access Article. Published on 26 June 2026. Downloaded on 6/28/2026 12:06:13 AM.
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Figure 3. Rheological analysis showing (A) tan (8) curves (B and C) CAN1 and CAN2 stress-
relaxation curve at 160 °C, 170 °C and 180 °C and (D) creep test at 160 °C, 170 °C and 180 °C

for CAN1 and CAN2.

Solvent resistance

Solvent resistance properties of CAN1 and CAN2 were analysed by immersing ~100 mg of the
films into 5 mL of different solvents such as sodium hydroxide (IM NaOH), N N-
dimethylformamide (DMF), acetone (Ace), dimethyl sulfoxide (DMSO), tetrahydrofuran (THF),
dichloromethane (DCM) and ethanol (EtOH), at room temperature for 2 days (Figure S7 and

Table S2). Weight loss was measured after immersion in the solvents. Both CAN1 and CAN2
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films remained intact in most solvents, and while CAN1 was generally more stable than CAN2.
The exception was immersion in NaOH solution, which resulted in largest weight loss for both
materials, possible due to hydrolysis of ester bonds in alkaline solution.** Surprisingly, these
imine bond-containing CANs showed good stability in 1 M HCI solution due to the high
crosslinking density confirmed by rheology, contrary to what is often observed for imine bond
containing materials under acidic conditions (see Chemical degradation of CANSs). This
observation is also in agreement to what was observed for photocured SBJR in previous work.*
Mechanical reprocessability

Due to the known dynamic imine bond exchange reactions during heating, the network topology
of CANI1 and CAN?2 is expected to be able to rearrange endowing thermal reprocessability for
the previously UV-cured films. The thermal reprocessability of UV-cured CAN1 and CAN2 was
evaluated by cutting the materials into small pieces and placing them in a hot-press mold (180

°C, 200 kN for 15 min). These thermally reprocessed samples were denoted as CANI original

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

and CAN2 original. Similar procedure was followed for the reprocessing cycle (second hot

Open Access Article. Published on 26 June 2026. Downloaded on 6/28/2026 12:06:13 AM.

pressing). However, while CAN2 could be successfully reprocessed with adequate property

(cc)

retention, the reprocessed CAN1 films were too brittle for further use. The structural, thermal
and mechanical properties of original and reprocessed materials were followed by FTIR, TGA

and tensile testing (Figure 4 A-D and Table S1).
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Figure 4. (A) FTIR spectra (B) TGA weight loss curves of original and mechanically
reprocessed CAN1 and CAN2 (C) DMA tan (8) curves and (D) Stress-strain properties of

Temperature (°C)

original and mechanically reprocessed CAN2.

Strain (%)

In the FTIR spectra of once hot-pressed and reprocessed CAN1 and CAN2 all absorption bands

(e.g., imine, ester, -C=C and -CH) matched the original spectra indicating no major structural

changes. Furthermore, no deterioration of thermal stability was observed after reprocessing. For

CANI1, T, appeared at 405 °C and T’ at 222 °C after reprocessing cycles (Figure 4B and Table

S1). These values are very close to the original values of 403 °C and 221 °C, respectively.

Similar was observed for CAN2. The influence of mechanical reprocessing on tensile properties

of CAN2 was further analysed by tensile testing. After reprocessing the elastic modulus of
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CAN2 increased from 0.33 MPa to 0.69 MPa and the tensile stress and elongation at break
remained similar or slightly lower compared to the original values. Tensile testing of CAN1 was
not performed due to the brittle nature of the material.

Chemical degradation

We previously reported recycling of linear and crosslinked Schiff base-based materials by
immersion in an acidic aqueous solution (0.01 M HCI, pH = 1) for 24 hours at room
temperature.'® The degradation rate increased with increasing HCI solution concentration (0.1 M
and 1 M HCIl) and temperature. Here, the chemical degradation of CAN2 was tested under
increasingly acidic conditions (0.01 M, 0.1 M, and 1 M HCI (pH 0-2)), at room temperature and
at 50 °C. However, CAN2 illustrated excellent chemical resistance in HCI solutions. Therefore,
we further evaluated the chemical degradation of CAN2 by transimination in hexylamine
(primary amine) in THF at 60 °C. After immersion in hexylamine/THF solution (1:4 mL) for 24

h at 60 °C, CAN2 fully dissolved (Figure 5A). A proposed degradation mechanism, where the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

excess of hexylamine caused an imine exchange reaction to occur is presented in Figure 5B and

Open Access Article. Published on 26 June 2026. Downloaded on 6/28/2026 12:06:13 AM.

the '"H NMR spectra of the organic layer at the beginning and after chemical degradation, as well

(cc)

as spectra of Jefm and SBIJR is presented in Figure 5C. After the reaction of hexylamine with
CAN?2, the signal from the imine bond (6 ~8.30 ppm) connecting Jeffamine to the network
disappeared, while the '"H NMR spectrum of the crude dissolved product showed that a new
imine (-C=N) peak appeared at 6 ~8.10 ppm, supporting the transimination reaction. In addition,
aromatic -CH peak appeared at & ~6.75 to 7.30 ppm, and aliphatic -CH peak appeared at 6 ~1.10

to 5.1 ppm.
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Figure 5. (A) Chemical degradation attempt of CAN2 with 1M HCI or hexylamine/THF

solution, (B) the proposed reaction mechanism for chemical degradation of CAN2 by

hexylamine/THF, and (C) 'H NMR (400.13 Hz, DMSO-dj) spectra of SBJR resin, crude product

of CAN2 dissolved in hexylamine/THF, organic layer after extraction with ethyl acetate.

Conclusions

Post-consumer PET bottles and PBT fabrics were successfully transformed into highly-reactive

photocurable resins and dynamic covalent networks. The synthesis of PET and PBT derived

resins (PR, FR), and a Schiff-base resin (SBJR), along with their integration into two

permanently crosslinked thermosets and two CANSs, highlights the versatility of the approach and

its potential to support more circular polymer design. Structural analysis by NMR and FTIR
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confirmed the targeted chemical transformations, while thermal analysis supported very good
thermal stability after curing. The CAN1 and CAN2, containing imine-based exchangeable
bonds, exhibited dynamic behavior at elevated temperatures while maintaining associative
network characteristics. While CAN2 could be thermally reprocessed to good quality films,
reprocessing of CANI1 resulted in fragile material. In spite of the resistance to degradation under
commonly reported acidic conditions, the materials remained chemically degradable through
transimination, allowing targeted depolymerization to recover resin components such as
Jeffamine. Overall, the materials developed in this work combine recycled feedstocks,
photocurability, thermal robustness, reprocessability, and selective chemical degradability. The
demonstrated recycling pathways underscore the potential for integrating dynamic covalent
chemistry into waste-derived polymer systems to advance material circularity. However, further
research is needed to optimize processes and to assess the long-term performance, scalability,

and overall environmental impact.
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