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Recent advances in chemical upcycling
of plastic waste: microwave-assisted
heating and heterogeneous catalysis
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The chemical upcycling of plastic waste offers a sustainable pathway to transform discarded polymers
into valuable chemical feedstocks and fuels. Among emerging approaches, microwave (MW)-assisted
heating has gained significant attention for its ability to deliver rapid, uniform energy input, dramatically
reducing reaction times compared with conventional thermal methods. When coupled with hetero-
geneous catalysis, MW irradiation can lower activation barriers for depolymerisation, enhance product
selectivity and reduce overall energy demand. Heterogeneous catalysts also provide advantages in
recovery, reuse and process scalability, making them attractive for industrial adoption. Recent research
has focused on tailoring catalyst composition, structure, and surface properties to optimise MW —catalyst
interactions across a wide range of polymer types, including polyesters, polyolefins, polystyrene, poly-
amides and polyvinyl chlorides. This review summarises the fundamental principles of MW-assisted
catalysis and critically examines recent advances in catalyst design, reaction optimisation and
mechanistic understanding.

The accumulation of plastic waste is a pressing environmental challenge that demands comprehensive, multifaceted solutions. Meaningful progress will

combine design for circularity, improved collection, sorting and conversion strategies that upgrade mixed streams into higher-value products with reduced

emissions. In this context, microwave-assisted heating paired with heterogeneous catalysis provides rapid, targeted energy input and controllable pathways

using recoverable catalysts, enabling plastic depolymerisation and upgrading under energy-efficient conditions. These advances support circular economy

objectives by converting low-value waste into useful chemicals and materials. More broadly, integrating catalyst design, reactor engineering, realistic feedstocks

and robust techno-economic and life-cycle assessment will be key to scaling low-emission solutions to plastic pollution.

1. Introduction

These issues stem largely from the global mismanagement of
plastic waste and the limitations of current recycling methods.

A material once described as the ‘greatest finding in the
millennium’, now poses an undeniable threat to the future of
our planet. Owing to its tensile strength, lightweight and
versatility, plastic production has increase 200-fold since the
1940’s." Plastic pollution has become widespread across the
environment, accumulating in both terrestrial and marine
ecosystems and even within human bodies. It poses significant
risks due to the release of chemical additives through leaching
and degradation, as well as the formation of microplastics.
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About 400 million tons of plastic is produced globally each
year. Worldwide, it is estimated that only 9% of plastic waste
is recycled by mechanical recycling.>* This involves sorting,
washing, grinding, melting and reprocessing of plastic waste
into pellets for new products which often results in a down-
cycled, lower quality product. Polyolefins such as low-density
polyethylene (LDPE) and polypropylene (PP) are generally
unsuitable for mechanical recycling due to degradation of
mechanical properties during processing as well as the presence
of additives and multi-layered plastic structures.* While advance-
ments in sorting technologies, decontamination protocols and
pre-treatments have enhanced the viability of mechanical recy-
cling as a valorisation pathway for certain plastic types, significant
challenges remain including the limited capacity to process mixed
and contaminated plastic wastes.” Incineration allows for energy
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recovery and it is estimated that about 10% of household energy
requirements in Europe are currently fulfilled using this method.®
However, incineration contributes to greenhouse gas emissions
through the release of CO, and may also emit persistent organic
pollutants (POP) which pose significant environmental and health
risks.” According to reports by the Organisation for Economic
Co-operation and Development (OECD),> 50% of global waste
plastic is disposed of in regulated landfill sites.*> While landfilling
is a low energy method that does not require sorting of plastic
waste, it poses long term environmental risks such as the leaching
of microplastics, additives and plasticisers into soil and water
streams. The drawbacks associated with the current plastic waste
management techniques have resulted in increasing attention
towards chemical recycling of plastic waste. Chemical recycling
enables upcycling of plastic waste by breaking them into original
monomers (closed-loop recycling), which can be repolymerised
into high-quality polymers. Alternatively, plastics can be converted
into high quality fuels, feedstock chemicals or materials (open-
loop recycling).®'° While energy requirements for chemical recy-
cling methods are generally high to overcome polymer stability,
approaches such as MW-assisted heating and catalyst develop-
ment are being investigated to reduce energy usage and maximise
efficiency."* The European Commission’s Joint Research Centre
found that based on life cycle assessments (LCA), mechanical and
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chemical recycling are far more beneficial from a climate per-
spective than landfill and incineration for energy recovery."’
To address the limitations inherent to mechanical recycling,
chemical recycling has emerged as a complementary approach
capable of processing plastic waste streams for the recovery of
monomers or valuable chemical feedstock. A summary of current
plastic waste management methods compared with chemical
recycling is presented in Fig. 1(a).

A summary of chemical recycling pathways for polyesters,
polyolefins and other plastics is illustrated in Fig. 1(b). Poly-
esters such as PET, PLA, PES and polycarbonates (PC) are well-
suited to selective depolymerisation methods such as alcoho-
lysis, glycolysis, hydrolysis and aminolysis. These processes
yield defined monomers, green solvents and chemical feed-
stocks that can be directly repolymerised, enabling closed-loop
recycling. In contrast, polyolefins such as LDPE, PP, and high-
density polyethylene (HDPE), due to their non-polar, saturated
hydrocarbon backbones, primarily degrade via energy-intensive
processes such as pyrolysis, catalytic cracking or oxidative
degradation. These methods yield a broader spectrum of pro-
ducts such as gases, liquid fuels, olefins, aromatics, waxes,
organic acids and carbon nanomaterials, making them better
suited for open-loop recycling. Other polymers include poly-
styrene (PS), polyvinyl chloride (PVC), and polyamide (PA) and
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high temperature pyrolysis and cracking are typically reported
for PS and PVC, while PA can be depolymerised in a closed-loop
system, similar to polyesters.

Among the various chemical recycling technologies, MW-
assisted heterogeneous catalysis has emerged as an energy-
efficient approach by reducing reaction times and allowing for
catalyst recyclability.* Heterogeneous catalysts are particularly
advantageous for industrial scale-up due to their ease of
recovery and regeneration.'”> Additionally, MW-assisted heating
has been shown to significantly reduce reaction times when
compared with conventional thermal heating for plastic degra-
dation. When coupled with MW-assisted heating, heteroge-
neous catalysts have demonstrated excellent stability and
catalytic performance. Interactions between MW and solid
catalysts can produce special thermal effects or ‘hot spots’ as
well as MW plasmas, accelerating reactions at the catalyst
surface.'® MW-assisted heating has been shown to enhance
activity, selectivity and stability of heterogeneous catalysts.

The importance of chemical recycling is emphasised by
various review articles that have emerged in recent years. Several
comprehensive reviews on the chemical recycling of polyethylene
terephthalate (PET) have been reported.'” " Broader reviews on
the catalytic depolymerisation of polyesters have also been
conducted which include reports on polycarbonates towards
closed-loop recycling and upcycling.”*>* Li et al.>® carried out
a comprehensive review on closed and open-loop recycling
methods for biodegradable polylactic acid (PLA) plastics.
A number of focused reviews have also explored chemical recy-
cling routes for polyolefins."****® Qin and co-workers reviewed
advanced catalytic systems for the chemical recycling of different
plastic types,”® while Chu et al. emphasised the significance of
rational catalyst design in chemical recycling processes.*® Luo and
co-workers provided a comparative review of mechanical recycling
and recent advances in chemical recycling technologies.*" Addi-
tionally, there is a growing recognition of the importance of
undertaking assessments of economic and environmental sus-
tainability of proposed methodologies.**™*

This review provides an overview of recent developments in
chemical recycling technologies, with a particular emphasis on
heterogeneous catalysts coupled with MW-assisted heating. The
focus is placed on the role of MW in enhancing energy efficiency
of catalytic depolymerisation reactions and recent advances in
the design and application of advanced heterogeneous catalysts
to promote MW absorption and improve process yield and
selectivity. We will discuss the fundamentals of MW-assisted
heating for catalytic applications and explore MW-assisted
chemical recycling strategies for a range of polymer types includ-
ing polyesters (PET, PLA, PES and PC), polyolefins (LDPE, HDPE,
PP) and other plastics such as PA, PS and PVC.

2. Fundamentals of MW-assisted
catalysis

MWs are a type of electromagnetic radiation, and range in
wavelengths from 1 mm to 1 m and frequencies from 300 MHz

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to 300 GHz, with most lab-based MW reactors operating at a
frequency of 2.45 GHz. When materials are subject to MW
irradiation, the polarisation of dipoles or charges within the
material cannot instantly follow the rapidly oscillating electric
field, leading to a lag known as dielectric relaxation. This
results in heat generation due to energy loss from the friction
between molecules. The quantity of energy loss from the system
due to electromagnetic relaxation depends on the dielectric and
magnetic properties of a material.

Selective heating of materials under MW irradiation can be
related to the complex permeability and permittivity of the
specific material, which affects magnetic and dielectric heating,
respectively.’® The complex permittivity of a material deter-
mines a material’s dielectric heating by a MW-electric field, and
is defined as:

e =¢ —j& (1)

where ¢* is the complex permittivity, ¢ relates to a materials
ability to hold electrical energy and is the real component of
the dielectric permittivity, and ¢’ is known as the dielectric
loss factor which relates to the material’s ability to convert the
electric energy into heat and is the imaginary component of the
dielectric permittivity.*®

As dielectric heating is commonly reported for catalytic
processes carried out under MW irradiation, most literature
reported use of the loss tangent (tand) to assess a materials
susceptibility to penetration by electric field and subsequently
dissipate the energy as heat. The loss tangent of a material can
be calculated using:

N

tano = i—/ (2)

A material with a high loss tangent can therefore be easily
heated in a MW-electric field, while materials with low loss
tangents are less susceptible to heating in a MW-electric field.

The complex permeability of a material determines the
material’s magnetic heating in a MW-magnetic field, and is
defined as:

pr=p =g (3)
where p* is the complex permeability, ' is defined as the real
component of the complex permeability and relates to the
ability of the material to hold magnetic energy in the MW-
magnetic field, and y” is defined as the imaginary component
and represents the magnetic loss, which accounts for energy
dissipation due to magnetic relaxation effects. In eqn (1) and
(3), 7 accounts for phase shifts in alternating fields and ensures
proper mathematical representation of energy losses.’”

The quantity of energy absorbed by the material which is
dissipated as heat can be expressed as:

1
Pavs = 50 E+f &% | E+f wou|H ©
where P, relates to the volumetric power absorbed (W m™3),

¢ is the conductivity which is given as nf:%’, where f is
the frequency (Hz), ¢° and u, are the dielectric constant and
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Fig. 2 Classification of solid materials and their interactions with MW
conductors, dielectric and insulators, adapted from ref. 38 with permission
from MDPI, Copyright 2020.

magnetic permeability in the vacuum, respectively, ¢ and "
are the relative dielectric and magnetic losses, respectively, and
|E| and |H| are the electric and magnetic field intensity,
respectively.*®

Solid materials have been classified as absorbers (dielectric),
perfect conductors or insulators based on how they interact
with MW-electric fields, illustrated in Fig. 2. Absorbers such as
dielectric materials allow MWs to penetrate below their surface,
perfect conductors such as metals reflect MWs with no pene-
tration and insulators allow MWs to pass through them with
little or no losses, for example, glass.

In heterogeneous catalysis, MW heating has been reported
to increase reaction efficiency and product selectivity due to
rapid heating and hotspot formation at the catalyst surface, as
well as the generation of micro-plasmas leading to accelerated
activation of reactants.®® Fig. 3(a) illustrates the distinct
mechanisms of MW-induced hotspots compared with micro-
plasmas highlighting their respective thermal and non-thermal
catalytic activation pathways. Hot spots are localised regions
of elevated temperature withing the catalyst or at its surface,
arising from non-uniform MW absorption in areas with
high dielectric losses.>® In contrast, micro-plasmas are loca-
lised electrical discharges consisting of ionised gas, typically
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(a) Schematic representation of hot spot and plasma formation on catalyst surface under MW irradiation, (b) thermal imaging to reveal hotspot
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composed of high energy electrons, ions and radicals. Micro-
plasma formation occurs in regions of enhanced electro-
magnetic field often associated with sharp points or defects
on a catalyst surface.*® Hotspots and micro-plasmas can coexist
on a catalyst particle when a region contains both electric field
enhancement points and strong dielectric zones. Thermal
imaging has been used to capture hotspot formations at the
contact point of silicon carbide (SiC) spheres with diameters
ranging from 2.38 to 3.97 mm, as shown in Fig. 3(b).** The
purpose of this study was to directly observe local high tem-
perature regions using in situ emission spectroscopy. The
images and the corresponding temperature distribution profile
along the contact region reveals localised high temperature
zones resulting from increased electromagnetic fields at particle
contact points under MW-irradiation. The temperature at the
contact point was approximately 150 °C higher than surrounding
regions. In the same study the temperature distributions were also
modelled for the vicinal contact points of magnetite (Fe;O,)
catalyst spheres under MW-irradiation shown in Fig. 3(c). The
surface temperature at the contact point was reported to be 190 °C
higher than surrounding regions due to the localised concen-
tration of electromagnetic fields at the particle interfaces. The
morphology of a solid catalyst material has also been shown to
influence their dielectric properties, thereby affecting the spatial
distribution of the electromagnetic field. A comparison between
Cu,0 cubes and spiked morphologies (Fig. 3d) showed that the
complex permittivity of the spiked particles was 20% higher than
cube-shaped particles. This enhancement was attributed to the
increased electric field intensity at the sharp tips of the spiked
nanostructures, which alters the polarisability and subsequently
enhances dielectric properties beneficial for catalytic applications,
as shown in Fig. 3(e).*

MW-assisted heating has gained significant attention for
plastic depolymerisation reactions due to its rapid and volumetric
heating capabilities, which can help to overcome the inherent
thermal stability of polymers. MW-assisted heating has been

C/m?

formation on SiC spheres under MW-irradiation and temperature distribution profile, (c) temperature simulation data for hotspot formation on magnetite
spheres under MW-irradiation reproduced from ref. 41 with permission from Nature Copyright 2019. (d) SEM images of Cu,O cubes and spikes and
(e) illustration of calculated dipole density for spiked Cu,O at different volume fractions, reproduced from ref. 42 with permission from Elsevier

Copyright 2018.
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widely reported to outperform conventional thermal heating for
PET, PLA, LDPE and PP degradation reactions by reducing
reaction time and lowering the overall energy consumption.****
Most plastics are generally poor MW absorbers because of long
polymer chains which limit dipole rotation under an electro-
magnetic field resulting in low dielectric losses.*” However, the
MW absorbing properties of polymers is highly dependent on
their chemical composition. Polymers containing polar function-
alities such as PET and PC exhibit an increased dielectric loss
with increasing temperature, particularly above their glass tran-
sition temperature (7,), under MW-irradiation.*” Polar solvents
such as water or ethylene glycol are beneficial as they exhibit
high dielectric losses under MW-irradiation leading to enhanced
heating of the reaction solution. Additionally, MW-absorbing
catalysts such as carbon nanomaterials*® or metal oxides can be
used to further improve heating efficiency.”” In solvent-free
plastic degradation reactions such as pyrolysis, solid MW absor-
bers are often added to facilitate efficient heating of the polymer.
Solid MW absorbers convert MW irradiation to thermal energy
by two mechanisms: dipole polarisation and dipole rotation,
which are illustrated schematically in Fig. 4. In dipole polarisa-
tion, permanent or induced dipoles attempt to align with the
rapidly oscillating electric field which generates internal friction
and heat. In dipole rotation, the fluctuating electric field causes
polar molecules to rotate back and forth as they attempt to align
with the changing electric field.*®

Effective MW heating in polymer degradation reactions
typically requires the use of MW-absorbing catalysts, the addi-
tion of non-catalytic susceptors such as activated carbon, or the
use of polar solvents. These strategies compensate for the
inherently poor MW absorption of most polymers and enable
efficient conversion of electromagnetic energy to heat. Catalytic
MW-assisted degradation therefore represents a promising and
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potentially sustainable approach for converting waste polymers
into valuable chemicals, offering rapid, energy-efficient proces-
sing with reduced environmental impact.

Microwave reactors are classified as multi-mode or single-
mode systems based on their electromagnetic field distribu-
tion. Multi-mode reactors generate multiple field modes within
a large cavity, enabling larger reaction volumes but resulting in
non-uniform heating and limited reproducibility. In contrast,
single-mode reactors maintain a single, well-defined electro-
magnetic field that provides uniform and reproducible heating,
though they are restricted to small reaction volumes due to
waveguide size limitations.*® Both multi-and single-mode reac-
tors are used for lab-scale depolymerisation reactions. Despite
limited reproducibility, multi-mode reactors would be most
suited to industry scale up as they generally consist of large
microwave cavities suitable for large scale or multiple samples,
and they can operate at higher power maximums than single-
mode reactors. For some microwave instruments, power is
initially applied up to a set maximum and then reduced once
the target temperature is reached, demonstrating a direct
power-temperature relationship but limiting power input con-
trol in the system. The use of pressurised reaction vessels
accelerates depolymerisation by enabling solvent superheating,
which allows reactions to proceed at temperatures above the
normal boiling point of the solvent. These vessels are typically
equipped with built-in safety mechanisms such as spring-loaded
pressure release systems to prevent over-pressurisation. For
safety, especially when working with oxidisers such as peroxides
or reactions that generate gas or volatiles, reaction vessels
should generally be filled to no more than half of their total
volume to accommodate thermal expansion and provide space
for controlled pressure release if necessary. This may also limit
scaling capacity of closed-system microwave depolymerisation
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Fig. 4 Dipole polarisation and dipole rotation mechanisms of MW heating on AC as a MW-absorber for polyolefin pyrolysis, reproduced from ref. 48

with permission from Nature Copyright 2023.
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reactions. In microwave-assisted pyrolysis, closed systems are
less practical as condensation setups are typically required for
collection of products. Microwave generators, typically multi-
mode magnetrons, are generally coupled to the pyrolysis setup
as a replacement for conventional thermal heating, rather than
the reaction occurring within a dedicated microwave reactor as
in depolymerisation studies. Recently, an increasing number of
studies and emerging companies have focused on efficiently
scaling up microwave-assisted depolymerisation processes.
Ramopoulos et al>® developed an industrial-scale microwave
reactor for continuous alkaline hydrolysis of >12.5 kg h™"
PET, using a dual mode cavity and screw conveyor to ensure
uniform heating and efficient microwave coupling. Microwave
heating is being implemented commercially in the US in con-
tinuous pyrolysis systems converting polyolefins (HDPE, LDPE,
PP, PS) into pyrolysis oil in volumes of 5 tons per day modules to
serve local material recovery facilities.>!

3. MW-assisted heterogeneous
catalytic upcycling of polymers

In recent years, many studies have been conducted on MW-
assisted catalytic degradation of different types of plastic. Here,
we summarise some of the findings based on plastic types
including polyesters, polyolefins and other plastics.

3.1 MWe-assisted heterogeneous catalytic upcycling of
polyesters

Polyesters are a class of synthetic polymers characterised by the
presence of ester functional groups in their main chain. Poly-
esters are formed through a condensation reaction between
diols and dicarboxylic acids or their derivatives, resulting in
long chains linked by ester bonds.> They can be broadly
categorised into thermoplastic and thermosetting types, each
with distinct physical properties and applications.>® Polyesters
are widely used in textiles, packaging, bottles, containers
and engineering materials due to their durability, chemical
resistance, and versatility.

The chemical recycling of polyesters is well reported due to
the presence of reactive ester bonds, allowing them to be
efficiently broken down into their monomers and repoly-
merised, making them particularly suitable for closed loop
recycling systems. Polyester linkages can be cleaved through
trans-esterification reactions with a range of nucleophiles,
enabling a variety of different depolymerisation routes such as
hydrolysis,*" alcoholysis,>® glycolysis®> and amminolysis.>®

The most common polyester is PET, known for its use in
beverage bottles and synthetic fibres. PET is commonly synthe-
sised via the condensation reaction of dimethyl terephthalate
(DMT) or terephthalic acid (TPA) with EG.>® Glycolysis and
aminolysis are among the most reported chemical recycling
routes for PET. In glycolysis, PET undergoes a transesterification
reaction with diols, typically EG, to yield the monomer bis-
(hydroxyethyl) terephthalate (BHET).>® In aminolysis, amines such
as ethanolamine (EA) or methylamine (MA) act as nucleophiles

EES Catal.
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which form amide linkages to yield terephthalamide derivates
such as bis(2-hydroxyethyl) terephthalamide (BHETA) which are
valuable chemicals for the synthesis of polymers, resin and
surfactants.””

ZnO and ZnO-composites are well reported heterogeneous
catalysts for PET glycolysis owing to their Lewis acidic nature,
high thermal stability, selectivity, low toxicity and exhibit high
performance after multiple cycles.*®* *° The influence of catalyst
morphology on MW-assisted PET glycolysis using EG was
demonstrated in a study using ZnO platelets, revealing a strong
correlation between ZnO morphology and catalytic activity.®'
The favourable orientation of the Zn(001) surface facet on the
nanoplatelets showed enhanced catalytic activity over other
morphologies of ZnO. A size effect was also observed with yield
increasing by more than 20% with particle size. The enhanced
catalytic activity was attributed to smaller particle size for ZnO
platelets over other morphologies such as plates, hexagonal
disks and prisms resulting in a higher surface area. Addition-
ally, the favouring exposure of the (001) facet for the platelets
was attributed to the non-centrosymmetric crystal structure of
ZnO resulting in a more polar hexagonal (001) facet increasing
its ability to form hydrogen bonds. This work also demon-
strated the effect of rapid MW heating, achieving a BHET yield
of >95% in 45 min, compared with 60% yield under the same
conditions using conventional thermal heating. Lastly, LCA
found that BHET production via ZnO-catalysed glycolysis
resulted in a significant decrease in greenhouse gas emissions
when compared with current DMT-based synthesis methods
and two Zn(OAc), homogeneous catalysts reported in the
literature.®>**

Dispersing metal catalysts on a support material can enhance
their stability, increase surface area and improve catalytic effi-
ciency by maximising active site exposure. In this case, Kaolin
supported-Nb,Os is an effective catalyst for PET aminolysis using
EA as a reagent reported by Revathi et al.,** achieving high yields
(95%) of bis(2-hydroxyethyl)terephthalamide (BHETA) in 30 min.
For this work, PET was obtained from beverage bottles as well as
coloured polyester fibres, and the catalyst also acted as an efficient
absorbent of the colorant impurities. A Kaolin clay support
was used to enhance the surface parameters of Nb,Os and
improve catalytic activity. The BET surface area increased from
13.54 m> g~ ' for Nb,O5 to 30.62 m” g~ * for the Kaoiln-Nb,O5 and
the BHETA yield obtained from both catalysts were 82% and 95%,
respectively, which was attributed to the enhanced specific
surface area.

The use of a multifunctional heterogeneous catalysts that
can drive multiple reaction pathways is highly advantageous
and significantly increases the practical value of the catalyst. A
study by Anbarasu et al.®® reported the design and synthesis of
In-ZnO/g-C;N, and Sb-ZnO nanocomposites for both glycolysis
and aminolysis of PET fibres. The addition of In and Sb were
reported to improve the Lewis-acidity of the catalyst and lower
the band gap energy, while immobilisation on a graphitic
carbon nitride support was to enhance MW-absorbing proper-
ties of the catalyst. A 95% yield of BHETA was obtained after
15 min for the aminolysis reaction using EA while 92% BHET

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was obtained after 60 min for the glycolysis reaction. While
these catalysts showed excellent activity and recyclability, shift-
ing away from heavy and toxic metallic catalysts is essential for
advancing green and sustainable chemistry in the chemical
depolymerisation of plastics.

Similarly, Vinitha and coworkers®® reported the use of Ag/
ZnO nanoparticles for the chemical recycling of coloured PET
textiles. The catalysts showed bifunctionality as they were
effective in both MW-assisted aminolysis and glycolysis of
PET. Glycolysis was carried out using EG to yield BHET and
diethylene glycol (DEG) to yield bis-[2-(2-hydroxy-ethoxy)-
ethylJterephthalate (BHEOET). Aminolysis was carried out
using EA to yield BHETA and diethanolamine (DEA) to produce
N',N',N*N*-tetrakis-(2-hydroxy-ethyl)-terephthalamide (BDHETA).
The Ag/ZnO catalyst outperformed the ZnO catalyst for both
glycolysis and aminolysis reactions which was attributed to a
decrease in bandgap energy and decrease in crystallite size on
incorporation of the Ag, enhancing the MW heating properties
and Lewis acidity of the catalyst. The Ag/ZnO catalyst achieved a
90% yield of BHET using EG and 86% maximum yield of
BHEOET using DEG after 30 min. The use of EA as an aminolysis
reagent was more effective than DEA and achieved a maximum
BHETA yield of 96% while the maximum yield of BDHETA
achieved was 90% in 15 min of reaction time.

The development of metal-free catalysts is important in the
transition towards more sustainable and cost-effective catalysis.
Casey and coworkers*® reported mesoporous SiO, functiona-
lised with guanidine ligands as metal free organocatalysts.
Guanidine compounds are strong bases that are effective
homogeneous organocatalysts for PET glycolysis due to their
strong Lewis base properties, enabling them to act as nucleo-
philes that increase the reactivity of EG towards the carbonyl
group of PET.®” The guanidine-functionalised SiO, catalysts
were effective for the glycolysis of PET using EG as a solvent
achieving an isolated BHET yield of 80% after 30 min, while 3 h
was required to achieve similar yields under conventional
thermal heating. Additionally, the catalysts displayed superior
recyclability over successive MW cycles when compared with
conventional thermal heating which resulted in faster catalyst
deactivation. Another advantage of basic guanidine catalysts is
their ability to promote the glycolysis of PET to bis(4-
hydroxybutyl terephthalate) (BHBT), a useful monomer for
synthesising polybutylene terephthalate (PBT). This reaction
is achieved using 1,4-butanediol (BD) instead of EG as the
glycolysis reagent. When PET glycolysis with 1,4-BD is carried
out in the presence of a Lewis acid catalyst, such as a metal salt,
the 1,4-BD tends to undergo an undesirable cyclisation reaction
to form tetrahydrofuran (THF). This highlights the benefit of
using a Lewis base catalyst like guanidine, which avoids this
side reaction.

PLA is a bio-based aliphatic polyester synthesised primarily
through the polymerisation of lactic acid derived from renew-
able resources.®® Production and use of PLA has increased as its
bio-based and technically biodegradable nature, may make it a
more sustainable option than traditional fossil derived poly-
mers. While PLA can undergo industrial composting under

© 2025 The Author(s). Published by the Royal Society of Chemistry
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controlled conditions its biodegradability is generally limited
under ambient or marine environments, and concerns about its
environmental persistence if improperly managed have been
growing.®® Therefore, it is also critical to develop chemical
recycling pathways for bio-based polymers such as PLA. Hydro-
lysis of PLA, typically carried out under acidic or basic condi-
tions at elevated temperatures offers a pathway for lactic acid
recovery, which can be repolymerised to produce PLA.”® Alco-
holysis using ethanol or methanol in the presence of a catalyst
such as Zn(OAc) can produce methyl lactate (MeLa) or ethyl
lactate (EtLa), which are high value green solvents.”*

The use of a phase-transfer catalyst such as hexadecyltrimethyl-
ammonium bromide (HTMAB) has been reported to enhance MW-
assisted hydrolysis of PLA in aqueous NaOH to yield lactic acid.””
The catalyst facilitates the reaction by transporting hydroxide
ions from the aqueous phase to the solid organic phase,
enabling easier attack on the PLA chains. Optimal conditions
for achieving over 90% PLA degradation involved heating at
100 °C for 10 min, with a maximum MW power of 10 W to
reach this temperature. This represents a relatively mild and
efficient depolymerisation pathway for PLA.

Lewis acid salts such as Zn(OAc) and Zn(u) triflate are
excellent homogeneous catalysts for the methanolysis of PLA
to yield MeLa.”® Under MW-assisted heating, the conversion of
PLA to MeLa over these Zn salts was successful with >99%
yield monomer yield achieved in 10 min at 160 °C. Under
conventional heating, the methanolysis of PLA over a Zn(u)
imino monophenolate complex catalyst was reported to yield
63% monomer in 30 min at 130 °C.”* While homogeneous
catalysts such as the above mentioned metal salts are effective
and result in short reaction times, heterogeneous catalysts
provide the key advantage of easy separation and recovery after
reaction. Guanidine functionalised porous SiO, are effective
heterogeneous catalysts for PLA methanolysis.** A MeLa yield
of 42% was achieved after 72 h of thermal heating at 130 °C,
while a 30% MeLa yield was achieved after 30 min of MW-
assisted heating at 130 °C, substantially reducing the reaction
time. Density functional theory (DFT) modelled the interaction
between the guanidine ligand (dicyanamide) with PLA and
found that the N-rich environments in the ligand promoted
the nucleophilic attack of the C—=O0O group on PLA.

Polyethylene furan-2,5-dicarboxylate (PEF) is also a bio-
based polyester used in packaging, textiles and electronics.
PEF can undergo glycolysis in the presence of EG to yield
bis(2-hydroxyethyl) furan-2,5-dicarboxylate (BHEF) which can
be repolymerised to PEF in a single condensation step. The
MWe-assisted glycolysis of PEF to BHEF over a ZnO catalyst was
reported by Najmi and co-workers.”® Yields of BHEF of ~90%
were achieved in 40 min at 175 °C with 100 W of MW irradia-
tion. In absence of the catalyst, large quantities of oligomers
were present, however the addition of ZnO facilitated the rapid
depolymerisation of oligomeric species to monomeric BEF
owing to its Lewis acid properties.

Polycarbonates, PCs are polyesters typically made through a
chemical reaction called condensation polymerisation, usually
involving bisphenol A (BPA) and either carbonyl chloride or
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diphenyl carbonate. Owing to a combination of high impact
resistance, optical clarity and thermal stability they are widely
used in applications such as automotive components, optical
lenses, electronic housings and construction materials.”® Recy-
cling of PC presents significant challenges due to its suscepti-
bility to hydrolytic and thermal degradation during mechanical
processing recycling, leading to molecular weight reduction
and deterioration of physical properties.”” Chemical recycling
methods, such as hydrolysis,”® alcoholysis,”® and glycolysis,*
have been developed to depolymerise PC into monomers such
as BPA, or oligomers. BPA is a valuable product due to its role as
a precursor in the production of polymers and epoxy resins.
The methanolysis of PC was reported by Chen et al.®' over
ultrasmall (~4 nm) ZnO nanoparticle catalysts, yielding 98%
(BPA) after 1 h at 120 °C conventional thermal heating. The
proposed mechanism involves the interaction of the carbonyl
group of PC with the Zn>" of the catalyst, resulting in an
electropositive carbon atom which is subsequently attacked
by the electronegative O atom in MeOH. This leads to the
cleavage of the C-O bond, depolymerising the PC into BPA
and dimethyl carbonate (DMC). The alkaline hydrolysis of PC
has also been reported using a cationic surfactant, 1-hexadecyl
trimethylammonium bromide (HTMAB) as a phase transfer
catalyst.®” The cationic functionality of the catalyst transports
the OH anion to the surface of the PC via interfacial mecha-
nism, resulting in attack of the C-O groups and depolymerisa-
tion of PC. The PTC returns to the aqueous phase and forms
BPA. Full PC depolymerisation was achieved in 10 min at 160 °C
MW heating, which was significantly shorter than 1 h reported
previously using thermal heating. A similar report found the
uncatalysed methanolysis of PC under MW irradiation to
achieve yields of 94% BPA at 190 °C in 3 h of reaction time.*?
Table 1 summarises reaction conditions and catalyst type
reported in the literature for MW-assisted conversion of poly-
esters to value-added chemicals.

MWe-assisted catalysis has emerged as a highly effective and
sustainable approach for the chemical recycling of polyesters
as described above. This chemical recycling method enables
the rapid depolymerisation of these polymers into valuable
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monomers under relatively mild conditions which enables a
closed-loop system. The use of MW heating significantly shortens
reaction times compared to conventional methods, improving
energy efficiency and process scalability. MW-assisted hetero-
geneous catalysis offers as a promising strategy for addressing
plastic waste and supporting circular material use.

3.2 MWe-assisted heterogeneous catalytic upcycling of
polyolefins

Polyolefins are a major class of commodity polymers and
include common plastics such as LDPE, HDPE and PP. Poly-
ethylene accounts for roughly one third of overall plastic
pollution workdwide.?* Polyolefins are synthesised through
the chain growth polymerisation of simple olefins like ethylene
and propylene using catalyst systems under controlled condi-
tions. Known for their chemical resistance, durability and low-
cost, polyolefins are used extensively in packaging, textiles and
automotive parts. However, their saturated hydrocarbon back-
bone structures make them particularly resistant to chemical
degradation, posing significant challenges for waste manage-
ment and sustainability. As a result, developing efficient cata-
Iytic chemical recycling pathways for polyolefins is a growing
area of interest.

Catalytic pyrolysis is the most extensively reported chemical
recycling technique for polyolefin recycling and involves heat-
ing the polymers to high temperatures (typically >300 °C) in
the presence of a catalyst under inert atmosphere. The product
distribution depends strongly on the catalyst used and the
specific pyrolysis conditions. Catalytic pyrolysis over zeolite
catalysts will typically yield a range of short chain hydrocarbon
gases such as methane, ethylene and propylene, longer chain
gasolene range hydrocarbons and aromatics such as benzene,
toluene and xylene (BTX) derivatives which are useful fuels, and
858 In contrast, Fe or other metal-containing catalysts
typically favour the formation of solid carbon materials, such as
carbon nanotubes (CNT), along with hydrogen gas (H,), rather
than short chain hydrocarbons.®” This is because Fe (or other
metals) can promote the dehydrogenation of the hydrocarbon
chain in the polyolefin to form H, and carbon, while the strong

waxes.

Table 1 Summary of catalysts, conditions and main products for MW-assisted depolymerisation of polyesters

Polymer Catalyst Conditions Products Ref.
PET ZnO 210 °C, 30 min, 850 W BHET 61
PET, PES Kaolin—-Nb,O5 140 °C, 30 min, 180 W BHETA 64
PES In-ZnO-g-C3Ny 180-200 °C, 60 min, 300 W BHET 65
PES In-ZnO-g-C;N, 125-150 °C, 15 min, 180 W BHETA 65
PET, PES Ag-ZnO 150-180 °C, 15 min, 180 W BHETA 66
PET, PES Ag-ZnO 180-200 °C, 30 min, 300 W BHET 66
PET SiO,-guanidine 210 °C, 30 min, 800 W (upper limit) BHET 43
PLA HTMAB 100 °C, 10 min, 2-10 W Lactic acid 72
PLA Zn(OAc), Zn(u) triflate 160 °C, 10 min, n/a MeLa 73
PLA SiO,-guanidine 130 °C, 30 min, 800 W (upper limit) MeLa 43
PEF ZnO 175 °C, 40 min 100 W BHEF 75
PC HTMAB 160 °C, 10 min, 17 W BPA 82

Abbreviations: PET = polyethylene terephthalate; BHET = bis(2-hydroxyethyl) terephthalate; PES = polyester; BHETA = bis(2-hydroxyethyl)
terephthalamide; PLA = polylactic acid; HTMAB = hexadecyl(trimethyl)Jammonium bromide; MeLa = methyl lactate; PEF = polyethylene furonate;

BPA = bisphenol A; PC = polycarbonate.
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Lewis acid sites on zeolite catalysts can protonate the long
hydrocarbon chains in polyolefins leading to carbocation for-
mation and subsequently B-scission reactions that break the
long chains into smaller hydrocarbon fractions.®¢
MW-assisted catalytic pyrolysis methods have been reported
to achieve lower energy consumption, enhanced yield and
improved quality of the liquid oil products obtained from
polyolefin pyrolysis when compared with conventional pyroly-
sis due to rapid heating effects and hotspot formation asso-
ciated with MW.®® Zeolites are widely used in catalytic pyrolysis
due to the ease with which their structures can be tuned to
optimise porosity and stability.®® Luong et al.°® reported cata-
lytic pyrolysis of LDPE over zeolite H-ZSM-5 in a MW reactor.
Optimal conditions were 300-400 °C, 30 min, to yield C;-Cs
paraffinic hydrocarbons (37%), smaller amounts of BTX (12%)
and coke (<10%). While MW heating achieved 100% conversion,
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under comparable conditions with conventional heating only 90%
conversion was achieved, as well as lower BTX yields, highlighting
the energy efficiency of MW-assisted pyrolysis. Infrared imaging
revealed hotspot formation on the catalyst surface during the
reaction.

Vatankhah and coworkers®' reported the MW-assisted pyro-
lysis of LDPE over a metal-promoted zeolite catalyst, illustrated
in Fig. 5(a). Zn was incorporated into the zeolite structure on a
SiC support which was employed as an efficient MW absorber.
The MW was reported to selectively heat the SiC, creating a
temperature gradient between the catalyst and the plastic
surfaces meaning only the LDPE that is in direct contact with
the catalyst surface underwent cracking which increases pro-
cess selectivity by minimising random scissions within the
polymer. The simultaneous cracking and catalytic aromatisa-
tion of LDPE was achieved at 360 °C in 8 min. In the absence of

Dehydrogenation activity of
active metals on ZSM-5 zeolite

alummosllu ate

fine molecules

c
H: . Plastic

Na/ZSM-5
Catalyst

Pyrolyziz Char (CNTs)

Aromatic
hydrocarbons

(a) Proposed mechanism for the MW-assisted cracking of LDPE over Zn—-HZSM-5 catalyst, reproduced from ref. 91 with permission from

American Chemical Society Copyright 2024. (b) IR camera images showing hotspot formation on Ru/ZSM-5 catalyst surface during catalytic pyrolysis of
LDPE, reproduced from ref. 93 with permission from Elsevier Copyright 2024. (c) Proposed mechanism for MW -assisted pyrolysis of HDPE and PP using a
Na/ZSM-5 catalyst, reproduced from ref. 48 with permission from Nature Copyright 2023.
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Zn, the HZSM-5 catalyst achieved 75% selectivity towards C,—C,
alkenes. Incorporation of the Zn to HZSM-5 resulted in a
liquid product consisting of 94% aromatics with 64% selectivity
towards BTX. The enhanced aromatisation performance of the
Zn-incorporated catalyst was attributed to the synergistic effect
of Brensted acid sites from the zeolite and Lewis acid sites from
Zn>" and [ZnOH]" species.

Similarly, Ding and coworkers®® reported a two-step MW-
assisted catalytic pyrolysis of LDPE utilising the synergistic
effect between a zeolite and NiO. The first step involved the
conversion of LDPE to aliphatic compounds over the NiO
catalyst under MW-assisted heating at 500 °C, followed by the
conversion of these products to high octane number (ON) oil
compounds over a HY zeolite at 450 °C. While it did not
significantly increase the yield, the addition of NiO to the
system increased the selectivity towards valuable high ON
compounds via a H abstraction mechanism which proceeded
due to accelerated reaction rates that arose from hot spot
generation by the NiO under MW heating.

The MW-assisted catalytic pyrolysis of LDPE over a ruthenium-
modified zeolite (Ru/ZSM-5) was reported by Tuli et al®® The
pyrolysis reactions were carried out at 300 °C with a 30 min hold
time. A relatively high loading of 50 wt% catalyst was used. The
Ru-ZSM-5 catalyst was easily regenerated at 550 °C after complet-
ing a reaction and showed excellent recyclability. A comparative
study of thermal and MW reactions demonstrated that MW
heating resulted in higher selectivity towards aromatic products
while conventional heating favoured aliphatic compounds. Hot
spot formation was observed on the catalyst particles under MW-
irradiation using an IR camera (see Fig. 5b) and increased with
successive cycles owing to Ru aggregation within the catalyst.
Irfan et al.*® reported the catalytic MW pyrolysis of HDPE and PP
over a Na-modified ZSM-5 catalyst. The reactions were carried out
at 400-450 °C, 1000 W for 24 min and yielded mainly liquid oil
consisting of aromatic hydrocarbons with some carbon nanotube
(CNT) formation and H, gas. The Na-modified zeolite acted as a
nucleation site for CNT growth, which was driven by H, for-
mation. The proposed mechanism for CNT formation is shown in
Fig. 5(c). SEM analysis showed the formation of crystalline CNTs
with a maximum outer diameter measurement of 93 nm.

The use of transition metal catalysts such as Fe, Ni, and Co
during the catalytic pyrolysis of polyolefins has been commonly
reported to yield predominantly CNTs and H, via a catalytic
chemical vapor deposition type mechanism. During pyrolysis,
the catalyst breaks down the hydrocarbon molecules into H,
gas and reactive carbon species which dissolve into the metal
catalyst. Once saturated, excess carbon precipitates out as the
catalyst acts as a nucleation site for the growth of CNTs.
Bimetallic catalysts are commonly reported for polyolefin
degradation reactions due to synergistic and stabilisation
effects. Effective solid state MW dehydrogenation of PE over
Ni-Fe, Ni-Co and Co-Fe catalysts (average diameter 8.3 nm)
has been demonstrated.’® The reaction produced H,, a solid
fraction consisting of CNTs and an oil fraction consisting of
Cao' linear hydrocarbons. The optimal conditions for the MW
reactor were 500 °C, 800 W with 5 min reaction time under an
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argon flow of 100 mL min~'. Notably, MW-assisted catalytic
dehydrogenation promoted the formation of carbon nanoma-
terials, while conventional thermal heating favoured a larger oil
yield. A comparison of the solid carbon products obtained from
MW versus thermal heating is showing in Fig. 6(a). During MW-
assisted dehydrogenation, multiwalled CNTs are formed via
selective growth on metal catalyst particle surfaces driven by
rapid heating effects, while thermal heating results in poor
CNT production efficiency as very few tubular structures were
observed. A related study by Shoukat and co-workers®® reported
the use of magnetic ferrite catalysts, namely NiZnFe,O,, NiMg-
Fe,0, and MgZnFe,0, for the catalytic conversion of HDPE
waste into H, and CNT at 450 °C. The ferrite catalysts played
a dual role, facilitating both catalytic growth of CNTs and
MW absorption to enable rapid heating. The NiZnFe,O, and
MgZnFe,0, catalysts gave higher yields of H, and CNT than the
NiMgFe,0, catalyst. Jie et al.°° reported the conversion of HDPE
and PP to H, and multiwalled CNTs over a FeAlO, catalyst. The
reactions were performed at a power of 1000 W for 3-5 min
with temperatures reaching ~350 °C. Hydrogen was rapidly
extracted via an interfacial polarisation and a dehydrogenation
mechanism with 97% of the H, released from the plastic in just
20 s. The solid carbon residue was composed of 92 wt% multi-
walled CNTs. Shen et al® investigated the catalytic perfor-
mance of Fe immobilised on various supports - SiC, AC, and
Si0,, for the MW-assisted pyrolysis of HDPE to produce H, and
CNTs. The study revealed a strong correlation between the
catalyst’s dielectric loss and the rate of the pyrolysis reaction,
with higher dielectric loss leading to faster reaction rates and
increased yields of H, and solid CNTs, as opposed to liquid
products. SEM images of the resulting CNTs are presented in
Fig. 6(b). CNTs synthesised using the Fe@AC catalyst had an
average diameter of 141 £+ 20 nm, whereas a much smaller
diameter was observed for those produced with the Fe@SiC,
averaging 26 + 6 nm. This size difference was attributed to the
variation in dielectric loss values as Fe@AC exhibited a high
value of 156.79, while Fe@SiC had a significantly lower value of
3.95. The Fe@SiO, exhibited a dielectric loss value of 0.11,
which did not support CNT formation. The high dielectric loss
of Fe@AC facilitated rapid heating of the catalyst particles
under MW heating, accelerating CNT growth. The mechanism
is illustrated in Fig. 6(c) and can be described in three steps.
The first step involves the rapid heating of the Fe catalyst
particle under MW-irradiation which induces cracking on
neighbouring HDPE particles producing volatile hydrocarbons
(Cg—Cyp). Secondly, the volatile hydrocarbons are further bro-
ken down into shorter chain hydrocarbons such as methane
and ethane. In the last step, short chain hydrocarbons (C;-Cs)
decompose on the Fe-based catalyst surface, breaking C-H
bonds to produce H, and solid carbon. Unlike thermal pyro-
lysis, MW-induced local heating on the catalyst surface pro-
motes the crystallisation of amorphous carbon into cylindrical
networks, leading to CNT formation.

Zhao et al.** used ZnO nanorods for conversion of LDPE and
PP to hydrocarbons at 280 °C, yielding 46-60 wt% Cy," pro-
ducts, within 30 min. Interestingly, TEM analysis revealed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) TEM images of solid carbon product obtained from MW and thermal heating, reproduced from ref. 94 with permission from Elsevier Copyright

2024 (b) SEM images of solid carbon products obtained on Fe@SiC, Fe@AC and Fe@SiO, catalysts, respectively. (c) Schematic diagram for the 3-step
mechanism of the MW-assisted pyrolysis of HDPE over Fe-based catalysts, reproduced from ref. 39 with permission from Elsevier Copyright 2022.

progressive etching of the ZnO rods with each pyrolysis cycle.
This was attributed to reduction of ZnO to Zn clusters by H,
released during dehydrogenation. The Zn clusters were identi-
fied as effective active sites for C-C cleavage.

Innovative approaches for MW depolymerisation of poly-
olefins include the use of MW-absorbing heating elements
(MWAHE) and liquid metal catalysts to maximise utilisation
of the MW heating effect. Activated carbon and silicon carbide
(SiC) were evaluated as MWAHE,”” where their role is not to
directly catalyse the reaction, but to effectively heat the HDPE in
MW-assisted pyrolysis. The process consisted of two steps: an
initial crude cracking at 620 °C, followed by secondary cracking
at 950 °C, resulting in gasification yields of 95% using a
low power input of 80 W. The main products obtained were
carbon monoxide, methane, carbon dioxide, acetylene, ethy-
lene, ethane, propane, propylene, n-butane and i-butane. The
AC MWAHE resulted in higher gas yields (84%) than the SiC
MWAHE (66%), however, SiC resulted in higher selectivity
towards ethylene (64 vol%) compared to AC (33 vol%). The
superior performance of the AC was attributed to the emission
of discharge plasmas from the AC when irradiated with MWs
due to its high dielectric loss properties, which has been
reported to increase microscopic surface temperatures to

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

>750 °C, as shown in Fig. 7(a), while this effect was not
observed for SiC.

Fig. 7(b) illustrates a unique approach reported by Gao and
coworkers®® utilising a liquid metal eutectic gallium indium
alloy (EGaln) as an effective catalyst for LDPE, HDPE and PP
conversion to olefin monomers. The use of a liquid metal
catalyst is reported to eliminate the deactivation that is com-
monly reported for solid heterogeneous catalysts. Additionally,
their properties such as fluidity, high electrical and thermal
conductivities make them excellent MW catalysts. The liquid
metal catalyst was first coated onto the plastic particles, the
thickness of which was carefully tailored to match the MW
penetration depth to facilitate efficient MW absorption, a
consideration that is rarely reported in MW studies. Due to
the conductivity of the liquid metal, the coated plastic particles
generated a high temperature arc discharge plasma when
subject to 600 W of MW power, resulting in full depolymerisa-
tion of the polyolefins in 25 min, with high selectivity towards
C,_4 olefins (50% for PE and 65% for PP). The liquid-metal
catalyst was also self-separating and demonstrated excellent
recyclability over 30 cycles.

Outside of catalytic pyrolysis, another chemical recycling route
reported for polyolefins is oxidative degradation. This method
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involves the use of oxidising agents such as oxygen gas (O,), ozone
(03), acids, like nitric acid (HNOs) and peroxides, in the presence
of catalysts. The oxidative degradation mechanism typically pro-
ceeds via radical oxidation followed by C-C chain scission, and
yields small, oxygenated molecules such as carboxylic acids,
ketones and alcohols which serve as valuable chemical
intermediates.>”*® Oxidative degradation is emerging as a milder
depolymerisation method of polyolefins. The MW-assisted oxida-
tive degradation of LDPE in nitric acid has been reported to
proceed at 180 °C in 1 h at 1200 W to yield dicarboxylic acids via a
chain scission and radical oxidation mechanism."® Fenton and
Fenton-like processes, which use aqueous H,0O, and a redox
catalyst to generate reactive oxygen species have also been
reported for the conversion of polyolefins into oxygenated pro-
ducts such as carboxylic acids and esters'®"'°* and also for the

Table 2 Summary of catalysts, conditions and main products for MW-assist
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103,104 Fenton

destruction of microplastics to gaseous products.
oxidation pathways facilitate the oxidative degradation of poly-
mers while eliminating the use of hazardous or toxic reagents.
Breen et al.'® reported the use of Fenton oxidation to convert
LDPE to carboxylic acid products over a Fe-CeO, solid solution
catalyst. A synergistic effect was reported between Ce and Fe in the
catalyst achieving acid yields of 71% under neutral pH. The main
products obtained were formic acid, acetic acid, propionic
acid and succinic acid. 90% LDPE degradation was achieved at
180 °C in 3 h with an average power usage of 300 W. The Fenton
oxidation of LDPE was carried out under conventional thermal
heating and was reported to not proceed to any extent. Table 2
summarises reaction conditions and catalysts reported in the
literature for MW-assisted conversion of polyolefins to value-
added product streams such as fuels and commodity chemicals.

ed depolymerisation of polyolefins

Polymer Catalyst Conditions Main product Ref.
LDPE HZSM-5 300-400 °C, N,, 30 min, 1000 W (max W) Paraffinic (C,-C,), BTX, olefins 90
LDPE Zn-HSM-5 360 °C, N,, 8 min, 1000 W (max W) Gas (H,, C,-C,), oil (MAH, BTX) 91
LDPE (1) Pyrolysis NiO (1) 450-600 °C Gasoline (Cs-C,,), aromatics, 92
(2) Catalysis HY (2 stage) (2) 350-500 °C aliphatics
LDPE Ru/ZSM-5 300 °C, Ny, 30 min, 900 W (max W) BTX, olefins 93
HDPE, PP Na/ZSM-5 400-450 °C, N,, 24 min, 1000 W H,, carbon nanotubes, liquid oil 48
LDPE Niz;C0,0, 500 °C, Ar, 5 min, 800 W H,, carbon nanotubes 94
HDPE NiZnFe,0,, NiMgFe,0y,, 450 °C, N,, 8 min, 1000 W H,, carbon nanotubes 95
MgZnFe,0,
HDPE FeAlO, 350 °C, Ar, 5 min, 1000 W H,, carbon nanotubes 96
LDPE, PP Zn/b-ZnO 30 min, 280 °C, 240-400 W Lubricant-base oil 44
HDPE Fe@SiC, Fe@AC, Fe@SiO, 500 °C, Ny, 1 h, 800 W H,, carbon nanotubes 39
HDPE SiC/AC MWAHE 620 °C (1), 950 °C (2), N, 3 min, 500 W C,H,, CH, 97
PP, LDPE, HDPE EGaln 300 °C, Ar, 25 min, 600 W C,-C, 98
LDPE Fe-CeO, 180 °C, 3 h, 300 W RCOOH, R(COOH), (C,-C,) 105

Abbreviations: LDPE = low-density polyethylene; HZSM = hydrogen zeolite Socony Mobil-5; BTX = benzene, toluene, xylene; MAH = monocyclic
aromatic hydrocarbons; HDPE = high-density polyethylene; PP = polypropylene; MWAHE = microwave-absorbing heating element.
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The use of MW heating is an effective method for upcycling
of polyolefins to value-added fuels and carbon materials
through open-loop pathways. Product selectivity can be influ-
enced by tuning the reaction conditions including the choice of
catalyst used. MW-assisted heterogeneous catalysis has
potential for effectively converting waste polyolefin streams to
valuable chemicals via open-loop pathways.

3.3 MWe-assisted heterogeneous catalytic upcycling of other
plastics

In addition to polyesters and polyolefins, the chemical recy-
cling of other plastics such as PS, PAs PUR and PVC, is gaining
increasing attention. These polymers pose unique challenges
due to their diverse chemical structures and additives. MW-
assisted processes offer a promising route by enabling rapid,
energy-efficient depolymerisation tailored to these complex
polymer types.

Polystyrene (PS) is a widely used thermoplastic polymer
composed of a saturated hydrocarbon backbone with conju-
gated benzene rings as side groups. Its chemical structure
imparts rigidity, clarity, and good insulation properties, making
it suitable for a broad range of applications, including packaging
materials, disposable food containers and insulation.'®® While PS
can be mechanically recycled, its low density and contamination
issues often make this route inefficient.'”” As a result, chemical
recycling methods such as thermal depolymerisation, pyrolysis,
and MW-assisted depolymerisation have been explored to recover
monomeric styrene and valuable aromatic compounds such as
BTX,'%® offering a more sustainable solution for PS waste.

PS can undergo catalytic pyrolysis reactions like polyolefins
but typically yield higher amounts of aromatic products such
as BTX. An investigation into the effect of Fe-based MW
absorbers - Fe, Fe;0, and FeS, for the MW-assisted conversion
of PS to aromatic hydrocarbons was explored by Fan et al.'®
High oil yields of >92% were achieved for all 3 Fe-based
materials. The dominant product obtained for Fe and Fe;O,
was aromatic hydrocarbons arising from the aromatic group of
the PS chain. FeS, showed a high selectivity towards aliphatic
hydrocarbons compared to the other Fe-based catalysts. Luong
et al.*° reported the catalytic pyrolysis of PS over zeolite H-ZSM-
5 in a MW reactor. Due to the aromaticity of PS, the main
product obtained was BTX (65%) with small amounts of coke
(11%) and paraffin (5%), with selectivity towards BTX increas-
ing with temperature from 300 °C to 400 °C. Optimal conditions
were achieved at 400 °C in 30 min. The use of biochar, a
sustainable carbon material obtained from the pyrolysis of
biomass, was implemented as a MW-absorbing material to
enhance the MW-assisted catalytic pyrolysis of PS to yield
aromatic products.'™® The product obtained was mainly pyro-
lysis oil which was composed of styrene, cyclopropyl methyl-
benzene, and alkylbenzene derivates. The oil was rich in carbon
content (~92 wt%) with Cg—-C,, aromatic hydrocarbons. At 300
and 450 W of MW power, the oil yield was higher than that of
the gas yield, however, at 600 W of MW power, the gas yield
exceeded the oil yield. The pyrolysis experiments were carried
out at 600 °C in a time range of 14-38 min.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Polyamides (PA) are characterised by the presence of recur-
ring amide linkages (-CONH-) in their backbone. They can be
synthesised via condensation polymerisation of diamines with
dicarboxylic acids or via ring-opening polymerisation of lac-
tams. They exhibit excellent mechanical strength, abrasion
resistance, thermal stability, and chemical resistance, making
them widely used in automotive components, textiles, films,
electrical connectors."’ PA can be chemically recycled by
methods such as ammonolysis, alcoholysis and can be readily
hydrolysed in the present of an acid or a base to yield the
monomeric lactams.'"?

Klun et al."*? reported the phosphoric acid catalysed hydro-
lysis of polyamide-6 (PA-6) to yield e-aminocaproic acid (ACA),
the aliphatic form of the PA-6 monomer. PA-6 underwent full
depolymerisation in 20 min with a MW input of 200 W and a
temperature of 260 °C. Some cyclic species were also detected at
lower phosphoric acid concentrations (10 wt%), however higher
acid concentrations (>70 wt%) resulted in their conversion to
linear species. The MW-assisted, HCI catalysed hydrolysis of a
range of aliphatic PAs including PA-66, PA-1010, PA-11 and
PA-12, to dicarboxylic acids and diamines has been reported."**
These PAs are comprised of different chain lengths obtained
from polymerisation of diamines and carboxylic acids with
different number of carbon atoms. PA-66 is composed of a
hexamethylene diamine (C6) group and one adipic acid (C6)
group, and PA-1010 is composed of one decamethylene
diamine (C10) group and one sebacic group (C10). On the
other hand, PA-11 and PA-12 refer to repeating units of 11-
aminoundecanoic acid and 12-aminododecanoic acid, respec-
tively. In the HCl-catalysed hydrolysis, PA-66 and PA-1010
can be depolymerised into their corresponding dicarboxylic
acid and diamine chloride counterparts, while PA 11 and PA
12 can be depolymerised into their amino acid chloride
counterparts. Owing to the presence of shorter chains between
reactive functional groups, PA-66 was depolymerised 10 min
at 200 °C (~150 W), while PA 1010, PA 11 and PA 12 are
composed of less polar long chains and required 15-20 min to
achieve full depolymerisation. It was found that the rate
of reaction was dependent on the molar ratio of HCI to
amide bonds in the polymer. For PA66 as at equimolar ratios
of HCI to amide groups, a 96% degree of PA degradation
was observed from NMR. When a 0.5 molar equivalent of
HCI to amide was used, this decreased to 50% degree of
degradation.

Frisa-Rubio et al.*** developed a mathematical model for the
scaled-up multi-frequency MW depolymerisation of PA-6 and
PA-66 via HCI catalysed hydrolysis to yield 6 aminocaproic acid
(6-ACA), and hexamethylenediamine (HDMA) and adipic acid
(AA), respectively. The simulation demonstrated complete PA
degradation and high monomer yields in under 10 min. The
study also modelled the glycolysis of polyurethane (PU) to
polyol diamine toluene (DAT), which the optimal conditions
were simulated to be 230 °C for 40 min. A different approach
was reported by Alberti and co-workers,"'® who reported a ring
closing transformation of PA-6 over a 4-dimethylaminopyridine
organo-catalyst to form the monomer N-acetylated caprolactam.
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Additionally, the acetyl group can react with 2-aminoethanol to
form N-acetyled 2-aminoethanol which is a starting material for
poly(vinyl) amides. The depolymerisation of PA-6 to N-acetyl-
caprolactam proceeded after 15 min at 250 °C, while the acyl
transfer step proceeded after 2 h at 180 °C. The successful use of a
homogeneous organo-catalyst suggests potential for developing
heterogeneous organo-catalysts for easier catalyst separation and
recycling for this reaction pathway. Furthermore, implementation
of MW heating could enhance reaction efficiency. Poly(p-
phenylene terephthalamide) (PPTA), or commercially known as
Kevlar or Twaron, is a highly crystalline aromatic polyamide that
can be spun into fibres. Despite its lightweight characteristics, it
exhibits significantly higher specific strength than steel, making it
favourable for applications such as ropes, cables and advanced
composites."” Recycling of waste fibres poses significant chal-
lenges due to a large decrease in material quality after the
mechanical recycling process and are usually not recycled after
being used."*® Benninga et al.""® reported the use of MW-assisted
heating for the alkaline hydrolysis of PPTA to monomers TPA and
p-phenyldiamine (PPD) achieving full conversion in 15 min
at 260 °C.

PVC is a widely used polymer consisting of repeating chlor-
oalkane units produced via the free-radical polymerisation of
vinyl chloride monomers. Due to its chemical resistance, flame
retardancy and durability, combined with the ability to tailor its
mechanical characteristics through plasticisation, have led to
extensive use in applications such as construction (e.g. pipes,
window frames, flooring), medical devices, packaging, and
cables.**"*" Mechanical recycling of PVC is limited by the
thermal instability of the polymer as PVC tends to undergo
dehydrochlorination, releasing HCI gas.'*” Chemical recycling
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of PVC often require a dechlorination step and can be carried
out using techniques such as hydrogenation, pyrolysis, gasifi-
cation and catalytic degradation.*® Pyrolysis and gasification
of PVC is complicated by the release of HCI and the potential
formation of hazardous byproducts including dioxins and
furans.™*

Ye et al."* reported the pyrolysis of PVC over Fe;O,4, where
the catalyst reacts with Cl, gas at high temperatures (400 °C)
forming FeCl,, thereby mitigating harmful HCI emissions
typically formed during PVC pyrolysis. The process proceeds
in two stages described in Scheme 1.

The first stage occurs below 673 K involving dechlorination
of PVC to form FeCl, and HCI, leaving a solid residue of
polyenes. The second stage occurs above 673 K where further
reaction between FeCl,, Fe;0, and polyenes yield solid carbon
char, iron carbides and volatiles. Complete PVC decomposition
was achieved within 5 min using 1800 W h™" and an estimated
temperature of 300 °C. PVC-coated power cables were also
recycled via MW-assisted pyrolysis at 250 °C and 100-300 W
for 120 s, to recover HCI, carbon black and the interior
copper.'®® Table 3 summarises literature reports on MW-
assisted chemical upcycling pathways including conditions
and catalyst type for PS, PA and PVC.

These findings highlight the applicability of MW-assisted
heating for a wide range of polymers including PS, PA, and
PVC. PAs can be depolymerised to monomers in a closed-loop
chemical recycling system, while PS and PVC can be conver-
ted to fuel and solid carbon in open-loop systems. Further
research is essential to explore more pathways for MW-
assisted heterogeneous catalysis for the chemical recycling
of these plastics.

1. PVC + Fe30,4 — FeCl, + £, +H,0 + HCI + H; + volatiles

2. FeCly + Fe304+ A, = Fe + Fe3C + C + H,0 + (CO)4 + H, + volatiles

Scheme 1 Reaction equations for stage 1 and 2 of co-pyrolysis of PVC with FezO4 to mitigate Cl, emissions.

Table 3 Summary of catalysts, conditions and main products for MW-assisted depolymerisation of other plastics

Polymer Catalyst Conditions Products Ref.

PS Fe/Fe;0,/FeS, 460 °C, 60 min, 650 W Aromatic hydrocarbons (Cg—Cye) 109

PS H-ZSM-5 400 °C, 30 min BTX 90

PS Biochar susceptor 600 °C, 14-38 min, 300-600 W Styrene, cyclopropyl methylbenzene, 110
and alkylbenzene

PA-6 H,;PO, 260 °C, 20 min, 200 W ACA 113

PA-66, PA-1010, HCI 200 °C, 10/17 min, ~150 W Adipic acid, hexamethylene diamine 114
sebacic acid, 1,10 decanediamine

PA-11, PA-12 HCI 200 °C 15/20 min, ~150 W 11-Aminoundecanoic acidxHCl 114
12-Aminododecanoic acidxHCl

PA-6 4-Dimethyl- 250 °C, 15 min (thermal) Caprolactam, N-acetyled 2-aminoethanol 116

aminopyridine

PPTA NaOH 240-260 °C, 15 min, 500 W TPA, PPD 119

PVC Fe;0, 400 °C (thermal) Fe;C, solid carbon char, FeCl, 125

PVC/Cu cable — 250 °C, 2 min, 100-300 W, HCI, carbon black 126

Abbreviations: PS = polystyrene; HZSM = hydrogen zeolite Socony Mobil-5; BTX = benzene, toluene, xylene, PA = polyamide; ACA = aminocaproic
acid; PPTA = poly(p-phenylene terephthalamide); TPA = terephthalic acid; PPD = p-phenyldiamine PVC = polyvinyl chloride.

EES Catal.

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


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ey00271k

Open Access Article. Published on 17 November 2025. Downloaded on 12/24/2025 2:49:07 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Catalysis

4. Summary & outlook

This review has highlighted recent advances in MW-assisted
heterogeneous catalysis as a transformative approach for the
chemical upcycling of plastics. MW heating offers rapid,
energy-efficient and selective activation of catalysts and reac-
tion media, overcoming some of the limitations of conventional
thermal processes. A wide range of catalyst types, including metal
oxides, organocatalysts, modified zeolite and carbon-based
materials have demonstrated effectiveness in catalytic pyrolysis
and closed loop depolymerisation reactions. MW-assisted catalytic
depolymerisation has been successfully applied to a broad spec-
trum of polymers, including polyolefins, polyesters, polystyrene,
polyamides, polycarbonates, and PVC. In many studies, the
catalysts show excellent recyclability over multiple cycles, a key
advantage of heterogeneous catalysts and a valuable characteristic
when considering scale-up. Mechanistic insights such as hotspot
formation, microplasmas and the strategic use of MW-absorbing
materials have enabled rapid depolymerisation of plastics with
poor intrinsic MW absorption such as polyolefins. A discrepancy
in MW power input for reactions can be observed in the reviewed
articles when comparing polyesters (typically <300 W) and
polyolefins (typically > 800 W), likely owing to the harsher condi-
tions required for polyolefin pyrolysis compared with polyester
depolymerisation.

Across the available literature, MW-assisted heating consis-
tently demonstrates notable environmental and economic
advantages over conventional thermal depolymerisation methods.
Reported studies on LCA and technoeconomic assessment (TEA)
show significant reductions in energy demand, greenhouse gas
emissions, and processing time, alongside improved product
selectivity and potential cost savings. MW-assisted aminolysis of
PU foams achieved up to a 38% reduction in global warming
potential (GWP) and 50% lower fossil resource use compared to
virgin polyol production, while energy consumption decreased by
80% upon scale-up."”” Similarly, MW co-pyrolysis of food waste
and LDPE exhibited a GWP of only 38.9 kg CO, eq. per 100 kg
feedstock, substantially below that of anaerobic digestion (840 kg
CO, eq.), and achieved economic feasibility with an 18% internal
rate of return when coproducts were competitively priced."”®
MW-assisted glycolysis of PET reached 95% BHET yield within
10 minutes, with lower environmental impacts and minimum
selling prices than the conventional DMT route, attributed to
modular reactor design and selective heating.'*® Despite these
results, LCA and TEA remain limited in scale and scope. Most
studies rely on laboratory or pilot-scale data, with few analyses
extending to industrial-scale scenarios that capture realistic pro-
cesses. Comprehensive LCAs and TEAs at commercial scales are
therefore needed to validate the environmental and economic
potential of MW-assisted depolymerisation.

MW-assisted chemical recycling also faces several chal-
lenges associated with expensive catalysts, difficulty scaling or
limited selectivity when dealing with mixed or contaminated
plastic streams. To overcome these challenges, future research
should prioritise the development of robust, selective and
low-cost catalysts, reactor designs that can efficiently handle

© 2025 The Author(s). Published by the Royal Society of Chemistry
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real-world waste plastics. Additionally, the use of metal organic
frameworks (MOFs) as catalysts in MW-assisted depolymerisa-
tion reactions could provide a low-cost, robust and versatile
catalyst as they are well reported heterogeneous catalysts for
plastic depolymerisation reactions owing to their struc-
tural control, stability, reactivity and porosity,"*° but not well
reported in MW-assisted depolymerisation reactions. MW-
assisted chemical plastic recycling aligns with the future direc-
tion of designing energy efficient plastic management strate-
gies. Challenges will arise regarding suitable reactor scale-up
design and sourcing cheap yet effective catalysts. To overcome
these, it is crucial to promote interdisciplinary collaborations
in this research area and advance research into sustainable
catalyst materials such as biomass-derived catalysts. With
continued advancements in catalyst design, reactor engineer-
ing and integrated sustainability assessments, MW-assisted
catalytic upcycling has potential to be an important valorisation
technology for transition toward a circular and more sustain-
able plastic economy.
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