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Polyethylene terephthalate (PET), a dominant polymer in global plastic production, faces critical recycling
challenges due to its persistence in ecosystems and limitations of conventional mechanical/thermal re-
cycling. Upcycling PET waste into value-added polymers represents a transformative approach toward a
circular plastics economy. This review systematically examines innovative strategies for chemically con-
verting post-consumer PET into novel polymeric materials, thereby bypassing the performance degra-
dation typically associated with traditional recycling. Key pathways include (1) depolymerization into
monomers (terephthalic acid, ethylene glycol) for repolymerization into high-purity PET or advanced
polyesters (e.g., biodegradable or bio-based variants), (2) transformation into functional polymers such as
polyurethanes, epoxy resins, and ion-exchange membranes via tailored catalytic processes, and (3) copo-
lymerization/blending with biopolymers to enhance material properties. Breakthroughs in catalysts
(enzymes, ionic liquids), solvent-free systems, and energy-efficient reactors are highlighted for improving
the reaction selectivity and scalability. Despite progress, challenges persist in managing mixed plastic
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wastes, removing contaminants, and achieving cost parity with virgin polymers. Emerging trends, includ-
ing enzymatic engineering and Al-guided monomer-to-polymer design, are proposed to address these
barriers. By bridging molecular innovation with industrial feasibility, PET upcycling offers dual environ-

rsc.li/polymers mental and economic incentives to close the plastic lifecycle loop.
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1. Introduction

Polyethylene terephthalate (PET), a ubiquitous thermoplastic
polymer, has become a cornerstone of modern packaging and
textile industries due to its exceptional durability, light weight
nature, and cost-effectiveness.’ Global PET production exceeds
70 million tons annually, accounting for approximately 18% of
total plastic waste.>? Alarmingly, only less than 20% of post-
consumer PET is effectively recycled, while the majority
accumulates in landfills or natural environments, persisting
for centuries due to its resistance to hydrolysis and microbial
degradation.® The fragmentation of PET waste into micro-
plastics (<5 mm) exacerbates ecological risks, contaminating
marine ecosystems and entering the food chain.®® A recent
study reported that the detection rate of PET microplastics in
human blood and tissues has reached up to 50% of all
samples.’ Despite being one of the recyclable plastics, PET’s
recalcitrant aromatic backbone and semi-crystalline structure
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make conventional waste management strategies insufficient
to address its environmental footprint."®™*?

Traditional PET recycling methods,
implemented, face critical technical
limitations.">"* Mechanical recycling—grinding, washing, and
remelting PET waste—inevitably degrades molecular weight
(M,,) and thermal stability due to chain scission, restricting
recycled PET (rPET) to low-value applications such as fibers or
non-food containers."*'® Landfilling and incineration, though
prevalent, exacerbate carbon emissions (e.g., 2.7 kg CO, per kg
PET incinerated) and soil contamination. These methods per-
petuate a linear “downcycling” model, where the material
value diminishes with each cycle."””™*° For instance, mechani-
cally recycled PET bottles typically undergo only 2-3 cycles
before becoming unusable, highlighting the unsustainability
of current practices.”®

Conventional chemical upcycling—via hydrolysis, glycoly-
sis, or alcoholysis to monomers (e.g., terephthalic acid [TPA],
bis(2-hydroxyethyl) terephthalate [BHET|)—has been explored
to bypass mechanical recycling limitations.>'> However,
these routes typically require energy-intensive conditions
(>200 °C, 1-4 MPa) and corrosive reagents, leading to high
costs, safety hazards, and toxic byproducts.>*>” Currently,
much effort has been dedicated to developing milder and
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efficient methods for upcycling of waste PET to monomers or
small molecules. For example, emerging ionic liquid-mediated
glycolysis (e.g., [BMIM]CI with ZnCl,) enhances BHET recovery
(>95% at 180 ©°C) while suppressing side reactions.
Electrochemical upcycling further demonstrates the potential
to bypass energy-intensive steps and generate significant
market profits by converting PET plastic waste into high-value
products like hydroxy fatty acids and formamides.?®°
Similarly, bio-upcycling strategies like enzymatic technology
produce virgin-quality PET from mixed textile and bottle
waste, achieving 97% depolymerization efficiency while redu-
cing energy consumption by 50% compared to conventional
methods.>”*! Even with monomer recovery efficiencies >90%,
energy-intensive purification (e.g., TPA distillation) and repoly-
merization into low-value rPET still trap materials in downcy-
cling loops.*?

Crucially, emerging “polymer-to-polymer” upcycling strat-
egies now bypass traditional recycling bottlenecks by convert-
ing PET waste into high-value polymeric architectures which
have drawn much attention in recent years.**>* These strat-
egies mainly proceed via two core pathways, which are the
focus of this review: (i) monomer/oligomer-mediated conver-
sion, where PET is depolymerized into monomers or oligomers
like BHET and terephthalate oligomers that are then repoly-
merized into high-value polymers rather than low-value rPET
from conventional monomer recovery. (ii) Direct reconfigura-
tion, where PET chains are restructured in situ into new poly-
mers without isolating monomers. Both strategies can meet
the increasing demand for both enhanced performance and
energy and cost efficiency. First, by the depolymerization and
repolymerization strategy, the PET waste could be upcycled as
intermediates for high-value synthesis. Secondly, with direct
routes, the energy-intensive monomer purification could be
circumvented and the PET structural motifs could be preserved
to maintain or enhance mechanical properties. Thirdly, these
strategies could enable tailored functionalities via monomer
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introduction. In this review, we briefly contextualize
broader PET upcycling before focusing in detail on these two
polymer-to-polymer pathways (Fig. 1). We analyzed the newly
reported monomer/oligomer repolymerization routes and
direct reconfiguration routes that address challenges in cata-
lyst design, process economics, and lifecycle assessment.
Furthermore, outlooks and perspectives on the need for brid-
ging the gap between laboratory-scale innovations and scalable
solutions were also proposed. We hope this review could draw
more attention to the technologies that redefine waste PET as
a new feedstock for high-value products and inspire new ideas
addressing the end-of-use issues of waste polymer materials.

2. Polymer to polymer upcycling
technologies of waste PET
2.1 Depolymerization and repolymerization strategy

Cleaving the ester bonds of PET to obtain small molecules or
oligomers has long been a well-established method in PET re-
cycling. In the last few decades, extensive catalyst development
has enabled efficient chemical depolymerization of PET, pri-
marily yielding the corresponding monomers and oligomers.
Chemists have since leveraged these catalytic approaches for
closed-loop repolymerization to synthesize rPET, or alterna-
tively upcycling them into novel polymeric materials. Distinct
from conventional monomer recovery, the core of this strategy
lies in synergistic catalyst design and process integration to
achieve two critical goals: (i) efficient depolymerization of PET
waste into high-purity monomers/oligomers under mild con-
ditions; (ii) controlled repolymerization into polymers with tai-
lored performance including enhanced mechanical strength,
thermal stability, or functionality for high-value applications.
2.1.1 Monomer-mediated upcycling of PET waste to poly-
mers. This section focuses on the monomer-mediated upcy-
cling strategy, where PET-derived monomers are repolymerized

This journal is © The Royal Society of Chemistry 2026
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into rPET with performance comparable to or exceeding that
of virgin materials, or into novel functional polymers beyond
traditional PET. The repolymerization process from depolymer-
ized monomers including TPA, ethylene glycol (EG) and
dimethyl terephthalate (DMT) under specific conditions
follows a well-defined synthetic framework and has led to rich
achievements. To promote its industrial application, a compre-
hensive assessment still needs to be conducted on indicators
such as the reaction efficiency, the environmental friendliness
of the catalyst, the influence of additives, and economic
practicality.

In general, the repolymerization equilibrium is driven
forward by efficient removal of the byproduct (EG or H,O)
under high temperature (~270 °C) and vacuum (<1 mbar) con-
ditions, ensuring that the molecular weight and intrinsic vis-
cosity meet industrial standards for PET applications. To
reduce the energy cost of this recycling process, advanced cata-
lysts including metal complexes, organic catalysts and ionic
liquids have been developed (Table 1).>°*° However, metal cat-
alysts or ionic liquids are difficult to separate from the pro-
ducts, causing the minimization of the adverse impact of cata-
lyst residues on the properties of rPET critical. Recent studies,
therefore, have focused on the development of greener and
sustainable catalyst systems. Yu et al. employed Ti-Si glycolate
during PET glycolysis and repolymerization, yielding rPET with
mechanical properties comparable to virgin PET synthesized
directly from TPA and EG.*" Additionally, the Si component in
the catalyst effectively regulates the catalytic activity of Ti,
thereby suppressing yellowing in the rPET product. Zhang
et al. developed a supported binuclear Zn catalyst that is
readily separable from the reaction system.’ This catalyst
enables efficient PET depolymerization under mild conditions,
meets industrial depolymerization efficiency requirements,
and exhibits excellent recyclability—maintaining high depoly-
merization activity even after 15 reuse cycles. The bottle-grade
rPET produced from the recovered monomers demonstrates
performance comparable to commercial PET. To avoid metal
residues, Kaiho et al. identified a high-stability organic salt
(TBD/p-TSA) that enables efficient depolymerization of PET
into monomeric BHET at 180 °C with a conversion rate exceed-
ing 92%."* The entire process eliminated the need for purifi-
cation, and the residual catalyst can be directly recycled, thus
realizing a “plastic-to-plastic” closed-loop green recycling
pathway (Fig. 2a). The development of catalysts that are not
required to be removed and are easily separable or recyclable,
while balancing the economic viability and environmental sus-
tainability, represents a key trend in future catalyst research.

Beyond the conventional strategy of repolymerizing depoly-
merized monomers to regenerate rPET, the integration of
these monomers with other functionalized molecules has
emerged as a transformative pathway to access novel materials
with distinct properties from PET. Karanastasis et al. success-
fully synthesized thermoplastic copolyesters (TPCs) by using
bis(2-hydroxyethyl) terephthalate (BHET) as the hard segment
and a bulky aliphatic renewable dimer fatty acid (DFA) as the
soft segment (Fig. 2b).** The bis(2-hydroxyethyl) of BHET can

This journal is © The Royal Society of Chemistry 2026
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react with the diacid functional group of the DFA monomer to
form the structural component of the repeating unit of the soft
segments. De Dios Caputto et al. reported the reaction of
BHET and the inexpensive organic solvent ethylene carbonate
(EC) to prepare liquid polyols with different chemical compo-
sitions and similar molecular weights (Fig. 2c).** These reac-
tions could be catalyzed by various organic bases under mild
reaction conditions (150 °C, 8 h). It was found that the 1,5,7-
triazabicyclo [4.4.0] dec-5-ene (TBD)/methanesulphonic acid
(MSA) catalytic system showed the optimal organocatalytic
efficiency, with one carbonate group being introduced into the
polyol chain for every two EC molecules consumed (Fig. 3).

The catalytic depolymerization of waste PET into new small
molecules, followed by their reconstruction into high-perform-
ance polymers, has also emerged as a promising pathway to
break through the limitations of conventional recycling
methods. Lyu et al. obtained bis(4-hydroxybutyl) terephthalate
(BHBT) using a 1,4-butanediol (1,4-BDO) and chlorobenzene
reaction system to depolymerize PET at a low temperature of
120 °C, catalyzed by K,COs.*® Then they prepared polyurethane
(PU) thermosets with closed-loop recycling potential based on
the BHBT monomer in combination with the bio-based penta-
methylene diisocyanate (PDI) trimer. Distinct from glycolysis
or methanolysis, the aminolysis approach yielded terephthala-
mides with well-defined aromatic-aliphatic structures, which
could also be used for the synthesis of novel polyurethane
materials (Fig. 4a and d). Tan et al. reported the aminolysis of
PET using ethanolamine and organocatalytic TBD and
obtained bis(2-hydroxyethyl) terephthalamide (BHETA) as the
monomer.*® The resulting BHETA monomer was then copoly-
merized with poly(ethylene glycol) (PEG) and hexamethylene
diisocyanate (HMDI) to form a series of polyurethane materials
with different hard and soft segment ratios (Fig. 4b).
Interestingly, these PET-derived polyurethanes showed great
potential to be used as polymer electrolytes in lithium-ion bat-
teries (Fig. 4e). Moreover, the amide bonds in BHETA could
endow the corresponding BHETA-based polymer with hydro-
philicity and adhesive ability. Zhang et al. developed a method
to convert waste PET into BHETA using acetic acid swelling
and mild ethanolamine aminolysis."” The BHETA-based
adhesive was subsequently prepared by crosslinking with
diphenylmethane diisocyanate (MDI) (Fig. 4c). Experimental
results demonstrated that the adhesive exhibits exceptional
bonding performance on wood substrates, achieving a lap
shear strength of 2.5 MPa (Fig. 4f), which originates from the
synergistic effects of abundant hydrogen bonds and n-n stack-
ing interactions within the material.

2.1.2 Oligomer-mediated upcycling of PET waste to poly-
mers. Despite the advancements in the depolymerization to
monomers and repolymerization strategy, chemical recycling
of PET into small molecules faces significant challenges.
These include high energy consumption, prolonged reaction
times, solvent-intensive processes, and difficulties in separ-
ating and purifying the resulting small molecules. Oligomer-
mediated upcycling strategies are emerging as a promising
alternative. These methods employ diols to partially depoly-
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merize PET into oligomers while retaining terminal hydroxyl
groups. These functional groups provide reactive sites for
further transformations. They avoid the energy-intensive puri-
fication of monomers and enable precise structural control
over the polymer architecture, offering a promising alternative
for sustainable material redesign.

As discussed in the previous section, A. M. Fernandez et al.
obtained polyols through the reaction of EC with BHET. They
also investigated the direct reaction of PET waste with EC cata-
lyzed by KOH or various organic bases to produce polyols
(Fig. 5a).** The resulting products exhibited stable molecular
weights of around 1700 g mol™', making them ideal raw
materials for synthesizing thermoplastic polyurethanes.
Notably, the TBD:MSA salt remained inert during PET re-
cycling, which might be attributed to the strong acidity of MSA
causing complete protonation of the TBD base. This protona-
tion prevented coordination between TBD and either PET or
EC, thereby inhibiting the ring-opening polymerization of EC
(Fig. 6). In 2019, Rorrer et al. used EG to depolymerize PET

This journal is © The Royal Society of Chemistry 2026

EC

into terminally hydroxylated oligomers catalyzed by titanium
butoxide.*® These oligomers were then synthesized by reacting
with renewable olefinic acid monomers to obtain unsaturated
polyesters (UPEs) or diacrylate polymers (Fig. 5b and c). The
resulting polymers were dissolved in a reactive diluent contain-
ing a free radical initiator to form a resin, which was coated
onto glass fiber mats to produce a series of fibre-reinforced
plastics (FRPs).

Beyond conventional diols like EG and propylene glycol for
PET depolymerization, specially engineered diols enable
precise tuning of polymer properties including flexibility,
hydrophilicity/hydrophobicity, and optical characteristics. In
2021, Waskiewicz et al. obtained oligomeric glycol via the poly-
condensation of diethylene glycol (DEG) and DFAs, which was
then used to degrade waste PET and synthesize a new type of
oligoesterdiol for use in the development of polyurethane
coating binders.*® It is found that the incorporation of DFA
could suppress the crystallization tendency during storage and
significantly enhance the hydrophobic properties of adhesive
coatings (Fig. 7a). These DFA-derived coatings exhibit a per-
formance comparable to those prepared from petroleum-based
feedstocks such as adipic acid, DEG, and phthalic anhydride.
In 2023, Fan et al. synthesized PG monomers with dual photo-
responsive features (fluorescence and photocrosslinking under
UV irradiation) containing diphenylacetylene and bis-hydroxyl
functional groups and further developed a one-pot “oligomer-
scale” in situ chemical upcycling technology.>® After transester-
ification of the PG monomer with PET to obtain oligomers
with end-modified PG and re-polymerization under vacuum
conditions, UV-resistant materials with improved mechanical
strength were finally obtained (Fig. 7b and d). Liu et al
reported a cardanol-based diol containing a tertiary amine
structure and two primary hydroxyl groups, which enabled the
glycolysis of PET into diol-type oligomers within 20 minutes.”"
Without purification, the resulting diol could be directly
reacted with isophorone diisocyanate (IPDI) and pentaerythri-
tol triacrylate (PETA) to produce PET-based PUA UV-curable
coatings with excellent mechanical properties (Fig. 7c and e).

Polym. Chem., 2026,17,7-20 |
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ance showing the coulombic efficiency and charge/discharge capacity over 150 cycles. Reproduced from ref. 46 with permission from Royal Society
of Chemistry, copyright 2022. (f) Lap-shear strength of P-PUa with different PEG contents, and the lap-shear strength of P-PUa60 on the wood
surface after multiple cycles. Reproduced from ref. 47 with permission from Elsevier, copyright 2024.
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These oligomer-mediated upcycling strategies circumvent
energy-intensive monomer purification challenges and unlock
precise control over polymer architectures, enabling tailorable
material performance.

2.2 Catalytic direct reconfiguration to new polymers

Except for the monomer- or oligomer-based depolymerization—
repolymerization routes, the catalytic direct configuration of
PET into new polymers has attracted considerable interest.

12 | Polym. Chem., 2026, 17, 7-20

These pathways directly convert waste polymers into high-
value materials in one pot or one step via molecular rearrange-
ment or network reconstruction, using transesterification
or dynamic covalent chemistry. Benefiting from advanced
catalytic systems, these approaches eliminate intermediate
purification steps and avoid the high energy consumption
of conventional depolymerization-repolymerization cycles.
Consequently, they enable more efficient production of high-
value recycled materials.

This journal is © The Royal Society of Chemistry 2026
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2.2.1 Direct transesterification pathways to new polymers.
Direct upcycling of PET into new polymers occurs through
transesterification with oligoalcohol esters. In 2022,
Karanastasis et al. synthesized thermoplastic copolyesters
(TPCs) by reacting bulky aliphatic DFA with BHET and pio-
neered a continuous one-pot deconstruction-polycondensa-
tion strategy for directly upcycling post-consumer rPET with
DFA and EG (Fig. 8a).”* By optimizing the catalytic system

HO g~ OH + DFAs
KOH li‘lnvﬂﬂ T

oligoesterdiols HMDI

View Article Online
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(TBT/Mg(OAc),) and the EG depolymerization process, they
achieved efficient conversion of rPET in 100 g-scale reactions,
producing materials with tensile strength (20.5 MPa) and
elongation (1127%) comparable to commercial petroleum-
based products (Fig. 8c). This study demonstrated for the first
time that high molar mass rPET could directly serve as hard
block precursors to obtain block copolymers with controlled
microphase-separated structures via a “one-pot” approach.

In 2023, Zhang et al. synthesized a quaternary ammonium
salt (QAC) antibacterial monomer, 1-tetradecyl-3-methyl-
imidazolium 5-sulfoisophthalate ([C14][SIPA]), featuring
enhanced thermostability through the incorporation of a dia-
romatic ring structure.’® This monomer was pre-polymerized
with EG to form the [C14-EG]s oligomer. Leveraging a solid-
state reaction (SSR)-based PET waste upcycling strategy, [C14-
EG]s underwent transesterification with waste PET catalyzed by
the intrinsic Sb,0; catalyst present in PET bottles, achieving
molecular weight enhancement without requiring additional
catalysts (Fig. 8b). The resulting recycled PET exhibits persist-
ent antibacterial efficacy (>95% activity retention after 30
washing cycles) while maintaining thermal stability compar-
able to the virgin PET material (Fig. 8d).

Inspired by the recent advances in PET acidolysis,”
researchers have leveraged the transesterification principle
between carboxylic acids and ester bonds, coupled with subli-
mation of excess diacid monomers, to achieve polymer-to-
polymer upcycling of PET. In 2024, Fang et al. reported a novel
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PET upcycling strategy using macromolecular carboxyl-ester
transesterification.>* This method utilizes waste PET and non-
volatile bio-based hydrogenated dimer acid (HDA) as feed-
stocks. Through melt polymerization under green conditions,
it directly synthesizes biodegradable poly(ethylene hydrogen-
ated dimerate-co-terephthalate) (PEHT) (Fig. 9a). Crucially, the
process leverages residual antimony (Sb) catalysts inherent in
PET waste, without additional catalysts or solvents. Distinct
from conventional depolymerization-repolymerization path-
ways, this strategy enables precise property modulation via
controlled reorganization of hard segments (terephthalate
units) and soft segments (hydrogenated dimerate units) within
PET macromolecular chains. The resulting PEHT materials
exhibit mechanical strength comparable to commercial PBAT
(tensile strength >30 MPa) (Fig. 9d), significantly enhanced
processability (40% increase in melt flow index), and excellent
compostability (>95% depolymerization within 60 weeks).
Notably, this process demonstrates full compatibility with

14 | Polym. Chem., 2026, 17, 7-20
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existing polyester industrial equipment and achieves 100%
recovery of the byproduct terephthalic acid (TPA) into the pro-
duction chain, realizing an atom-efficient circular economy.

In 2025, Zhang et al. developed an innovative strategy based
on a carboxyl-anhydride molecular switch, achieving efficient
upcycling of waste PET into high-value, closed-loop recyclable
poly(ethylene-co-1,4-cyclohexanedimethanol terephthalate)
(PECT) (Fig. 9b).>® By regulating the hydroxyl/carboxyl ratio in
polycondensation systems through dynamic ring-closing/
opening reactions of ortho-phthalic acid (OPA), this research
accomplished cyclic PET depolymerization and PECT repoly-
merization within a single-reactor melt polycondensation
process (Fig. 9c). Experimental validation confirmed that the
OPA molecular switch enables controllable molecular weight
modulation: during depolymerization (reduced from 51 to
6 kDa within 1 hour) and repolymerization (recovered to
64 kDa), without requiring complex purification steps or
excess solvents. The resulting PECT materials exhibit superior
mechanical properties (enhanced impact strength versus virgin
PET) and solvent processability, with a 24% reduction in re-
cycling costs compared to conventional methods while demon-
strating scalability compatible with industrial equipment
(Fig. 9e). This work establishes a novel molecular design para-
digm for closed-loop recycling of condensation polymers,
offering a scientifically sound and engineering-feasible solu-
tion to address plastic pollution challenges.

On the other hand, utilizing catalytic transesterification to
synthesize novel copolymers through reactive blending of PET
with other polyesters also represents a cost-effective strategy.
In 2023, Leung et al. successfully achieved random copolymeri-
zation of PET and polycaprolactone (PCL) through catalytic
transesterification via melt blending at 280 °C.>® The study
revealed that titanium-based catalysts (Ti(OBu),) exhibited
optimal catalytic activity, effectively promoting transesterifica-
tion to form short-block copolymers poly((ET),-co-(CL)du§)
with a structure similar to PBAT. In 2024, building upon pre-
vious research, they further elucidated the mechanism of stat-
istical copolymer equilibrium formation in PET/PCL copoly-
mers via catalytic transesterification (Fig. 10).>” The study con-
firmed that the feedstock ratio serves as the critical parameter
for regulating the PET block length, while secondary factors
like catalyst loading lose efficacy post-equilibrium. Based on
the reaction probability hypothesis, the diminished availability
of PCL ester groups was demonstrated to drive equilibrium
through reverse reaction dominance. An optimized formu-
lation (65% PET + 1.1-1.5 pph catalyst loading) successfully
yielded copolymers with mechanical properties approaching
commercial PBAT, accompanied by a proposed chain extension
modification strategy to address ductility limitations.

2.2.2 Direct bond exchange pathways to covalent polymer
networks. Vitrimers integrate reprocessability with cross-
linked networks, attracting significant research interest in
polyester-based variants.”® They are defined as high-perform-
ance materials characterized by their dynamic covalent
network architecture, which enables bond exchange and
rearrangement to effectively enhance material properties such

This journal is © The Royal Society of Chemistry 2026
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as melt strength, processability, and recyclability. This bond
exchange is governed by the topological freezing transition
temperature (T,): above T,, vitrimers flow viscously like ther-
moplastics, while below 7,, they exhibit thermoset-like behav-
ior, including solvent resistance, non-meltability, and high
thermomechanical stability. This distinctive combination of
properties—unachievable in rPET—provides an effective strat-
egy for recycling PET while simultaneously enhancing its
strength and processability. In PET vitrimer reconstruction,
polyols and/or multi-functional epoxy serve as crosslinkers that
undergo transesterification with existing ester bonds.

This journal is © The Royal Society of Chemistry 2026

In 2021, Qiu et al. developed continuously reprocessable
vitrimer materials by integrating PET with a tertiary amine-
containing polyol, 2,2-bis(hydroxymethyl)-2,2’,2"-nitrilotrietha-
nol (BIS-TRIS), and diglycidyl ether of bisphenol A (DGEBA) via
reactive extrusion technology (Fig. 11a).>° Dynamic transesteri-
fication formed crosslinked networks, significantly enhancing
the creep resistance by 2-3 fold versus pure PET (Fig. 11c). The
hydroxyl and tertiary amine groups autocatalyze dynamic
transesterification during processing. This enables reproces-
sing via compression molding, extrusion, and injection
molding. In 2023, Fabrizio et al. achieved upcycling of low
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Reproduced from ref. 60 with permission from Elsevier, copyright 2023.

molecular weight PET food trays into vitrimers via melt extru-
sion-based transesterification using DGEBA and zinc acetyl-
acetonate (Fig. 11b).°® This innovative approach achieved a
cross-linking degree of 75% while retaining the material repro-
cessability. The modified system exhibited breakthrough per-
formance metrics: a three-orders-of-magnitude enhancement
in melt strength, doubled tensile strength at room temperature
(55 MPa), and retained dimensional stability at 260 °C
(Fig. 11d).

Conventional pathways to PET-derived vitrimers suffer from
low reactivity and thus require high temperature and energy
cost. Li et al. reported a green and efficient one-pot strategy to
convert PET into a covalent adaptable network vitrimer via
in situ construction, leveraging the synergistic catalytic effects
of neighboring group participation and a tertiary amine struc-
ture.®! The vitrimer was synthesized by reacting PET with pyro-
mellitic anhydride (PMDA) and BIS-TRIS in an internal mixer
at 270 °C for only 5.5 minutes (Fig. 12a and c). PMDA acts as
both a chain extender and internal catalyst via neighboring
group participation of its anhydride groups, while BIS-TRIS
introduces tertiary amine groups and additional hydroxyl
groups to accelerate transesterification. However, such elevated
temperatures may also restrict its scale-up and practical appli-
cation. Besides, it could potentially accelerate undesired side
reactions. For example, the excess carboxyl group may promote
hydrolytic or acidolytic cleavage of ester bonds in the PET
backbone, potentially leading to uncontrolled chain scission
or reduced crosslinking efficiency. To further increase the reac-
tion rate, Ng et al. depolymerized PET via a solvent-assisted
glycolysis with minimal N-methyl-2-pyrrolidone (NMP) as the
solvent (PET/NMP mass ratio = 1:1).>> The reaction used gly-
cerol as the mediator and the ionic liquid 1-ethyl-3-methyl-

16 | Polym. Chem., 2026,17, 7-20

imidazolium chloride ([EMIM]CI) as the catalyst, yielding oli-
gomers bearing reactive end groups. These oligomers were
subsequently repolymerized through dynamic transesterifica-
tion to construct reprocessable covalent adaptable networks
without additives or crosslinkers, using only a catalytic
amount of Zn(acac), (Fig. 12b). The resulting films exhibited
superior tensile strength (48 MPa) with a glass transition temp-
erature (T,) > 80 °C, outperforming commercial thermoplastics
and thermosets. After four reprocessing cycles (cold-pressing
pelletization, hot-pressing molding), tensile strength retention
exceeded 95%, demonstrating the potential to replace virgin
plastics (Fig. 12d).

Catalyst-free strategies for upcycling PET into vitrimers have
emerged as an attractive method in the upcycling of PET
wastes, eliminating the need for exogenous catalysts to stream-
line processing, reduce production costs, and minimize
environmental burdens associated with catalyst recovery and
contamination. Wu et al. developed a novel and efficient cata-
lyst-free strategy for preparing PET vitrimers by constructing
dynamic covalent networks through melt-blending PET with
N,N'-tetraglycidyl-diaminodiphenylmethane (TGDDM) within
minutes (Fig. 13a).°> This study utilized TGDDM’s multifunc-
tionality: its epoxy groups provided crosslinking sites, while
the intrinsic tertiary amine groups enabled concurrent cataly-
sis of the crosslinking reaction and subsequent dynamic trans-
esterification. Controlling the TGDDM content at 0.7-2.0 wt%
allowed precise tuning of materials architectures from
branched polymers to networks with varying crosslinking den-
sities (Fig. 13b). The resulting vitrimers demonstrated excep-
tional heat resistance, creep resistance, and reprocessability
(Fig. 13c-e). By leveraging the intrinsic chemical reactivity or
autocatalytic mechanisms, such approaches are applicable to

This journal is © The Royal Society of Chemistry 2026
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(a) Synthesis of vitrimers from PET via reactive extrusion with BIS-TRIS and PMDA. (b) Synthesis of vitrimers from PET via glycerol glycolysis

and Zn(acac), catalysis. (c) Creep resistance of PET and vitrimers with various BIS-TRIS contents at different temperatures. Reproduced from ref. 61
with permission from Royal Society of Chemistry, copyright 2022. (d) Comparison of mechanical properties between vitrimers with varying glycerol
content and common commercial polymers; ultimate tensile strength of the VRPET1:1 sample after 4 cycles shows little change. Reproduced from

ref. 35 with permission from Springer Nature, copyright 2023.
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(a) Synthesis of vitrimers from PET via reactive extrusion with TGDDM. (b) Effect of TGDDM content on the gel fraction of the samples. (c)

Comparative heat resistance of samples with varying TGDDM content and pristine PET when subjected to a 200 g load at 150 °C for 20 minutes. (d)
Creep curves of PET-0.7 at different temperatures under 10 N stress. (e) Reprocessability of the PET-0.7 sample; storage modulus and tan § plots of
the reprocessed material. Reproduced from ref. 62 with permission from American Chemical Society, copyright 2023.

mixtures of PET products and can enhance the scalability of
vitrimer synthesis. Recently, Danielson et al. presented a cata-
lyst-free aminolysis strategy for upcycling post-consumer PET
waste into closed-loop recyclable vitrimer plastics and compo-
sites, addressing the critical environmental challenge of low
PET recycling rates.®> This approach utilizes commercially
available amines like Jeffamine T403 to deconstruct diverse
PET feedstocks including mixed plastics, textiles, and colored
waste into reactive tetramine macromonomers without exogen-

This journal is © The Royal Society of Chemistry 2026

ous catalysts or solvents. The resulting macromonomers are
crosslinked with acetoacetates (AcAc) to form dynamic vinylo-
gous urethane networks, yielding vitrimers with tunable ther-
momechanical properties (Fig. 14a). Notably, the optimized
vitrimer (TCD-V) exhibits ultimate tensile strength (84.4 MPa)
and Young’s modulus (2.73 GPa), surpassing virgin PET by
80% and 150%, respectively, while demonstrating thermal
reprocessability and shape memory behavior (Fig. 14b-e).
Quantitative monomer recovery and reuse even from fiber-
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(a) Vitrimers based on vinylogous urethane networks are synthesized via the crosslinking of PET macromonomers—efficiently depolymer-

ized from PET through aminolysis—with AcAc crosslinkers. (b) The average tensile stress and Young's modulus for commercial PET and vitrimers

incorporating different AcAc crosslinkers. (c) Tensile stress—strain curve

of TCD-V vitrimers with different crosslinking densities. (d) Tensile stress—

strain curves for the 10:7 TCD-V film after being repressed three times at 200 °C and 500 psi. (e) Consecutive cycles of shape memory behavior
acquired from cyclic DMA experiments. Reproduced from ref. 63 with permission from John Wiley and Sons, copyright 2025.

reinforced composites (glass/carbon fibers) could be achieved,
with mechanical performance retention exceeding epoxy-based
controls by 100% for glass fiber composites. A preliminary
technoeconomic analysis confirms cost competitiveness ($5.37
per kg at 6 kg per day scale), highlighting the potential for
industrial implementation. This work advances the circular
plastic economy by integrating catalyst-free processing, high-
performance material recovery, and adaptability to mixed
waste streams.

3. Outlook and perspective

The advancement of PET recycling technologies hinges on bal-
ancing efficiency, scalability, and material performance to
meet the demands of a circular economy. This review high-
lights the transformative potential of polymer-to-polymer upcy-
cling in redirecting PET waste from landfills to high-value poly-
meric materials. By preserving PET’s macromolecular framework
or strategically recombining its building blocks, these approaches,
including chemical depolymerization and repolymerization and
catalytic reconfiguration, achieve performance parity or superior-
ity over virgin polymers while reducing energy inputs.

The chemical depolymerization and repolymerization
approaches, which break PET into monomers or oligomers for
subsequent repolymerization, have long been the cornerstone
of chemical recycling. Their primary strength lies in versatility:
purified monomers can be repolymerized into virgin-grade PET
or diverted into high-value polymers such as polyurethanes or
polyamides. For instance, enzymatic depolymerization under
mild conditions achieves high monomer yields with minimal
energy input, while chemocatalytic methods like glycolysis and
methanolysis enable industrial-scale production of monomers
like DMT. However, current methods still face critical limit-
ations: multi-step processing including depolymerization, puri-
fication and repolymerization increases energy consumption

18 | Polym. Chem., 2026,17, 7-20

and cost, and residual impurities often compromise the per-
formance of recycled materials. Future efforts are expected to
focus on integrated catalytic systems such as tandem depoly-
merization-repolymerization catalysts and continuous flow
reactors to streamline purification and reduce energy use.
Additionally, coupling depolymerization with renewable feed-
stock integration like bio-based comonomers could further
enhance sustainability and expand product portfolios.

In contrast, one-pot reconfiguration strategies could directly
construct PET waste into functional materials (e.g., new
polymer, vitrimer or composites) without isolating intermedi-
ates. These approaches accomplish cyclic PET depolymeriza-
tion and new PET-derived polymer repolymerization within a
single reactor, offering process intensification and reducing
carbon footprints. Some catalyst-free systems show the poten-
tial to handle mixed, unwashed, or contaminated PET-like
dyed textiles and multi-material waste addresses a major
barrier in conventional recycling, while in situ crosslinking
generates materials with tailored properties including shape
memory and self-healing. Despite the advancement in direct
upcycling of PET methods, real-world implementation is
throttled by inconsistent feedstock quality. There is an urgent
need to expand the utilization of dynamic chemistry including
transesterification, vinylogous urethanes, and imine bonds for
real-life plastic wastes and diversification beyond specific
polymer families. For example, future research should explore
modular crosslinking systems (e.g., orthogonal dynamic
bonds) that enable tunable performance (stiffness, depolymer-
ization rates) and compatibility with diverse waste streams.
Scaling such processes will also require advancements in
reactor design to handle heterogeneous waste and optimize
heat/mass transfer. Another noteworthy priority for PET-to-
polymer upcycling is ensuring new polymers do not introduce
secondary pollution. This requires designing systems with
inherent recyclability: retaining cleavable chemical linkages
like esters, urethanes, or dynamic covalent bonds to enable

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5py00861a

Open Access Article. Published on 26 November 2025. Downloaded on 1/23/2026 4:23:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

end-of-life chemical recycling, while avoiding permanently
crosslinked networks that resist degradation.

A critical yet often overlooked barrier to scaling PET upcy-
cling lies in the heterogeneity of real-world waste streams.
Post-consumer plastics rarely exist as pure monomaterials;
PET bottles are typically contaminated with polyethylene (PE)
caps, polypropylene (PP) labels, adhesives, and residual food/
water, while textile waste frequently comprises PET/cotton
blends or multi-fiber composites. Such complexity directly
challenges the efficiency and selectivity of current recycling
technologies, demanding innovations that transcend idealized
“clean feedstock” laboratory conditions. To this end, the next
generation of PET upcycling will likely merge the strengths of
multiple paradigms. For example, hybrid processes coupling
mechanical recycling and chemical upcycling could use one-
pot and one-step methods to selectively convert PET plastic
waste blends into high-purity materials via precision catalysis.
As demonstrated by a recent study, Co/Mn-catalyzed autoxida-
tion enables selective depolymerization of mixed polystyrene
(PS), high-density polyethylene (HDPE), and PET into benzoic
acid, dicarboxylic acids, and terephthalic acid eliminating the
need for pre-sorting. This oxygenate mixture is further funneled
into single high-value products like p-ketoadipate via precision
biocatalysis, exhibiting catalytic synergy in heterogeneous waste
streams.®® Similarly, integrating artificial intelligence and
machine learning will accelerate the discovery of catalysts and
dynamic chemistries tailored to specific waste streams and
target applications. Also, a critical unmet need remains end-
of-life circularity: while the obtained PET-derived polymer
materials enable chemical recycling, ensuring their recyclability
at an industrial scale requires standardized protocols for decon-
struction and monomer recovery. Moreover, the next step for
advancing PET upcycling lies in prioritizing integrated techni-
cal-economic analysis (TEA) and life-cycle assessment (LCA)
frameworks. While current research has made significant
strides in reaction chemistry and material performance, sys-
tematic data on cost-effectiveness and environmental impact
including carbon footprint and waste generation remain frag-
mented across upcycling pathways. Future studies should expli-
citly quantify these metrics to validate whether converting PET
into new polymers offers tangible advantages over traditional
recycling or virgin polymer production, which would guide
policy and investment toward truly sustainable solutions.
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