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More than 8 billion tonnes of plastic have been produced globally since 1950, with almost 80% of the plastic

generated annually turning into waste. This plastic waste represents a significant environmental challenge and

reflects a major economic loss. Catalytic methods capable of transforming plastic waste into valuable

chemicals and fuels offer the opportunity to turn plastic pollution into a viable resource, promoting a circular

plastic economy that is crucial for achieving sustainability in energy sectors. This review examines the latest

research advancements in catalytic processes for recycling plastic waste into chemicals and fuels. These

technologies are emerging as potential solutions in the search for a sustainable circular plastic economy and

energy markets, offering alternatives that incineration and mechanical recycling have largely failed to deliver.

Various catalytic processes are comprehensively accessed, including pyrolysis, hydrocracking, chemolysis,

hydrogenolysis, photocatalysis, electrocatalysis, biocatalysis, and metathesis, which efficiently convert plastic

waste into valuable chemical building blocks, fuels, and other high-value products. These technologies not

only address the environmental issues associated with plastic pollution but also contribute to resource

recovery and energy sustainability with potential to produce low-carbon fuels, chemicals and building blocks

to enhance plastic circularity. Moreover, this review addresses the current challenges and future research

directions essential for accelerating the transition towards sustainable circular plastic economy. It offers

a comprehensive evaluation of catalytic recycling technologies, including pyrolysis, hydrocracking, chemical

depolymerisation, and metathesis, with a focus on mitigating Scope 3 Emissions and fostering sustainable

energy solutions. The objective is to promote the advancement of catalytic technologies, recognizing the

potential of catalysis to enhance economic efficiency and capitalize on the conversion of plastic waste into

high value chemical feedstocks and energy. The review highlights recent developments in catalytic processes,

including catalysts, plastic feedstocks, reaction parameters, and their impact on product distribution and yield.

While the gasification method is briefly mentioned, this review does not cover thermosetting plastics, physical

recycling, or non-catalytic processes such as thermal recycling, mechanical recycling, or incineration.
Sustainability spotlight

A circular plastic economy is essential in tackling the global plastic waste crisis through sustainable and scalable solutions. It investigates how advanced
catalytic and chemical recycling technologies can create new value from plastic waste while reducing reliance on fossil resources. By analysing recent
advancements in chemical recycling and catalysis-driven approaches, the article outlines methods for converting plastic waste into valuable materials. It
highlights innovations aimed at lowering lifecycle emissions, minimising environmental impacts, and promoting circularity in production systems. The
technological insights shared directly contribute to the achievement of several UN Sustainable Development Goals, including SDG 9 (Industry, Innovation, and
Infrastructure), SDG 12 (Responsible Consumption and Production), and SDG 13 (Climate Action), by enabling a resilient shi toward low-carbon, resource-
efficient, and innovation-led plastic systems.
1. Introduction

Plastic has become a ubiquitous part of human life and plays
a signicant role in the improvement of human living standards
nstitute (QEERI), Hamad Bin Khalifa

10, Doha, Qatar. E-mail: muanwar@

724–3840
through its versatile applications across various industries.1

Plastics are used for manufacturing a wide range of products,
and are crucial to innovation in many industrial segments
including automotive, aviation, electronic, construction,
healthcare, packaging etc. The mass production of plastic
† Current address: Green Global Group of Companies, 3183Wilshire Boulevard,
Los Angeles, CA 90010, USA. Email: sarim.dastgir@lmh.oxon.org.
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started in the 1950s, since then the worldwide production of
plastic materials has reached more than nine billion metric
tonnes (Fig. 1). With the massive increase in the world's pop-
ulation, the plastic demand is continuously increasing due to its
various advantages such as good insulating properties, light
weight, durability, comparatively low cost, erosion resistance,
ease of processing, mouldability, etc.2–5 In 2023, the annual
plastic production was 413.8 million tonnes and is projected to
rise to 590 million tonnes by 2050.6–8 In 2015, fossil fuel-based
plastic production contributed 1.7 Gt CO2 equivalent (CO2e)
in greenhouse gas (GHG) emissions over their life cycle. If
current trends continue, both plastic production and associated
GHG emissions are expected to nearly quadruple by 2050.9

Plastic demand mainly involves high-density polyethylene
(HDPE), low density polyethylene (LDPE), polyethylene tere-
phthalate (PET), polypropylene (PP), polystyrene (PS), poly-
urethane (PU), and polyvinyl chloride (PVC). HDPE is used in
the manufacture of storage boxes, bottles, pipes, cable insu-
lation, toys, etc. LDPE is applied in agricultural lms, pack-
aging, reusable bags, and computer components. PET is used in
beverage bottles, food containers, and lms. PVC is used to
manufacture plumbing pipes, tiles, cables for insulation,
garden hoses, automotive upholstery. PP is used in packaging,
automotive parts, bank notes, and microwave containers. PS
serves in insulation, food packaging, electrical equipment,
eyeglass frames, etc. Fig. 2 represents the global demand and
use of these polymers across segments.10
Muhammad Anwar
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© 2025 The Author(s). Published by the Royal Society of Chemistry
The continuous increase in plastic production has led to
increased plastic waste accumulation, with almost 60% of the
global plastic ending up in the environment as plastic waste.
Plastic waste is categorised as industrial and municipal waste.
Industrial plastic waste, being more homogeneous and less
contaminated, is easier to recycle into lower grade products. In
contrast, municipal plastic waste is heterogeneous and oen
contaminated, comprising HDPE, LDPE, PET, PP, PS, and PVC.
Packaging, single use plastics, dominates plastic consumption
and accounts for over 50% of global plastic waste.11–13 Different
polymers reach the waste status at varying rates, as shown in
Fig. 3.14 Plastic packaging has a short life span and typically
becomes waste within 6 months of its production, leading to
a signicant economic loss of ∼100 billion dollars annually, in
addition to disposal and environmental costs.15 About ∼11%
(by mass) of the total metropolitan solid waste (MSW) stream is
made up of synthetic polymers but occupy an uneven volume in
landlls.16 Most of these polymer materials degrade slowly in
landlls, and stay there for an indenite period. The collection
of municipal solid waste can cost hundreds of dollars per metric
tonne, though disposal cost varies by region.17 In addition,
cleaning up of synthetic polymers that skip collection can be
very costly. For instance, about 500 million dollars is spent
annually to remove litter, mostly plastics, from the west coast of
US only.18

Scope emissions encompass greenhouse gases emitted
across the entire value chain. In particular, Scope 1 emissions
Maria E: Konnova
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Fig. 1 Global annual plastic production. Source: Statista Research,
2024.
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are direct emissions from an organization's controlled
processes. In plastic manufacturing, a major source of carbon
emissions is the extraction of raw materials, such as petroleum
hydrocarbons from fossil fuels. Another signicant contributor
is the conversion of raw materials into polymer resins and nal
plastic products. Scope 1 emissions, being directly controlled by
organisations, are the most manageable. Scope 2 emissions,
however, arise indirectly from purchased energy, with energy-
intensive processes like injection and extrusion moulding
amplifying their impact. To mitigate these emissions, organi-
sations can implement energy-efficient practices or transition to
low-carbon and renewable energy sources.

Scope 3 emissions refer to indirect emissions occurring from
the entire value chain of an industry or organization,
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accounting for majority of the footprint. These emissions orig-
inate from activities beyond direct control but resulting from
operations, including supply chain activities, distribution,
product usage, and waste disposal. Scope 3 emissions are
extremely difficult to track and are potentially the largest
contributor to an organisation's total emissions.

According to the OECD (Organisation for Economic Co-
operation and Development) report, plastics account for 3.4%
of global greenhouse gas emissions, with 90% resulting from
their production and fossil fuel-based conversion.19 Similarly,
end-of-life processes, such as recycling, incineration or
disposal, generate downstream Scope 3 emissions. Incineration
has the highest carbon emissions, releasing two tonnes of CO2

by incinerating one tonne of plastic.20,21 However, upstream
Scope 3 emissions can be signicantly reduced by integrating
recycled plastics into manufacturing. Recycling can reduce the
emissions from incineration by 40–50%.22 Organisations can
mitigate various embedded emissions at the extraction and
processing stages by reusing and reprocessing waste into recy-
cled inputs instead of relying on virgin raw materials. Circular
economy strategies provide potential benets to reduce and
decarbonise both upstream and downstream Scope 3 emissions
by:

� Reducing waste during manufacturing and designing
products to ensure their reuse or recyclability.

� Using recycled materials to create products leading to less
use of virgin materials, thereby reducing emissions from
extraction and processing.

� Implementing downstream solutions alongside upstream
solutions to reduce emissions throughout the entire value
chain.

Despite numerous reviews on plastic recycling technologies,
most of them focus either on specic polymer classes or on
individual catalytic approaches, such as pyrolysis or chemolysis.
While these studies offer valuable depth, they oen lack
a holistic approach that considers the interconnected technical
and environmental factors shaping the broader plastic circu-
larity landscape. This review addresses that gap by encom-
passing a broad spectrum of catalytic strategies, ranging from
thermal catalysis (e.g., pyrolysis, hydrocracking) to precision
depolymerisation methods (e.g., chemolysis, metathesis), as
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00225g


Fig. 2 Global plastic demand by application in 2021 (left); global plastic distribution by polymer type in 2023 (right). Data are based on Plastics-
the Facts 2022 and 2024 reports.

Fig. 3 Production volume and waste generation in million tonnes (MT
per year) frommajor plastics in 2019. The values are taken from ref. 14.
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well as emerging low-temperature processes (e.g., photo-
catalysis, electrocatalysis, biocatalysis). It provides a compre-
hensive analysis of how these diverse catalytic technologies can
synergistically contribute to the advancement of a circular
plastic economy. A distinctive aspect of this review is its
emphasis on the potential of catalytic recycling in reducing
Scope 3 emissions, an oen-overlooked yet crucial metric in life-
cycle assessments and sustainability reporting. By highlighting
catalytic pathways that enable decentralised, low-carbon valor-
isation of plastic waste, this review contributes to the expanding
discourse on climate accountability within the chemical and
energy sectors.
2. Plastic pollution: a global
environmental concern

Plastic pollution causes serious risks to human health, ecosys-
tems, and environment. In 2015, the incineration of plastic
packaging wastes emitted about 16 million tonnes of CO2

equivalents. In 2019, only 9% plastic waste was recycled, 19%
incinerated, 50% went to landlls, and 22% evaded waste
management systems and ended up in open dumps or natural
environments, or burned in open areas.19 Moreover, the Covid-
19 led to signicant increase in single-use plastic waste, with
Wuhan generating 240 metric tonnes of medical plastic waste
© 2025 The Author(s). Published by the Royal Society of Chemistry
which is nearly 6 times compared to pre-pandemic levels.23

Similarly, Singapore produced an additional 1400 tonnes waste
from packaging and food delivery during the eight-weeks period
of lockdown.24 Although recycling rates are expected to increase
to 17% by 2060, landlling (50%) and incineration (18%) will
remain dominant, leading to continued waste accumulation.19

Landlling is an unsustainable solution as plastic waste
dominates a large volume of landll sites and can remain there
for many years, or even for decades, due to their high resistance
to degradation against physical, chemical, and biological
actions.25,26 Continuous disposal of plastic waste into landlls
creates serious environmental risks, including pollution and
greenhouse gas emissions (GHG).27,28 On the other hand,
incineration generates harmful emissions with limited energy
recovery. Therefore, severe pollution or disasters are caused
both by incineration and landlling. The net material value
recovery is either none or minimum at large scale. The inter-
action of plastic with groundwater and toxic materials in landll
sites can lead to production of harmful leachate, eventually
contributing to environmental degradation and deterioration of
surrounding land. Therefore, landlling the plastic waste is the
most undesirable waste management strategy. The environ-
mental damage caused by plastic pollution is oen considered
more severe than carbon footprints.29,30

The Ellen MacArthur Foundation reported the loss of about
1/3rd of global plastic packaging waste into the environment.15

Accumulation of plastic waste in oceans has become a major
environmental challenge.31 The Great Pacic Garbage Patch
(GPGP) now spans approximately 1.6 million km2, i.e., three
times the area of Spain, comprising 99.9% plastic debris. In
2016, the foundation reported that plastic mass in oceans would
become equal to the sh that live in them by 2050, if current
plastic management trends persist (Fig. 4).15,32 Even conserva-
tive studies have estimated that 8 MMT of plastic materials end
up in oceans annually.13 Plastic waste now reaches even the
most remote locations, from the Virgin Islands to the ocean's
deepest depths.33 Plastic waste in the north Pacic Ocean has
increased by 100 fold during the last 40 years. The OECD's 2022
report estimates that 30 million tonnes of plastic waste have
already accumulated in oceans and seas, with additional 109
RSC Sustainability, 2025, 3, 3724–3840 | 3727
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Fig. 4 Plastic pollution in oceans and reservoirs. Figure partially
generated using iStock AI Image Generator.
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million tonnes in rivers.19 Environmental pollution by plastic is
undoubtedly alarming, according to UNCTAD 2022 and UNEP
2022 reports, out of 369 million tonnes of plastic waste gener-
ated annually, about 11 million metric tonnes ends up in the
ocean.34

Plastic waste fragments over time in oceans, eventually
forming microscopic particles (∼20 mm diameter) which even-
tually enter aquatic animals. Large particles could harm ocean
species via entanglement, resulting a signicant loss to aquatic
habitat.35,36 Animals can get entangled in plastic waste, which
can lead to injury and even death. Plastic pollution can also
affect the eating habits and reproduction of marine life,
contributing to reduction in their population. According to
United Nations, almost 1 million marine mammals and
seabirds are killed annually by plastic waste.37 If current trends
continue unchecked, it is projected that by 2100, the total mass
of microplastics in the marine environment may increase by 50
times, compared to 4.9 × 105 in 2010.38 The composition of
microplastics is mainly represented by the following polymers:
PE, PET, PP, PS, PVC, PA (polyamide), nylon, and polyvinyl
alcohol (PVA).39 Microplastics are mixtures of small particles,
ranging from 1 micron to 5 mm size, and are categorised into
two types: primary and secondary.40,41 Primary microplastics are
produced for a specic industrial or household use, such as
exfoliants in face scrubs, toothpastes, and secondary micro-
plastics are generated through the breakdown of large plastic
materials under the inuence of UV radiation or mechanical
wear and tear. Microplastics enter the environment primarily
through industrial and domestic wastewater.41 However, the
most likely and large-scale process of microplastic formation
results from the fragmentation of improperly disposed plastics,
such as abrasion of larger fragments of plastic on beaches. In
water, secondary microplastics degrade slowly due to low
temperatures and ultraviolet radiation, eventually breaking
down into microscopic particles. These are easier to swallow by
marine organisms, which increases the vulnerability to toxic
leaching, desorption, and adsorption. In addition, micro-
plastics can be transferred to various ecosystems through
animal migration or water currents, affecting even remote
areas.41,42 Recent studies show that a variety of marine organ-
isms, including mussels, sh, shrimp, oysters, oarsh, worms
and even whales, swallow these particles.43 According to studies,
ingestion of these particles causes severe health effects,
3728 | RSC Sustainability, 2025, 3, 3724–3840
including pathological stress, false saturation, reproductive
complications, blocking of enzyme production, decreased
growth rate, and oxidative stress.44 While whales and some large
marine animals may pass microplastics without any harm due
to lack of enzymatic pathways, these microplastics adsorb toxic
chemicals such as organochlorine pesticides and polycyclic
aromatic hydrocarbons, transferring toxins into the food
chain.42 Thus, even if some organisms avoid direct contact with
microplastics they still face exposure through other organisms
containing these particles. Current methods for removing
microplastics from water include otation, enzymatic degra-
dation, photocatalytic degradation, membrane separation, and
coagulation deposition.45

Properties of plastics are oen improved with additives such
as plasticisers for exibility, stabilisers for thermal and UV,
ame retardants, and dyes. However, some of these additives
can potentially be transmitted into the blood stream and
animal tissues via ingestion, potentially damaging blood cells
and tissues.46 Among the most concerning additives are
bisphenol A, brominated ame retardants, phthalate plasti-
cisers, and antimicrobial agents. BPA and phthalates are oen
found in products including computers, cosmetics, food pack-
aging, oor coverings, medical devices, perfumes, and toys. Due
to their volatile nature, they contaminate the aquatic environ-
ment, air, and dust.47 These chemicals have shown to affect
reproduction and deteriorate the development of crustaceans
and amphibians.48

Microplastics are not conned to oceans but also contami-
nate the soil and atmosphere. Landll sites, which contain the
highest concentration of microplastics, are a major source of
soil contamination. These microplastics can inltrate soil
through wind, dust, rain, and erosion, where microorganisms
and enzymes break them down into even smaller fragments
than those found in the aquatic environment.41 Microplastics
with a higher density remain in the ground, moving to deeper
layers and transferring pollution to groundwater, and poten-
tially transmitting to plants and the food chain. Microplastics
with a lower density remain on the surface and can be carried by
wind and water because of erosion. Hence, microplastics can
have an impact not only onmarine life but also get into the food
chain of terrestrial animals and plants. Plastics can change the
pH of the soil, for example, polylactic acid and low-density
polyethylene increase the pH, whereas high-density poly-
ethylene lowers it. Such changes in the soil certainly have an
impact on organisms living in it.49 Microplastics can disrupt the
growth, development and ecological processes of plants.
However, some studies have suggested benecial effects of
microplastics such as a decrease in volume density, increased
aeration, and enhanced root growth.50
3. World energy demand and
sustainable chemical industry

The world population is steadily increasing, projected to exceed
9.7 billion in 2050 and potentially reaching 10.9 billion by
2100.51 Life expectancy is also expected to rise from the current
© 2025 The Author(s). Published by the Royal Society of Chemistry
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67 years to 75 years in 2050. This demographic shi will drive
a surge in global energy demand, which, under a “business as
usual” could triple from 13.1 million tonnes (MT) of oil equiv-
alents in 2015 to 35 MT in 2050, potentially reaching unsus-
tainable levels.51 Industries will remain the dominant drivers of
this demand, with economic growth and urbanisation acceler-
ating consumption, particularly in resource intensive sectors.
However, this increasing energy demand will represent unique
challenges for the energy sector, which must balance increasing
energy needs with environmental concerns. To mitigate climate
change, greenhouse gas emissions must be reduced to half
from current levels, requiring a dramatic reduction in fossil fuel
dependence and a shi towards sustainable energy solutions.

Signicant economic growth is anticipated over the next few
decades, with the world economy projected to expand to 280
trillion US dollars in 2050 from 75 trillion dollars in 2010, and
this in turn would produce an enormous growth prospect for
the chemical industry (Fig. 5).52 The size of chemical industry
could potentially increase to US$ 18.7 trillion. Rising life
expectancy and economic growth will increase chemical
demand strongly across various sectors, from basic and
specialty chemicals to pharmaceuticals. However, there will be
enormous pressure to reduce greenhouse gas emission and
fossil fuel consumption to circumvent the environmental
challenges. Consequently, energy industries in future will be
under pressure to substitute their naphtha and oil demands for
more sustainable feedstocks.53,54

By 2050, the current industrial practices and BAU scenarios
suggest that two and a half earth resources would be required to
support the basic demand, leading to an unsustainable future.48

For a sustainable economy, a corrective path is vital with the
development of a circular economy by improved industrial
practices. To address these challenges, innovation and
increased efficiency would play a key role for a sustainable
Fig. 5 Status of the world in 2050 – BAU scenario. The values are
taken from ref. 52. Figure partially generated using iStock AI Image
Generator.

© 2025 The Author(s). Published by the Royal Society of Chemistry
society. The circular economy provides a structured framework
to address these challenges by minimising waste and max-
imising resource utilisation. One potential approach involves
reusing waste plastics to make feedstock chemicals, offering
a viable solution to support circularity and resource efficiency.

The recent global stocktake by the United Nations Frame-
work Convention on Climate Change (UNFCCC) underscores
the alarming gap in current climate mitigation efforts. Projec-
tions reveal that the remaining global carbon budget to limit
warming to 1.5 °C has reduced to 275 gigatonnes of CO2 which
is equivalent to less than seven years of emissions at current
rates. Fossil-based transportation fuels contribute approxi-
mately 20% of global CO2 emissions, requiring a rapid transi-
tion to low and zero carbon alternatives. Initiatives such as the
EU's ReFuelEU Aviation program signify this shi directing
a gradual increase in the adoption of sustainable aviation fuels
(SAFs) and synthetic fuels. By 2035, a minimum of 20% of
aviation fuel supplied at EU airports must comprise SAFs,
a target representing a 900% rise from 2025 levels. This tran-
sition is crucial in decarbonising the aviation sector and miti-
gating its environmental footprint.

Concurrently, the global waste crisis presents another huge
challenge, with over 2 billion tonnes of solid waste generated
annually. Plastic waste, which constitutes about 12% of global
solid waste, predominantly ends up in landlls, incinerators, or
is poorly managed, further worsening environmental degrada-
tion. The circular plastic economy has the potential to play
a crucial role in addressing the world energy demand and
developing a sustainable chemical industry by transforming
waste into a resource, thus reducing the dependence on virgin
fossil fuels. By recycling and reprocessing plastics, the circular
economy signicantly cuts down on the energy-intensive
extraction and processing of raw materials, leading to energy
conservation and reduction in greenhouse gas emissions. This
shi also drives innovation in the chemical industry, promoting
the development of sustainable processes andmaterials that are
more energy-efficient and ecofriendly. Advanced recycling
technologies such as chemical recycling enables the conversion
of plastic waste into valuable chemicals and fuels, contributing
to more resilient and diversied energy supply. By enabling the
recycling of a broader range of plastics, these innovations
support the sustainable energy landscape by contributing to
resource efficiency, reducing greenhouse gas emissions,
conserving energy, and fostering circular economy. Overall, the
circular plastic economy plays a vital role in shaping a sustain-
able chemical industry that meets global energy demands and
minimises environmental impact. Continuous advancements
in recycling technologies, particularly chemical recycling, can
convert plastic waste into monomers, chemical building blocks,
high-quality raw materials, or even fuels, contributing to the
development of sustainable energy markets.

The growing urgency to address plastic waste has reinforced
the need for effective recycling to reduce the environmental
impact. Plastic-to-energy projects are gaining attraction in the
energy industry as awareness about the severe environmental
harm caused by single use plastics grows. Energy recovery from
plastic waste, along with other forms of domestic, industrial,
RSC Sustainability, 2025, 3, 3724–3840 | 3729
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and agricultural waste, is now recognised as an environmentally
benign strategy to produce renewable energy.55 Sustainable
solutions that harness the energy potential of plastic waste
while mitigating its environmental harm are imperative.
Beyond recycling, the search for clean, low-cost energy
resources is vital amid growing population growth and rising
demand for plastics and energy. Generally, plastic waste-to-
energy conversion processes transform plastics into electricity,
heat, or alternative fuels. These technologies, which are well
established in Europe, can produce electricity, heat, fertilisers,
and biofuels from plastic waste, offering a good feedstock for
energy recovery.56

There are different ways to valorise plastic waste, including
chemical recycling to feedstocks and energy. These methods
harness the chemical energy stored in the hydrocarbon struc-
ture of plastics to produce chemical feedstock and fuels,
however, currently not all of them are economically viable.
Continued innovation in technology and processes will be
critical to enhance efficiency, scalability, and cost-effectiveness
in plastic to energy conversion.
4. Plastic circular economy

Synthetic polymers are typically derived from non-renewable
resources, with petrochemicals used in plastic production
accounting for 14% of world's total oil demand and 8% of gas
demand.57 These gures are anticipated to rise, making petro-
chemicals the world's biggest driver of oil demand, surpassing
sectors such as aviation, shipping, and trucks. From the energy
security and economic perspective, the large scale at which
synthetic polymers are made from petroleum resources can be
Fig. 6 Current pathways for plastic waste management. The percentage
partially generated using iStock AI Image Generator.

3730 | RSC Sustainability, 2025, 3, 3724–3840
concerning due to high energy security and resource depletion,
as most plastics are still produced using fossil-based feedstocks.
A major portion of plastic waste ends up with an uncertain fate,
either lost during processing or escapes collection systems,
leading to severe environmental consequences (Fig. 6). The
limitations of linear plastic value chain have intensied interest
in the circular economy.58 Plastic recycling processes are
considered necessary alternatives that offer economic and
environmentally friendly solutions for plastic waste manage-
ment. Transitioning to a circular and climate neutral economy
will require substantial investment and innovation across the
plastic value chain. This shi includes developing new business
models focused on reuse, producing more recycled plastics, and
creating alternative feedstocks that reduce dependency on fossil
fuels. The circular economy presents an alternate and more
sustainable model to linear economy which follows the “Take–
Make–Waste” model by using valuable resources for longer
periods and reintegrating materials into production cycles.
Consequently, a circular economy reduces the demand for
primary raw materials, enforces waste prevention, enhances
recycling, and potentially increases resource efficiency. It is
aimed at ‘designing out’ waste and prioritising reuse and recy-
cling of resources. The industrial evolution has been dominated
by a linear model of production over the past few centuries
through technology advancements, resulting in unprecedented
prosperity to our society.59–61 The “New Plastics Economy” must
be a circular economy that can eliminate waste, maximise value,
and use plastic efficiently. A hierarchical approach has been
proposed for dealing with plastic wastes, according to the
following options in the order of priority.62
s represent the global average values in 2017 based on ref. 63. Figure

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Reduction: reducing the number of materials employed
in the manufacture of many plastic products, such as food
packaging.

(b) Reuse: widely applied in the packaging sector, reuse
strategies extend the lifespan of plastic items by using for the
same or similar purpose multiple times.

(c) Recycling: it allows the recovery of valuable materials
from plastic products.

(d) Energy recovery: it is aimed at taking advantage of the
high heat value of plastics (20 MJ kg−1 for PET, ∼40–44 MJ kg−1

for polyolens), being similar to that of petroleum-derived fuels
(45 MJ kg−1 for crude oil) and superior to that of coal.64 Through
incineration, plastic waste can produce electricity, or partially
replace fossil fuels in specic applications like cement kilns.
However, the signicant concern of air pollution from directly
burning plastic wastes leads to a strong opposition in many
countries. An alternative is the conversion of plastic residues by
thermochemical methods into hydrocarbon mixtures for
subsequent transformation into carbon neutral ultra-low
sulphur fuels.

(e) Controlled disposal: plastic wastes are accumulated in
landlls, where they occupy signicant space. This option is the
least preferred one within the hierarchical approach as it does
not afford any recovery of material or energy, leading to a loss of
natural resources.

For sustainable industrial development, recycling raw
materials into useful chemicals is utmost important both from
economic and environmental perspectives. Plastic waste recy-
cling can be applied to address the exponential growth of plastic
waste, which is threatening the United Nation's Sustainable
Development Goals.65 Efficient recycling of plastic waste on
a global scale could save up to 3.5 billion barrels of oil annually,
resulting in an estimated economic benet of US$176 billion.66

Furthermore, chemical recycling has the potential to drive the
shi towards a circular economy, enabling achieving closed-
loop recycling of materials and supporting long-term
sustainability.67
4.1 Plastic waste recycling

Recycling plastic waste is gaining increasing attention as
a solution to environmental challenges and the transition
towards a sustainable economy. Advanced chemical recycling
technologies can help to curb the plastic pollution while
generating valuable chemical feedstocks and fuels (Fig. 6). In
terms of economy, 95% of plastic packaging material is lost
every year aer a rst use cycle, with an estimated value of $80–
120 billion.65 Recycling one tonne of plastic can save 130million
kJ of energy, highlighting its efficiency in resource conserva-
tion.65 Recycling processes for plastics can be classied into
primary, secondary, tertiary, and quaternary processes, as
dened by ISO15270:2008 and ASTM standards D5033 and
D7209.68

4.1.1 Primary recycling. Primary recycling involves
mechanical recycling of waste plastic to make new plastic
products of same or similar type and performance. This method
is favoured due to its relatively low recycling costs and simple
© 2025 The Author(s). Published by the Royal Society of Chemistry
operational process. This process requires high quality plastic
waste such as single type, clean, and free of contamination.
Production of new PET bottles from postconsumer PET bottles
is an effective example of this process.

4.1.2 Secondary recycling. Secondary recycling involves the
mechanical processing of the waste plastic to produce lower
quality products with reduced properties compared to virgin
plastic. The reprocessed plastic is used for applications with
lower performance demands.69 This method involves a number
of processes such as size reduction using shredders, segrega-
tion, cleaning, drying, pelletisation, and extrusion. The chem-
ical nature of the polymeric material doesn't change, however,
repeated recycling reduces the molecular weight due to chain
scission, leading to property deterioration.70 This recycling
method is limited to few thermoplastics with low melt viscosi-
ties and low temperature sensitivity.29 PET is the major type of
plastic waste recycled using this technique, whereas PA, PP, and
PS account for less than 1% of total secondary recycling.71

Primary recycling and secondary recycling are categorised as
physical recycling techniques. Owing to low operating costs and
less involvement of technological expertise, these methods
account for over 75% by weight of all recycling operations.63

Despite its environmental and economic benets, physical
recycling is applied at a very limited scale.

4.1.3 Tertiary recycling. Tertiary recycling is described as
the conversion of a plastic material into its component frag-
ments via breaking the hydrocarbon backbone. As primary and
secondary recycling methods demand high energy to process
and are costly, tertiary recycling can be considered a more
economically viable approach to maintain sustainability.
Tertiary recycling method comprises technologies to recover
valuable chemical intermediates such as gas, liquid, and solid
from plastic waste. The products obtained from tertiary recy-
cling are used as feedstocks to produce fuels and polymers
(Fig. 6).72,73 This method, oen referred to as chemical recycling,
includes processes such as thermolysis and chemolysis.

4.1.3.1 Thermolysis. Thermolysis involves the chain scission
of plastics using heat to produce low-molecular weight
compounds and monomers.74 Thermolysis is divided into three
methods:

(a) Pyrolysis.
(b) Hydrocracking.
(c) Gasication.
Thermolysis of plastic waste allows conversion of heavy and

long chain polymeric molecules into valuable hydrocarbon rich
petrochemical-based feedstock such as gas, oil, and char at high
temperature. The thermolysis processes differ in operating
conditions as well as product composition. Pyrolysis and
hydrocracking processes lead to formation of oil and gas,
whereas gasication produces only gas (CO, CO2 and H2). The
pyrolysis process is conducted under an inert atmosphere,
hence dioxins are not produced unlike gasication, and it
requires a low reaction temperature that reduces operational
cost.75,76

4.1.3.2 Chemolysis. Chemolysis is a resource recovery
method where waste plastic is depolymerised or chemically
treated to recover monomers (Fig. 7).69 Chemical recycling is the
RSC Sustainability, 2025, 3, 3724–3840 | 3731
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Fig. 7 Plastic recycling technologies. Figure partially generated using
iStock AI Image Generator.
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only method that aligns with sustainable development princi-
ples because it regenerates original raw materials.77 Nylon,
polylactide, polyamide, polycarbonate, polyester, polyethylene
terephthalate, and polyurethane wastes are recycled by this
process, with PET and PU being the most commonly recycled.
Chemolysis can be further categorised into hydrolysis, glycol-
ysis, methanolysis, and aminolysis. Plastic sorting is the main
challenge for this method as the operating conditions are
plastic specic, hence, its application is limited.78

4.1.4 Quaternary recycling. Quaternary recycling, also
called incineration, involves the burning of waste plastic to
recover energy, as the caloric value of some plastics is
comparable to crude oil derivatives.79 This is the most widely
used method of plastic waste disposal, and its use is rising due
to the increasing efficiency of new incinerators (Fig. 6). This
process contributes to mitigate plastic waste accumulation in
the environment by incinerating it to retrieve energy, and the
remaining ash is disposed of in landlls. However, there are
signicant environmental issues such as release of particulate
matter and emission of greenhouse gases including CO2 and
NOx. These emissions are the major barriers and challenges
that hinder widespread adoption of this process.29,80
4.2 Landlling

A major portion of plastic waste is disposed of in landlls,
where it undergoes slow degradation (Fig. 6). Under environ-
mental conditions, plastic materials experience substantial
changes in their chemical structure, leading to loss of some of
their properties. Polymeric characteristics such as molecular
weight, functional groups, crystallinity, and the nature of
additives present in polymers signicantly inuence their
degradation.

Degradation of plastic involves a series of processes that
break down plastics into lower molecular weight oligomers, and
by-products such as CO2, methane, or water.80 Plastic is
3732 | RSC Sustainability, 2025, 3, 3724–3840
degraded by four pathways: biodegradation by enzymes,
hydrolytic degradation, photodegradation, and thermooxidative
degradation.81 Natural plastic degradation typically starts with
photodegradation, which triggers thermooxidative degradation.
Microbial degradation of plastics is environmentally benign,
requires less energy and leads to complete degradation, making
it a popular option. However, most plastic waste is non-
biodegradable, limiting the effectiveness of microbial degra-
dation. Hence, various advanced pre-treatment methods are
employed to enhance their biodegradability. These pre-
treatment methods include mechanochemical degradation,
photodegradation, and thermal degradation.29 Different recy-
cling technologies have different entry points into a plastic
circular economy and produce variable size circular loops
subject to feedstocks and process efficiencies (Fig. 7).

5. Pyrolysis

Pyrolysis is a thermochemical process that involves heating
plastic waste under an inert atmosphere at temperatures from
300 to 800 °C to break the polymer into small molecules such as
hydrocarbons and monomers. Pyrolysis is a well-dened tech-
nology which was developed at the large scale for the valor-
isation of plastic wastes several decades ago, although its
market adoption has remained quite limited until now. While
gasication technology is focused on the production of syngas,
pyrolysis is an alternative thermochemical route where the
targeted product is a liquid. The liquid product can be further
used for either energy or as a pool of valuable hydrocarbon
feedstock. One of the advantages is the exibility for varying the
operating conditions to achieve products in the desired yield. In
addition, from the environmental perspective, it prevents
dioxin emissions as well as reduces CO and CO2 emissions.82,83

The gaseous product yield can vary from minimal values to
about 90 wt%, with compositions comprising light hydrocar-
bons (ethane, ethene, propane, butane, etc.), CO, CO2 and even
Cl (from PVC wastes). Thermal pyrolysis of polyolenic wastes,
such as PE and PP, may produce waxes. Such waxes comprise
linear, branches, saturated and unsaturated hydrocarbons, in
proportions depending on the feedstock properties and pyrol-
ysis conditions. The long-chain hydrocarbons (>C20) are typi-
cally solid at room temperature. Nevertheless, waxes from
polyethylene can be targeted products with interesting appli-
cations, including hot liquid fuels, electrical insulations, inks,
greases, lubricants, etc., as well as co-feeding into cracking units
in reneries for producing fuels and petrochemicals.62,84,85 In an
opposite trend to gas production, waxes are favoured at lower
temperatures. High yields (85–94 wt%) can be achieved from PE
and PP cracking at temperatures in the range of 450–525 °C.86,87

The liquid oil fraction is usually maximised during the plastic
pyrolysis, as it serves as a precursor for fuels and platform
mixture for valuable chemicals. As pyrolysis at moderate
temperature occurs through a random radical scission mecha-
nism, the obtained oil presents a complex mixture of
compounds. Only in the case of polystyrene and poly(methyl
methacrylate), a real depolymerisation occurs where the oil can
be enriched in their corresponding monomers (styrene and
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00225g


Tutorial Review RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

1.
01

.2
02

6 
17

:2
0:

38
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
methyl acrylate).88,89 Furthermore, from an economic perspec-
tive, pyrolysis has a lower net operating cost and annual capital
investment compared to incineration and plasma arc gasica-
tion, making it a more advantageous option.

Catalytic pyrolysis is based on two steps: the rst stage is
pyrolysis where radicals are formed as intermediates, and the
second stage involves catalytic cracking where carbocations are
formed as intermediates over an acid catalyst. Use of an acid
catalyst oen leads to more efficient operation, i.e., with lower
temperature and better yield of C2–C4 olens.90 Plastic pyrolysis
provides a better and environmentally benign option, as it not
only facilitates the disposal of plastic waste but also allows for
energy recovery.
5.1 Suitable plastics for catalytic pyrolysis

Pyrolysis and hydrocracking are the most suitable recycling
techniques for heterogeneous plastic waste such as municipal
plastic waste (MPW). While most of the plastic waste in daily life
is suitable for pyrolysis, the process is economically feasible
only when conducted on a large scale and when there is abun-
dant supply of MPW.91

5.1.1 Municipal plastic waste. Polyolens are the most
used plastics, accounting for 60–70% of the municipal solid
waste. Fig. 8 shows the distribution of municipal plastic waste
(MPW) at a waste transfer station in Bangkok.11 PVC present in
municipal plastic waste is not suitable for catalytic pyrolysis as
it releases HCl emissions which can lead to corrosion in the
reactor. The presence of chlorine in the resulting fuel is not
required due to its harmful effects. Furthermore, the ester
bonds in PET are signicantly more thermally sensitive
compared to the robust C–C bonds present in PE, PP, and PS.
This makes PET easier to break down into its acidic and alco-
holic components at relatively low temperatures. However, at
high temperatures, PET undergoes decomposition, producing
solid char. Consequently, the pyrolysis of PET does not produce
liquid products and can instead cause operational issues by
clogging pipes, condensers, and reactors. Therefore, PET and
other specialised polymers must be separated from the MPW
stream before undergoing chemical pyrolysis to ensure
optimum processing and product quality.92

5.1.2 Quality of plastic waste. Postconsumer plastic is
basically heterogeneous and consists of various items made
Fig. 8 Composition of MPW by weight.

© 2025 The Author(s). Published by the Royal Society of Chemistry
from different types of polymers, such as PE, PET, and PP, and
oen contains other contaminants including additives, and
foreign polymers, etc. For example, plastic bottles, lms, and
trays in postconsumer waste contain 75–90 wt% primary poly-
mers (PE, PET, PP, or PS), along with 5–15 wt% other polymers
and papers, and 5–15 wt% residual materials. These foreign
materials and residues are mostly present in components like
caps, lids, and labels. In the case of multilayered lms, the
material heterogeneity is even greater, with the primary poly-
mers accounting for only about 55% of the lm's total
composition.93

5.1.3 Pretreatment of plastic waste. The plastic waste
mixture undergoes a series of treatments such as sorting,
washing, and grinding to use it as a feed for the catalytic
pyrolysis process, as shown in Fig. 9.

5.1.3.1 Plastic waste sorting. Plastic waste sorting, due to its
complex composition, is an important step in a Material
Recovery Facility (MRF) to ensure high quality materials for
recycling.94 In an MRF, plastic waste is subjected to manual and
automatic sorting processes including waste screening, air,
ballistic, magnetic, and sensor-based separations in order to
generate plastic waste as pure as possible (Fig. 9).92 Foreign
materials are removed by gravity-based methods using air ow
or water streams, whereas metals can also be eliminated
through magnetic attraction or magnetic repulsion.95 With
these advanced sorting techniques, the resultant materials can
reach purity levels of up to 97% or higher.94

5.1.3.1.1 Manual sorting. Manual sorting is highly effective;
however, it can be costly. Operators are trained to separate
items such as milk bottles (HDPE), soda bottles (PET), garden
furniture, cable sleeves (HDPE), and window prole (PVC),
among others.92

5.1.3.1.2 Sorting by gravity. Some plastics can be sorted by
gravity based on their density differences. For instance, poly-
olens (PP and PE) having densities of ∼0.9 g mL−1 can be
separated from denser plastics such as PET and PVC, which
have densities around 1.4 g mL−1. The effectiveness of gravity
can be further improved by applying electrostatic or magnetic
elds, although this method's success is highly sensitive to
ultimate contamination levels in the waste.95 Usually, this
technique is employed to separate shredded waste using water
as a oatation agent. In a water bath, PP and PE, which have
densities below 1 g cm−3, will oat, whereas other plastics such
as PVC, PET, PS, and ABS will sink.96

5.1.3.1.3 Automatic sorting. Various plastics are sorted on
a conveyor belt through identication of plastic types using
Fig. 9 Pretreatment scheme for plastic waste.
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infrared detectors such as near infrared (NIR) or short wave
infrared (SWIR), and then directing into appropriate categories
using air jet or actuator.95 NIR technology can efficiently remove
PLA (polylactic acid) bioplastics and carbon board from mixed
packaging by irradiating unsorted plastic with near infrared
light of different wavelengths.96 FT-NIR is widely regarded as
a highly efficient and high-speed identication method for
sorting waste plastic into categories such as HDPE and PET. In
addition to NIR detectors, X-ray uorescence detectors can be
used to identify heavy elements, such as Br and Cl, enabling the
sorting of more challenging plastic combinations, like HDPE/
LDPE and PET/PLA, which are difficult to distinguish with
conventional NIR.96

These advanced sorting techniques lead to fractions that
contain mostly HDPE, lms, PP, PET, and mixed plastics. These
methods improve efficiency and plastic recovery rates.97 In
addition, logistics costs get reduced by enabling the transport of
the entire waste stream, rather than different sorted fractions,
making centralised post-sorting more efficient and cost-
effective compared to household-level pre-sorting. Therefore,
post-sorting of plastic waste has the potential to become
a widely adopted global solution.

5.1.3.1.4 Electrostatic sorting. Electrostatic separation is an
effective method to separate binary mixtures such as ABS/PC, PET/
PVC, and PP/PE. In this process, plastic akes collide with
charging units, causing one type of plastic to acquire positive
charge and the other either gains negative charge or remains
neutral at the surface. The particles with different charges are then
separated due to their varying deection in an electric eld.96 This
technology enables separation of differentmaterials based on their
electrical properties and offers low cost and high efficiency sepa-
ration without concerns for secondary pollution.98

5.1.3.1.5 Froth oatation. Froth oatation is used to sepa-
rate plastics with similar densities. The process relies on the
principle in which hydrophobic particles adhere to air bubbles
and oat to the surface for recovery, whereas the hydrophilic
particles remain in the liquid phase. This method is particularly
used to separate mixed polymers with densities higher than
water, generally binary mixtures such as PC, PET, PS, PVC, or
POM (polyoxymethylene).95

Tracer-based sorting technologies are also being developed
by embedding uorescent pigments into plastic substrates or
sleeve, which are detectable under UV light only at sorting
facilities.99 Digital watermarks, integrated into packaging
design, are also used in another technology, and cameras can
detect these watermarks on high-speed sorting lines. A water-
mark contains information about the product and assists in
precise waste sorting. One prominent project, HolyGrail 2.0,
aims to prove the technical and economic viability of using
digital watermarks for more efficient sorting of packaging
waste.100 This initiative has been joined by 160 plus EU
companies. Robotic sorting is another emerging technology
that uses articial intelligence to enhance the efficiency of waste
management.101 In this process, AI-powered cameras and
robotic arms work together to identify and separate different
types of plastics as they move along conveyor belts.
3734 | RSC Sustainability, 2025, 3, 3724–3840
5.1.3.2 Plastic grinding. Plastic grinding is a crucial step in
the entire recycling process (Fig. 9). Aer sorting (if applicable
and desired), plastic waste on the conveyor belts is directed to
a crude shredder, which reduces the plastic material into initial-
sized particles through a grinding process.

5.1.3.3 Plastic washing. The sorted plastic waste oen
requires washing for removing general dirt, label residues, and
other impurities, which is particularly crucial for mechanical
recycling and may also be imperative for chemical recycling.

The washing process typically involves the use of cold or hot
water, along with caustic agents or detergents.92 This cleaning
step is generally combined with the sorting chain, oen
following shredding. This type of washing requires specialised
equipment along with drying systems and wastewater treating
facilities. For example, odorous components are partially
removed with caustic wash, whereas detergents or organic
solvents are used to remove apolar components.102 Alternate
dry-cleaning methods are being explored to reduce the cost and
water consumption associated with traditional wet cleaning.103

These dry cleaning methods have been shown to achieve results
comparable to those of conventional caustic washing.

5.1.3.4 Feeding system. Some reactors such as uidised bed
technology require the feed to be uniformly sized to maintain
consistent thermodynamic conditions. Various feeding systems
have been investigated to address this requirement, with screw
feeders currently used in several pyrolysis processes. However,
screw feeders can present several challenges. For instance, high
temperatures and pressure variations at the reactor's inlet oen
result in severe blockages. Additionally, many of the preferred
pyrolysis feeds are highly cohesive particulate solids, which
frequently cause clogging in the feeding lines. If the feed contains
plastic lms, they can become tangled around the screw and form
a melt around the heated screw, further complicating the feeding
process.
5.2 Pyrolysis principle

Thermochemical recycling includes processes such as pyrolysis,
gasication, depolymerisation, and upcycling. This method
offers a viable alternate approach to traditional plastic waste
management methods along with addressing the transition
towards a plastic circular economy. Thermochemical recycling
processes avoid rigorous sorting methods and operate under
exible conditions with minimum environmental impact.104

Fig. 10 illustrates the basic ow of the pyrolysis process. Pyrol-
ysis is a tertiary recycling where plastics are transformed into
liquid oil, gaseous fuels, and carbonised char at high temper-
ature in the absence of oxygen.105 Various pyrolysis studies have
been conducted at temperatures of 300–900 °C, however 450–
550 °C is the optimal temperature range for pyrolysis of plastic
waste.104 Additionally, pyrolysis of waste plastic has been
studied under various reaction conditions, such as heating rates
of 4 °C min−1 and 10 °C min−1, with varying retention times
ranging between 40 and 70 minutes.106,107 Catalytic pyrolysis is
a crucial process for converting plastic waste into valuable
products. With catalytic pyrolysis, high quality liquid oil can be
produced at low temperatures and process times compared to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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thermal pyrolysis. These important parameters can signicantly
decrease energy consumption while improving the efficiency
and selectivity of the pyrolysis process.108 High-quality catalytic
pyrolysis liquids are typically associated with low oxygen
contents. There is a signicant advantage in using catalysts in
fast pyrolysis due to their ability to directly produce high quality
hydrocarbons from biomass or liquids, which can be utilised in
subsequent processes. The catalyst either reduces the activation
energy of reactions or alters the reaction mechanism to follow
a more efficient pathway, making the process more effective.

Catalytic pyrolysis can be classied into in situ and ex situ
processes. In the in situ process, both the catalyst and polymer
materials are combined directly in the pyrolysis reactor, where
the upgradation occurs. In contrast, the ex situ process involves
placing the catalyst in a separate catalyst bed to upgrade the
pyrolysis vapours. These two approaches lead to different
compositions of the pyrolysis products. Numerous catalysts
such as metal oxides, FCC catalysts, silica–alumina, metal
incorporated alumina, single atom catalysts, zeolites, SBA, and
mesoporous MCM-41 have been used for pyrolysis of various
polymers. The efficiency of these catalysts depends upon their
properties such as specic surface area, crystallite size, Lewis
versus Brønsted acidity, basic sites, pore size distribution, etc.,
which inuence the composition and yield of the pyrolysis oil.109
Fig. 10 Basic flow diagram of the pyrolysis process.
5.3 Pyrolysis mechanism

Polymers undergo multiple initiation reactions that occur
simultaneously during thermal degradation. These reactions
differ depending on whether the polymer is a thermoplastic or
thermosetting plastic.

� Chain-end scission: the degradation process is initiated at
the gas–liquid interfaces, where the polymer chain breaks at its
ends and successively generates monomer units as shown in the
following reactions:110,111

M*
n/M*

n�1 þM (1)

M*
n�1/M*

n�2 þM (2)

� Randon-chain scission: in this process, the polymer chain
breaks at random points, leading to the formation of low
molecular weights without release of monomers as shown in
eqn (3).111

M*
n/M*

x þMy (3)

� Cross-linking: upon heating thermoset plastic to a high
temperature, cross-linking occurs via rearrangement of carbon
chains.111,112 In catalytic degradation, the catalyst under heat
treatment leads to breakage of the C–C bonds of the polymer
chain.

� The activation energy in catalytic degradation decreases
because of the catalyst effect compared to thermal degradation.
In catalytic pyrolysis, initially carbenium ions are formed. This
occurs in two ways: if the catalyst behaves as a Lewis acid, it
removes a hydride ion from the polymer chain, however, when
© 2025 The Author(s). Published by the Royal Society of Chemistry
the catalyst behaves as a Brønsted acid, it adds a proton to the
polymer chain.72

The degradation of PE in catalytic pyrolysis proceeds
through various steps as follows.

Initiation: initiation occurs at a weaker area of the polymer
chain, where proton addition converts an olenic link to a car-
benium ion (eqn (4)).72 Hydride ion abstraction leads to a car-
benium ion as in eqn (5).

–CH2CH2CH]CHCH2CH2– + HX /

–CH2CH2CH
+CH2–CH2CH2– + X− (4)

–CH2CH2CH2CH2CH2– + R+ /

–CH2CH2CH
+CH2CH2– + RH (5)

Then b-scission occurs to further break the chains (eqn (6)).

–CH2CH2CH
+CH2–CH2CH2– /

–CH2CH2CH]CH2 +
+CH2CH2– (6)

Depropagation: in this step, the molecular weight of the
polymer reduces by reactions on acid sites, leading to the
formation of oligomer fractions, which further break down into
gases and oils through b-scission.

Isomerisation: double-bond isomerisation takes place due to
the rearrangement of hydrogen or carbon ions (eqn (7)).

H2C]CHCH2CH2CH3 !H
þ
CH3

þCHCH2CH2CH3

�!�H
þ
H3CHC]CHCH2CH3 (7)

Aromatisation: some of the carbenium ions undergo a cycli-
sation reaction. Abstraction of a hydride ion leads to olenic
carbenium ion formation that can attack the double bonds and
initiate cyclisation leading to aromatic compound formation
(eqn (8)).

R1
+ + R2HC]CHCH2CH2CH2CH2CH3 4

R1H + R2HC]CHCH2CH2CH2
+CHCH3 (8)
5.4 Reactors for pyrolysis

The reactor choice is critical for plastic waste pyrolysis, and its
design plays a signicant role in achieving the desired products.
Typically, the following reaction parameters can impact the
RSC Sustainability, 2025, 3, 3724–3840 | 3735
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efficiency of reactors to obtain higher selectivity for the desired
products:

� Plastic type and its particle size.
� Catalyst type and amount.
� Mixing efficiency of reactants and catalyst.
� Reaction temperature.
� Heat transfer rate.
� Residence time.
Fig. 11 presents the congurations of different reactor types

used by researchers for the thermochemical conversion of waste
plastics, which are discussed in this section.

5.4.1 Fixed bed reactor. Fixed bed reactors are frequently
used in pyrolysis applications due to their simple design and
easy operation. These reactors consist of a cylindrical vessel that
holds the catalyst, typically in the pelletised form, packed into
a xed bed. The plastic feedstock moves through this bed,
undergoing thermal decomposition into various products.
Though the reactor design and operation are simple, the major
challenges are related to scale up, poor heat transfer rate,
problems in feeding plastic with irregular shape, and limited
accessible surface area of the catalyst to facilitate reactions.75

Sometimes, these reactors are used in a two-step pyrolysis
process. In this approach, plastic rst passes through a thermal
process, and the resulting products are then immediately
brought into contact with the catalyst in a xed-bed.113

Fixed bed reactors have been widely utilised by numerous
researchers for plastic pyrolysis.114 Various reactor congura-
tions have been explored,115 including single-stage and two-
stage xed bed systems.114 For instance, Renzini et al. utilised
a xed bed reactor for catalytic upgradation of pyrolysis gases
derived from polyethylene (PE) using a Y-zeolite catalyst, and
achieved liquid products with 85 wt% yield.116,117 However,
without using a catalyst, 95 wt% liquid was obtained at 500 °C,
with minimal or no coke formation and minor gas yield.
Fig. 11 Various reactor configurations for pyrolysis.

3736 | RSC Sustainability, 2025, 3, 3724–3840
Moreover, the yield of the gaseous product and liquid product
was found to increase and decrease, respectively, upon
increasing the temperature. Al-Salem et al. employed a xed bed
reactor for recovering wax by pyrolyzing virgin plastics
including LDPE, HDPE, and plastic solid waste (PSW).118 The
pyrolysis of LDPE gave the highest wax yield (64.5 wt%) at 500 °
C, and HDPE produced 32 wt% under the same conditions;
however, pyrolysis of PSW at 700 °C produced less wax
(9.25 wt%). Similarly, pyrolysis of HDPE at 500 °C in a xed bed
reactor, utilising nitrogen as an inert carrier gas gave the oil
yield of 95 wt%, with minimum gas production in the absence
of a catalyst,119 whereas the use of the zeolite Y catalyst resulted
in a slightly lower oil yield of 85 wt%.

5.4.2 Fluidised bed reactor. The uidised-bed reactor
contains a catalyst that rests on a distributor plate through
which the uidising gas ows. This setup causes catalyst
particles to be suspended in a uid-like state, assisting their free
movement as the gas ows through the bed. The process
conditions are more uniform due to the high heat transfer
coefficient, and the product variation is negligible.120 Unlike the
batch reactor, the uidised bed reactor is more exible as it
doesn't require frequent feedstock recharging. The catalyst in
this reactor can be reused multiple times without the need for
discharge, contributing to its economic suitability for large-
scale and pilot plant applications.75,121 However, besides its
various advantages, the uidized-bed reactor faces challenges
in handling feedstocks with a broad size distribution. In addi-
tion, its complex design and high capital cost could also be
considered signicant disadvantages.75,122

Many researchers prefer to use uidized bed reactors rather
than xed bed reactors for catalytic cracking of plastics due to
their superior mixing and heat transfer capabilities, which
provide better access and contact between reagents and the
catalyst. Typically, pyrolysis of plastics in uidised bed reactors
is performed at temperatures in the range of 290–850 °C.
Sharratt et al. successfully conducted pyrolysis of HDPE in
a specially designed uidised bed reactor using ZSM-5 cata-
lyst.123 Luo et al. employed a uidised bed reactor to study the
pyrolysis of PP and HDPE catalysed by silica–alumina, and
achieved a high liquid yield from PP at 500 °C.124 Lin et al.
utilised a uidised bed reactor for PP pyrolysis with various
catalysts for the production of valuable hydrocarbons.125 Mas-
tellone et al.126,127 evaluated the inuence of temperature and
residence time on the pyrolysis of polyethylene in a uidised
bed reactor; Mastral et al.128 performed HDPE pyrolysis using
HZSM-5 catalyst at 350 °C and 500 °C, yielding high amounts of
gas contents.

5.4.3 Conical spouted bed reactor. The conical spouted bed
reactor (CSBR) is an advanced type of uidised bed reactor
specically engineered for catalytic pyrolysis of plastic waste.
This reactor takes benet of the characteristic of spouting
behaviours. Its main component comprises a solid feed system,
a gasmixture and pre-heater, the reactor itself, a condenser, and
a ltration unit. Its conical design, with a narrow inlet at the
base, facilitates optimal spouting and uidisation of the solid
catalyst particles.129 Unlike uidised-bed reactors, CSBR
provides good mixing and can accommodate feedstock with
© 2025 The Author(s). Published by the Royal Society of Chemistry
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various particle sizes and densities.130 They offer several
advantages such as low bed abrasion, reduced segregation, and
low pressure drop. Moreover, CSBR offers efficient heat transfer
between phases and avoids deuidisation issues when pro-
cessing adhesive solids.73 These are highly suitable to produce
wax through low-temperature pyrolysis.86 The cyclic movement
of particles increases the breakdown leading to the formation of
agglomerates. These reactors are effectively used for pyrolysis of
various plastics, minimizing secondary reactions that lead to
the formation of aromatic fuels due to the shorter residence
time of volatile substances, as well as offering advantages such
as less particle segregation and less abrasion of the catalyst.131

Elordi et al. investigated a continuous pyrolysis of HDPE in
CSBR at 500 °C using different zeolite catalysts, with HZSM-5
exhibiting high selectivity towards light olens (58 wt%). In
contrast, Hb and HY resulted in higher yield of non-aromatic
C5–C11 hydrocarbons (∼45 wt%).132 In a similar study, pyrol-
ysis of HDPE using the spent catalyst resulted in complete
conversion leading to 50 wt% of gasoline (C5–C11) and 28 wt% of
C2–C4 olen fractions.133 Authors reported that the reactor effi-
ciently enhanced the melting of the polymer and its coating
onto the catalyst. Similarly, Elordi and co-workers conducted
the pyrolysis of HDPE using CSBR at a temperature of 500–700 °
C.134 At 500 °C, waxes (C21+) were obtained in a high yield
reaching 67 wt%, but with the temperature rising to 700 °C the
product distribution shied towards gases and gasoline frac-
tions (C5–C11), with a yield of 39 wt% and 33 wt%, respectively.
Artetxe et al. used CSBR for the pyrolysis of HDPE with HZSM-5
catalysts of varying acidity to selectively produce olens.135 The
study achieved a maximum yield of light olens (58 wt%) using
a highly acidic catalyst with a SiO2/Al2O3 ratio of 30. However,
complex design and various technical challenges, including
catalyst entrainment and feeding, and product collection pose
difficulties in the operation of this reactor.130 Moreover, this
reactor usually has high operation cost due to the need for
multiple pumps to maintain adequate pressure for the spouting
behaviour.75,121

5.4.4 Rotary kiln reactor. The rotary kiln reactor is
a rotating cylinder installed at a slight incline to the horizontal.
Feedstock enters the cylinder from the upper end and gradually
moves towards the lower end, where it is converted into prod-
ucts due to the kiln rotation during the movement. Rotary kiln
reactors have high exibility to treat mixed plastic waste and are
more efficient at heating feedstocks than the xed-bed
reactor.122 Other unique advantages include low capital cost,
good feedstock mixing, exible tuning of reaction time, and
a large channel to feed wastes of heterogeneous materials
without the need for extensive pre-treatment.136 This reactor
requires longer residence time (>20 min) for pyrolysis of plastic
compared to the uidized bed reactor, where residence times
are only a few seconds.137 This type of reactor typically provides
uniform heating due to the even distribution of temperature,
however the pyrolysis process is performed at a slow rate.
Because rotary kiln pyrolysis reactors can be used continuously,
these reactors have been widely used in industry, typically at
temperatures around 500 °C.
© 2025 The Author(s). Published by the Royal Society of Chemistry
5.4.5 Auger reactor. The auger reactor, also called the
screw-type reactor, belongs to the rotary kiln reactor family and
utilises an auger mechanism. The auger is centrally aligned
within a stationary kiln, facilitating the movement of feedstock
in the heated reactor. Heat for the pyrolysis process is trans-
ferred via the tubular walls of the reactor, enabling precise
control over the feedstock's residence time.122 This controlled
movement facilitates the handling of complex plastics more
effectively. The auger reactor can be constructed in a compact
size and even made portable for certain applications. It can be
deployed near municipal plastic waste dumping sites, providing
a convenient solution for on-site plastic waste pyrolysis.

5.4.6 Continuous stirred tank reactor. Continuous stirred
tank reactor (CSTR) is a popular choice for the pyrolysis of waste
plastic and biomass due to its robust design, which incorpo-
rates a heat transfer medium, and is relatively easy to construct
and operate. It offers good exibility to operate at different
temperatures and pressures. Catalysts can either be mixed
directly with the plastic feed or introduced in a separate vapour
upgrading unit. The reactor's continuous stirring ensures
thoroughmixing, improved heat transfer, and even temperature
distribution, and helps prevent char buildup on reactor walls,
which can otherwise hinder heat transfer and process effi-
ciency.138 Constant stirring is the key feature of a CSTR that
ensures an even distribution of reactants throughout the vessel.
CSTRs are particularly suitable for processes requiring high
conversion rates. Char, contaminants, and used catalysts are
typically removed from the bottom of the reactor, although in
some cases, such as the Hitachi process, char is removed
through a vertical vacuum line. These reactors require frequent
maintenance which is one of the main disadvantages. More-
over, they have poor agitation and low conversion rate per unit
volume.139

5.4.7 Microwave reactor. Microwave-assisted technology
reactors offer an innovative approach for waste recovery
through pyrolysis by utilising microwave absorbent-materials to
capture and convert microwave energy into thermal energy to
increase the temperature required for the reaction.140 The
microwave energy, absorbed by these materials, is released
when mixed with plastics, providing the heat necessary for
pyrolysis. The efficiency of microwave-assisted pyrolysis can be
affected by several factors, including reactor design, power and
type of microwave (single or multi-mode), and the characteris-
tics of the microwave receptor.141 Typically, a microwave reactor
comprises a modied oven that operates across a range of
frequencies and corresponding wavelengths. A ceramic reactor
inside the oven, equipped with thermocouples for temperature
control, a cooling system and a collecting device, effectively
monitors and records the results of the process.142

The microwave-induced pyrolysis of HDPE pellets and
toothpaste packaging was investigated by Ludlow-Palafox
carrying out degradation experiments at temperatures ranging
from 500 to 700 °C.143 The results obtained from the microwave
reactor were comparable to those achieved from conventional
reactors. Various researchers studying pyrolysis in microwave
reactors have concentrated on its application with various types
RSC Sustainability, 2025, 3, 3724–3840 | 3737
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of wastes, including plastic waste and sewage sludge,144,145 scrap
tyres,146 heavier hydrocarbon liquids,147 and papers.148 Undri
et al. studied the pyrolysis of HDPE and PP in a microwave
reactor using two types of microwave absorbents to maintain
the reactor temperature, and achieved a high liquid yield
(83.9 wt%) from HDPE, whereas the yield from PP was
74.7 wt%.149 Khaghanikavkani et al. used a rotating microwave
reactor for plastic pyrolysis to evaluate the inuence of various
reaction parameters on product yield and composition, aiming
for potential industrial applications.150 They concluded that
microwave heating provides superior and uniform heat distri-
bution without any changes in the product compared to
conventional methods. The type of material used for pyrolysis
was found to inuence the efficiency of microwave-assisted
pyrolysis,151 and pyrolysis outcome was also inuenced by the
sample density.152 Recent studies have demonstrated co-
pyrolysis of PE and PS with rice straw and sugarcane bagasse
using HZSM-5 under microwave heating.153 PE and PS furnished
signicantly higher amounts of liquid oil, with 82 wt% and
98 wt% yields, respectively, whereas straw and bagasse gave oil
yields of 26 wt% and 29 wt%, respectively.

Microwave technology offers various advantages over the
conventional pyrolysis process, including increased production
rate, rapid heating, efficient energy transfer, lower production
cost, process exibility, equipment portability, and the avoid-
ance of undesired oxygen containing hydrocarbons. Moreover,
preheating is also not required in microwave pyrolysis.154 For
example, a study by Ding et al. on the pyrolysis of LDPE using
a microwave reactor at 1.6 MPa and 425 °C revealed that the
yield of liquid oil could reach as high as 89.5 wt%.155 However,
there is insufficient data on the dielectric properties of treated
waste streams which is the primary limitation of this technology
for large scale implementation.121 This limitation exists because
few investigations have been performed on microwave-assisted
pyrolysis.149,156 In conclusion, our review suggests that
microwave-assisted pyrolysis can be effectively employed for
energy recovery from plastic waste. However, further studies are
necessary to understand the characteristics of pyrolysis for
plastic waste materials using microwave technology and to fully
assess its potential for large-scale implementation.

5.4.8 Electro-magnetic induction technology. The electro-
magnetic induction (EMI) process generates heat in the
reactor by inducing eddy currents through changing magnetic
ux, raising the temperature via Joule heating. Usually, this type
of reactor is heated using low frequency (20–40 kHz) to decrease
the radiation risk, and formation of side products is avoided
due to rapid heating. Moreover, electro-magnetic induction
reactors provide precise temperature control and efficient
heating. These reactors are more energy efficient, pollution free
due to the contactless heating method, and consume less
energy compared to conventional reactors and electrical resis-
tant furnaces.157,158 However, this technology is currently more
expensive than conventional methods due to the high cost of
electricity. Nevertheless, future advancements in electricity
generation methods such as nuclear, solar, and wind power, are
expected to reduce electricity costs, potentially making this
technology more economical.
3738 | RSC Sustainability, 2025, 3, 3724–3840
Each reactor type and design has its advantages and disad-
vantages, and selecting the appropriate reactor type for pyrol-
ysis can improve the quality and yield of the required products.
A comparison of different reactors is summarised in Table 1.
5.5 Advances in catalysis for pyrolysis

Thermal pyrolysis is performed at high temperature for
decomposing waste plastic under an inert atmosphere. Poly-
olens derived plastics usually undergo random-chain scission
process, resulting in various products such as n-paraffins and a-
olens, which oen require further treatment to improve their
quality.170,171 With a radical-chain transfer mechanism, thermal
cracking is completed. However, thermal degradation also leads
to the formation of more core/waxes that can block the appa-
ratus due to the low heat transfer rate and high viscosity.172

Some key drawbacks of thermal pyrolysis include high-
temperature requirement, broad product distribution, and
longer residence time. Furthermore, at elevated temperatures
(up to 900 °C), the products formed from random scission of
plastics are challenging to separate, while thermal cracking at
low temperature leads to the formation of waxy oil fractions.
However, due to the poor quality of products, thermal break-
down is not considered a cost-effective process.75 In contrast,
pyrolysis assisted by a catalyst considerably reduces the optimal
temperature required for this process by reducing the activation
energy. Therefore, catalytic pyrolysis offers several advantages
over thermal pyrolysis, including low energy consumption,
a more narrow distribution of hydrocarbon products, and
improved product selectivity (Fig. 12).93 Catalysts provide
numerous benets including reduced reaction times, lower
activation energy to break C–C bonds, and their capability to
produce lower molecular weight products and reduce reaction
temperatures.173,174

5.5.1 Catalysts for pyrolysis of plastic waste. Plastic waste
oen contains different contaminants such as sulphur,
nitrogen, and chlorine due to surface contaminations, and
additives.175 These contaminants can degrade the quality of
liquid oil generated during pyrolysis. An ample amount of
energy is used in thermal pyrolysis due to endothermic cracking
and low thermal conductivity.170 These issues are addressed by
using different catalysts in the pyrolysis process.110 Contami-
nants such as chlorine, nitrogen, and sulphur accumulate on
the catalyst surface during the thermal cracking process,
negatively impacting the catalytic performance. Catalysts in
pyrolysis help reduce the bromine and chlorine contents in the
pyrolysis oil by promoting their transition to the gas phase,
thereby increasing the halogen shi.110 Acidic pollutants are
found to be effectively removed from pyrolytic oil with Al(OH)3
due to its alkaline nature. Lopez-Urionabarrenechea et al. sug-
gested that the removal of HCl can be increased with alkaline
compounds in a low-temperature dechlorination stage, fol-
lowed by catalytic pyrolysis at higher temperature to preserve
catalyst activity.176 Mihai et al. investigated iron-based catalysts
for pyrolysis of plastic containing ABS-Br, and successfully
eliminated over 90 wt% bromine from the liquid oil.177

However, organic nitrogen removal was slightly impacted by
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Advantages and disadvantages of different reactors

Reactor type Working mechanism Advantages Disadvantages References

Batch reactor � Operates as a closed
system based on
thermodynamic principles

� Best reactor for thermal
pyrolysis

� Batch to batch product
variation

159 and 160

� Simple in design and
operation

� Unsuitable for large scale
pyrolysis production

� Heat transfer is carried out
by the bed material

� Preferable for char
production

� Unsuitable for catalytic
pyrolysis
� High labour and energy
cost per batch especially in
large scale

Semi-batch reactor � Reactants can be fed into
the reactor at intervals
during pyrolysis

� Better control over the
reaction rate and selectivity

� High labour and energy
cost per batch

121, 161 and 162

� Variable performance
� Suitable for small scale
operation

� Simultaneous addition of
reactants and extraction of
products is possible

� Suitable for production of
high yield of oil

� Unsuitable for catalytic
pyrolysis
� Production rate is limited
by inefficient heat and mass
distribution

Fixed bed reactor � Catalyst is arranged in
a xed bed and shaped into
pellets

� Simple construction and
easy operation

� Unsuitable for feedstocks
with irregular sizes and
shapes

121, 160, 163 and 164

� Both thermal and catalytic
processes are possible
� Temperature control
difficult
� Economical operation � The catalyst's surface area

available for reaction is
signicantly restricted

� Longer residence time
required for high carbon
conversion

� Process results in low
output of both liquid and
gaseous products

Fluidized bed reactor � Feedstock and bed
material are combined
through uidisation

� Uniform particle mixing � Complex design and
operation

121, 165 and 166

� Uniform temperature
distribution

� High capital cost especially
for small scale operation

� Continual operation � Melt plastic attaches to the
surface of the bed particles

� Mixing occurs due to the
velocity of the uidized
medium

� Signicant versatility on
gas residence times

� Separation of ne catalyst
particles from the exhaust
gas is challenging� Provides larger

accessibility to the surface
area of the catalyst
� Suitable for scale-up
operation

� Corrosions of pipes and
blockage of feeding system

� Maintenance costs are
moderate

Conical spouted bed reactor � An alternate to uidised
bed reactor and suitable for
ash pyrolysis and
continuous feed operations

� Capable of
accommodating large and
irregular particle sizes, and
densities

� Encounters technical
difficulties including catalyst
entrainment, feeding issues,
and challenges in collecting
the nal products

121, 129, 134 and 160

� Provides good mixing
� Minor deuidization � Complex design requiring

many pumps� Have low attrition rate and
bed segregation
� Design allows high heat
transfer between phases

� High operation cost

Rotary kiln reactor � Cylinder with a certain
slope rotates at a certain
speed

� High yields of pyrolysis oil � Complex design 105, 164 and 167
� Slow reaction process

� Uses centrifugal forces for
mixing the sand and moving
feed upward

� Provides good mixing � Substantial char formation
� Low capital cost � Low heating rate

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2025, 3, 3724–3840 | 3739
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Table 1 (Contd. )

Reactor type Working mechanism Advantages Disadvantages References

Screw kiln reactor
(auger reactor)

� Continuous feed to a screw
(auger) which is typically
lled with sand

� Easy control over the
product

� Uneven heating of
processed material with hot
spots near hot surfaces

139 and 168

� Capable of producing
a wide variation of products

� Poor heat exchange

� Output ranges from wax to
crude-like oil to diesel-
quality oil
� Offers high exibility for
treating municipal waste
plastics (MWPs) of varying
shapes and sizes

� Poor scaling up potential

Microwave reactor Transfer of energy through
atomic or molecular
interactions using
a microwave

� Efficient heat transfer � Scaling up is questionable 121, 131, 140 and 169
� Short residence time
� Low by-product formation � Inadequate mixing
� Higher production speed
and product selectivity
� Suitable for co-pyrolysis
applications

� Strong reliance on the
dielectric properties of the
waste material

Electromagnetic induction
reactor

� Electromagnetic induction
directly heats materials

� Lower energy consumption High operational costs 158
� Quick and effective heating

� The process can be
precisely controlled by
adjusting the frequency and
power of the current

� Consistent temperature
distribution
� Offers precise control over
temperature
� Delivers high efficiency
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these catalysts. Moreover, heteroatoms such as N, S, Cl, and O
can be efficiently eliminated by hydrotreating the resulting
liquids. To achieve the desired product characteristics from the
pyrolysis process, particular catalysts can be designed and
applied as different catalysts exhibit different levels of reactivity
and selectivity. FCC and zeolite catalysts have been compre-
hensively employed for pyrolysis due to their ability to provide
higher conversion rates and product yields. This is largely due
to their better surface contact with the feedstock, which facili-
tates efficient cracking. Furthermore, spent FCC catalysts can be
reused thereby providing an additional advantage. Zeolites are
also good candidates for pyrolysis, but their reactivity and effi-
ciency depend on the SiO2/Al2O3 ratio that ultimately inuences
the quantity and quality of the liquid product. Activated carbon
catalyst has also shown very promising results by generating
high quality oil yield (>70 wt%).

Catalytic pyrolysis of common plastics, including HDPE,
LDPE, PP, PS, and PET, is usually carried out with three types of
catalysts that include FCC catalysts, silica–alumina, and
zeolites.

5.5.1.1 Silica–alumina catalysts. Silica–alumina is an amor-
phous acidic catalyst characterised by medium–strong tuneable
acidity. In this material, the Lewis acid sites act as electron
acceptors, and Brønsted acid sites contain the ionisable
hydrogen atom. These catalysts, composed of silicon dioxide
(SiO2) and aluminium oxide (Al2O3), are particularly valued for
their ability to facilitate various reactions such as cracking,
3740 | RSC Sustainability, 2025, 3, 3724–3840
hydrocracking, and isomerization. The unique combination of
silica and alumina provides a high surface area, strong acidity,
and thermal stability, making these catalysts effective in
breaking down complex hydrocarbons into simpler molecules.
The acid ratio of silica–alumina catalysts has a strong inuence
on plastic pyrolysis and is determined by the silica to alumina
molar ratio. These catalysts have higher acidity when their silica
to alumina ratio is high which is in contrast to zeolites.178

The synthesis of silica–alumina catalysts typically involves
a combination of sol–gel and precipitation methods. These
catalysts can be synthesised from y ash via an activation
process that involves treatment of y ash with sodium
hydroxide, followed by the aging method. Catalysts exhibited
good efficiency similar to commercially available silica–alumina
catalysts.75,91 Uddin et al. evaluated the effect of Si–Al catalysts
with different SiO2/Al2O3 ratios, specically 83.3/16.7 and 21.1/
78.9, which resulted in liquid yields of 68 wt% and 77 wt%,
respectively.179 The study revealed that the yields and product
distributions could be controlled by changing the SiO2/Al2O3

ratio. The optimal SiO2/Al2O3 ratio for pyrolysis of HDPE was
found to be 7 : 3, achieving a liquid fuel in 87% yield, with
signicantly improved caloric values.178,180

Achyut et al. used kaolin and silica–alumina catalysts to
investigate the catalytic pyrolysis of polypropylene at tempera-
tures between 400 and 500 °C in a semi-batch reactor.181 Silica–
alumina showed better performance with less residence time
than kaolin catalyst, and gave liquid oil in 91% yield versus
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Production of value-added products from pyrolysis of plastic
waste.
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89.5% with kaolin, which is attributed to the higher acidity of
the silica–alumina catalyst. The resultant oil can potentially be
used as engine fuel aer undergoing additional processing.121

In 2020, Gopinath et al. investigated the pyrolysis of used LDPE
polymer (ULDP) in a semi-batch reactor using silica–alumina as
the catalyst and nitrogen as the uidizing gas at 500 °C, and
obtained a liquid in 93.5 wt% yield along with gas and char in
5.4 wt% and 1.1 wt% yields, respectively.182 The authors also
studied the efficiency of plastic oil blends (20%, 40%, 60%,
80%, and 100%) in a direct injection (DI) diesel engine without
any modication. The efficiency of ULDP20 was found to be
higher than that of other blends, leading them to conclude that
ULDP20 could be used as a fuel for diesel engines.

Recently, the silica–alumina catalyst was used to convert
polyethylene into aromatic compounds at temperatures of
#280 °C.183 The authors compared the activity of the silica–
alumina catalyst with Pt(1 wt%)/Al2O3 and found comparable
product yields under similar conditions. The acid site density of
the silica–alumina catalyst strongly inuenced the product
selectivity. Particularly, the increase in Brønsted acid density
increased polyaromatic products as well as the extent of poly-
mer deconstruction. Additionally, the catalytic activity
improved with each recycling, achieving soluble product yields
of up to 83%. The acid sites on the catalyst were identied as key
factors in initiating both depolymerisation and aromatisation
reactions.

5.5.1.2 Zeolite catalysts. Zeolites are crystalline solid struc-
tures composed of aluminosilicates with a three-dimensional
framework where oxygen atoms are tetrahedrally connected.184

Zeolites are also known as molecular sieves. Natural zeolites are
comprised of numerous earth metals including Ca, Fe, K, Mg,
and Na.185 These structured minerals have a surface area of 4.3
m2 g−1, pore size of 18.7 Å, and volume of 0.02 cm3 g−1. There
are >250 zeolite frameworks identied and accepted by the
Structure Commission of International Zeolite Association with
40 known naturally occurring zeolites.186 The ratio of SiO2/Al2O3

in the zeolite structure determines their reactivity and effec-
tiveness, which in turn inuence the conversion rates and
© 2025 The Author(s). Published by the Royal Society of Chemistry
quality and type of pyrolysis products from plastics.187 The
acidity of zeolites has been demonstrated to favour the
conversion of aliphatic hydrocarbons to aromatics and cyclic
compounds.188 Various zeolite catalysts, such as HUSY, HMOR,
SAHA, and HZSM-5, have been investigated for the catalytic
pyrolysis of HDPE. Among these, HZSM-5 demonstrated the
highest activity, achieving the highest conversion in 30 min
achieving 93.23 wt% gaseous products with the lowest residue
of 4.53 wt% compared to other catalysts.187 The typical activity
was HZSM-5 > HUSYzHMOR > SAHA. However, using HZSM-5
resulted in a product comprising mostly gases, which is
considered its major drawback.91 WhenHUSY andHZSM-5 were
used for the pyrolysis of polyethylene at 550 °C with a catalyst to
plastic feed ratio of 10 wt%, different product selectivities were
observed with these catalysts.178 The use of HUSY and HZSM-5
catalysts for the pyrolysis of PP led to comparable results,
however the liquid product yield was reduced when the polymer
to catalyst ratio was 40 wt%.125 Seo et al. also studied the effect of
HZSM-5 catalyst on the pyrolysis of HDPE at 450 °C with 20 wt%
catalyst to polymer ratio, achieving liquid and gas products in
35 wt% and 63.5 wt%, respectively.189 However, using HZSM-5
catalyst for pyrolysis at 550 °C led to liquid hydrocarbons in
4.4 wt% yield and gaseous products in 86.1 wt% yield.190

Ding et al. studied the pyrolysis of LDPE using HY zeolite
catalyst and evaluated the inuence of the catalyst to plastic
ratio on reactivity and product distribution.155 The optimised
catalyst to polymer ratio was found to be 1 : 10, yielding
56.54 wt% of oil with signicant increase in high octane
compounds, mainly aromatics and isomerised hydrocarbons.
An increase in catalyst to plastic ratio from 0 to 1 : 15 resulted in
signicant increase in the oil yield, from 51.56 wt% to
60.01 wt%. But, further increasing the catalyst to polymer ratio
to 1 : 5 led to a decrease in oil yield, whereas gas yield
increased.155 Ajibola et al. studied the pyrolysis of LDPE waste
using zeolite Y, and reported similar results with 53.3 wt%
liquid yield comprising 56 wt% of gasoline fractions.191 Milato
et al. explored the co-pyrolysis of oil sludge with various poly-
olens, such as HDPE, and PP, using Y zeolite catalysts, and
evaluated the effect of acidic and textural properties to obtain
paraffin-rich pyrolysis liquids.192 The study demonstrated
a direct correlation between the gas fraction and catalyst's acid
strength. The catalyst with higher acidity resulted in a higher
gas fraction compared to thermal degradation alone.

Some researchers have studied the use of natural zeolites for
pyrolysis of waste plastic and found them to be promising
candidates. However, optimising the temperature is essential to
achieve the desired selectivity from these catalysts. Natural
zeolites have been demonstrated to increase the oil formation
during pyrolysis of waste LDPE by increasing the temperature
from 300 °C to 550 °C. However, additional increase in
temperature resulted in higher gas yield.193 Erawati et al. re-
ported a similar effect of temperature variation (410–440 °C) on
natural zeolite for pyrolysis of plastics (HDPE &PP).194 The liquid
yield was increased with temperature, reaching a maximum
yield of 68.42 wt% at 440 °C. Moreover, the highest yield
(87.31 wt%) was achieved by using a plastic to catalyst ratio of
67.33 wt%, and the resulting product was deemed suitable for
RSC Sustainability, 2025, 3, 3724–3840 | 3741
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Fig. 13 Main products from the catalytic pyrolysis of polyolefins on
different acid catalysts. Adapted with permission from ref. 84. Copy-
right 2017, Elsevier.
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use as diesel fuel. Similar studies were carried out by Hen-
drawati et al. for pyrolysis of HDPE and PP using a natural
zeolite catalyst, producing liquid hydrocarbons in 69.69% and
65.60% yields, respectively, aer 8 hours at 450 °C.195 The
product distribution of liquid hydrocarbons from PP pyrolysis
was C5–C12, C17–C20, and C13–C16 in 74.16%, 22.32%, and 3.52%
ratio, respectively, whereas the liquid hydrocarbons from HDPE
pyrolysis were C13–C16, C5–C12, C17–C20, and >C20 in 40.39%,
30.36%, 24.69%, and 4.56% ratio, respectively. Fig. 13 illus-
trates the inuence of catalyst properties and distribution of
main products.

Sivagami et al. used various commercial and synthesised
ZSM-5 zeolite catalysts to study the pyrolysis of mixed plastic
waste.196 The authors tested various types of plastic wastes,
including single and multilayer materials. Biaxial oriented
polypropylene (BOPP)-based plastic waste was found to give
a higher oil yield compared to PET-based plastic waste. The
synthesised ZSM-5 zeolite catalyst provided 70 wt% oil, 16 wt%
gas, and 14 wt% char for LDPE plastic.194 The synthesised ZSM-5
catalyst with strong acidic properties resulted in increased
cracking and isomerisation that enhanced the breakup of larger
molecules resulting in more oil yield. Co-catalysts have also
been used with zeolites to improve product quality. Ding et al.
demonstrated that adding NiO as a co-catalyst with HY for
pyrolysis of LDPE increased the production of high-octane
number compounds while decreasing the coke formation
compared to HY catalysts alone.155 Use of NiO with HY zeolite in
3742 | RSC Sustainability, 2025, 3, 3724–3840
a 1 : 10 ratio furnished oil in 51 wt% yield, the oil product
contained gasoline with the highest-octane number and
46.61 wt% aromatic content. The inclusion of NiO also
increased the gas yield, primarily containing H2 and C1–C3

hydrocarbons. Co-catalysis is considered benecial not only for
improving product quality but also for reducing catalyst costs,
as the total required quantity of co-catalysis (0.15 g NiO, 1.5 g
HY) is signicantly lower than using HY alone (3 g).155

Zeolites are suitable catalysts for plastic catalytic pyrolysis
due to their reactivity and selectivity. The liquid product ach-
ieved from the pyrolysis of polystyrene using zeolite catalysts
can be used for energy generation aer removing acids,
contaminants and other residues, and can be upgraded for
blending with diesel.197 However, zeolites are less favourable
catalysts for achieving higher liquid yield due to their micro-
porous structure, which oen results in a substantial fraction of
gaseous products. Therefore, there is an increased interest to
synthesise composite zeolites that can produce higher liquid
products with good reactivity. Zhou et al. investigated the
activity of ZSM-5 zeolite catalysts coated on SiC foam for
pyrolysis of polyethylene in a continuous process.198 The struc-
tured ZSM-5 catalyst demonstrated high selectivity for gasoline-
range aromatic hydrocarbons and their stability performance
was almost 37 times better than that of conventional ZSM-5
catalysts. The improved stability was ascribed to more effi-
cient mass transport, facilitated by the reduced diffusion
pathway provided by zeolite coating and the irregular silicon
carbide structure.

Due to the high viscosity and bulky nature of plastics, cata-
lysts must be designed to ensure good accessibility to the acid
sites. In this sense, nanocrystalline and hierarchical zeolites
(having bimodal micro and mesoporosity) have shown better
activity than conventional zeolites.199,200 This is because poly-
olens are oen unable to access the micropores of HZSM-5
zeolite, whereas the mesopores of materials like Al-MCM-41
are totally accessible.199,201 Furthermore, the acidic properties
of these zeolites when combined with appropriate pore sizes are
capable of signicantly increasing the selectivity towards
monoaromatics, such as BTX, which are valuable marketable
products.82 The most important limitation to be addressed in
zeolites is their deactivation by coke deposition, which tends to
occur more rapidly in highly acidic and large pore-containing
materials. However, this phenomenon can also be reduced by
designing a catalyst with a proper combination of acidic and
porous properties. When different zeolites are compared under
analogous catalytic pyrolysis conditions, ZSM-5 zeolite is almost
always concluded to be the most efficient in terms of oil yield,
aromatics production, and reduced coke formation.82

Colantonio et al. investigated the performance of HUSY and
HZSM5 zeolite catalysts for the pyrolysis of packaging plastic
waste. Both catalysts were found to exhibit good cracking
performance, leading to reduction in the heavy oil content while
increasing the light hydrocarbon contents and preventing the
formation of wax.202 HUSY was very effective in increasing the
yield of monoaromatics, especially benzene and ethylbenzene.
In contrast, HZSM5 wasmore effective for gas production due to
small pores and strong acid sites. Liu et al. investigated three
© 2025 The Author(s). Published by the Royal Society of Chemistry
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catalysts, ZSM-5, HY and MCM-41 for cracking of LDPE to
compare their performance.203 MCM-41 was found to increase
the oil yield to 78.4% at 650 °C, indicating the reduced
secondary cracking of intermediate components. This high
selectivity was attributed to MCM-41's relatively high BET
surface area and moderate acidity. Meanwhile, ZSM-5 and HY
produced high amount of gas products at yields of 61.4% and
67.1%, respectively. ZSM-5 produced an oil with an aromatic
yield of 65.9% at 500 °C. Recently, Wong et al. used HZSM-5
(MFI-type) catalyst for pyrolysis of polyolens (HDPE, LDPE
and PP) in a xed bed reactor using induction heating, with
a reaction time of 30 min204 The catalyst signicantly increased
both the gas yields (70.6–73.9 wt%) and liquid yields (24.0–
27.2 wt%) compared to the thermal process. The gas products
were mainly comprised of C3 compounds, followed by C4 frac-
tions, irrespective of the type of plastic. The liquid oil was rich
in aromatics, particularly C7–C10 aromatics comprising ethyl-
benzene, naphthalene, toluene, xylene, and various alkylben-
zene isomers.

5.5.1.3 Fluid catalytic cracking catalysts. Fluid catalytic
cracking (FCC) is one of the largest catalytic conversion tech-
nologies in petroleum industries.205,206 FCC catalysts are
comprised of zeolite crystals, mainly the zeolite-Y, as the main
active component, some non-zeolite silica–alumina material for
producing a meso- and microporous matrix, and a binder to
bind the system components.184 Signicant advancements have
been made to enhance the efficiency of these catalysts to
improve accessibility, hydrothermal stability, cracking activity,
and coke selectivity by creating microporosity in the zeolite
crystals or by manipulation of aluminium's extra-framework.205

FCC catalysts, previously used in petroleum reneries, are
called spent FCC catalysts and contain different contaminants.
However, these spent catalysts can be used for pyrolysis of
plastics. Lee et al. utilised a spent FCC catalyst to evaluate its
effectiveness for pyrolysis of HDPE.83 They found that the
catalyst increased the liquid oil yield from 75.5 wt% to 79.7 wt%
at a pyrolysis temperature of 430 °C, while the gas yield slightly
decreased compared to thermal degradation. Additionally,
there was signicant reduction in the formation of residue
content. In another study, the effect of catalyst to polymer
(HDPE) ratio (from 10 wt% to 60 wt%) was investigated at 450 °
C. The study revealed that although the catalyst had a minimal
effect on the yield of non-condensable products, the yield of
gaseous products increased with a higher catalyst to polymer
ratio.161 However, the coke formation was found to increase,
most likely due to more aromatisation and dehydrogenation on
the catalyst surface, which promoted coke formation.

Various comparative studies have been conducted on pyrol-
ysis of waste plastics to evaluate the reactivity and product
distribution between FCC and zeolite catalysts. Onwudili et al.
investigated the catalytic pyrolysis of mixed plastic waste (PE,
HDPE, LDPE, PP, PS, PET) using FCC, ZSM-5, and zeolite Y
catalysts.207 They reported a higher oil yield (76 wt%) with
zeolite Y catalyst compared to FCC catalyst (71.5 wt%). While
the properties of the obtained liquid oil with both catalysts were
suitable for fuel, the oil obtained with the spent FCC catalyst
had a higher aromatic content (36.2 wt%) than that from the
© 2025 The Author(s). Published by the Royal Society of Chemistry
zeolite Y catalyst (33.7 wt%). Aisien et al. studied the use of FCC
catalyst for pyrolysis of PP and achieved an oil yield of 77.6 wt%,
which was notably higher than the yield (71.5 wt%) reported by
Onwudili et al. using the same catalyst.208 The high activity was
attributed to the difference in feedstock, as PP tends to produce
more oil thanmixed plastic feed. Moreover, liquid oil was found
to contain a range of hydrocarbons (C4–C17), including olens
(44.6%), paraffins (30.83%), naphthalene (19.44%), and
aromatics (5.13%), with fuel properties comparable to those of
gasoline and diesel. The same authors recently studied the
pyrolysis of waste LDPE using FCC catalyst at temperatures in
the range of 350 °C to 550 °C, with a catalyst to plastic ratio of
0.10–0.25.209 At a ratio of 0.2 and temperature of 550 °C, the
process yielded 92.7 wt% liquid oil, along with gas and char at
6.1 wt%, and 1.2 wt%, respectively. The obtained liquid con-
sisted of C7–C29 hydrocarbons. Orozco et al. evaluated the effect
of oxygen co-feeding on the deactivation of an equilibrium FCC
catalyst during pyrolysis of HDPE and observed a great impact
on the catalyst performance.210 The distribution of pyrolysis
products moved towards lighter compounds, with signicant
increase in light olens. Moreover, there was a signicant
reduction in catalyst deactivation rate under oxidative
conditions.

Huiyan et al. explored the efficiency of spent FCC catalyst for
co-pyrolysis of plastics (PE, PP, and PS) with pine sawdust to
evaluate how different feedstocks affect product distribution,
especially aromatics and olens.211 They observed a synergetic
effect between these feedstocks.211 The optimum blend ratio of
the catalyst and PE/pine sawdust was found to be 4 : 1,
producing the best petrochemical carbon yield of 71%, which
was better than that achieved from individual feedstocks. A
notable reduction was observed in the total carbon yield of
petrochemicals by increasing the PE ratio, however there was
a signicant reduction in coke and char yields. The authors
concluded that the effective H/C ratio increased with the addi-
tion of plastic to biomass in catalytic pyrolysis, which enhanced
the conversion of biomass to aromatic compounds and olens.
The co-pyrolysis of PS/biomass produced the highest aromatic
yield of 47%, while olen yield was relatively lower at 11.4%.

Some researchers have investigated the use of FCC catalyst
with silica and alumina for plastic pyrolysis, reporting a higher
oil yield and better selectivity than with FCC catalyst alone.
Streiff et al. conducted the pyrolysis of mixed plastic using
a mixture of FCC (75%) and silica (25%), obtaining liquid oil in
72.7 wt% yield that contained gasoline, kerosine, diesel, poly-
cyclic aromatics, dicyclic aromatics, and monocyclic aromatic
fractions in 35.78 wt%, 26.87 wt%, 16.07 wt%, 11.8 wt%,
11.2 wt%, and 8.1 wt%, respectively.212 Wong et al. used FAU-
type FCC catalyst with distinct Brønsted acidity for the pyrol-
ysis of HDPE, LDPE and PP using induction heating.204 The gas
and liquid yields signicantly increased to 62.4–75.2 wt% and
0–35.9 wt%, respectively. The liquid products were rich in
alkanes and alkenes, in the range of C9–C40, and coke formation
was observed at 1.32–1.70 wt%.

FCC catalysts have been emerging as some of the most
widely used catalysts for plastic pyrolysis.213 Now a days, Fluid
Catalytic Cracking Units (FCCUs) are recognised as the main
RSC Sustainability, 2025, 3, 3724–3840 | 3743
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unit for production of gasoline in reneries,214 suggesting that
FCC technology has a signicant potential for large scale
pyrolysis of plastic wastes in the near future.

5.5.1.4 Bifunctional catalysts. Zeolite catalysts can be modi-
ed to increase their activity and selectivity by impregnating
active metals to make them bi-functional catalysts. Akubo et al.
used Y-zeolite catalysts impregnated with various transition
metals such as Co, Fe, Ga, Mo, Ni, and Ru at 1 wt% and 5 wt%
loadings to evaluate the effect of these promotors on the
composition of aromatic fuel.215 The addition of these promo-
tors produced oils with an increased aromatic content,
predominantly consisting of single-ring aromatic hydrocar-
bons. However, the presence of these promotors resulted in
substantial increase in coke formation on impregnated cata-
lysts. Steriff et al. used ECAT (equilibrated FCC) impregnated
with 4 wt% Ga for pyrolysis of plastic (PE 80%, PS 20%) in
a semi-batch reactor at 425 °C.216 They also used another cata-
lyst prepared from the combination of 4 wt% Ga loaded over
ZSM-5 in combination with ECAT. The bifunctional catalyst
ECAT with 4% Ga gave oil in 85 wt% yield, with 42.1 wt%
gasoline having a Research Octane Number (RON) of 80 and
Motor Octane Number (MON) of 77.5. However, the second
catalyst, synthesised by the addition of HZSM-5, produced oil in
a relatively low yield (73.7 wt%), but the produced oil was of
higher quality with 47.5 wt% gasoline having an RON of 84.7
and MON of 81.4.216 In another study, Wang et al. investigated
the effect of Zn loaded ZSM-5 catalyst for pyrolysis of PE to
prepare aromatics in a high pressure reactor.217 Authors evalu-
ated the inuence of Zn loading, temperature, and pressure on
the yield of aromatic hydrocarbons. Their nding revealed
a signicant enhancement in the selectivity of aromatics using
3 wt% at 420 °C, with the monocyclic aromatics content rising
to 90% in the liquid product.

Recently, Nandakumar et al. investigated the co-pyrolysis of
biomass and HDPE using HZSM-5 catalyst modied with Mn,
Ni, and Zn.218 Their ndings demonstrated that a 1% Zn-
modied HZSM-5 catalyst gave oil with relatively high
aromatic contents (25.12%), whereas 5% Ni and 5% Zn-
modied HZSM-5 catalysts produced oil with 16.22 wt% and
15.76 wt% aromatics, respectively. In contrast, 5% Mn-HZSM-5
resulted in increased production of light olens (C2–C4),
accounting for 15.84 wt% of pyrolysis gases, followed by 1%Mn
(13.97 wt%) and 10% Ni (13.61 wt%). Youse et al. explored the
effect of iron (Fe) and boron (B) promotors (10 wt%) on ZSM-5
catalyst during the pyrolysis of polypropylene (PP) to produce
petrochemicals.219 They found that boron incorporation resul-
ted in a mesoporous structure, and iron incorporation reduced
the active sites of the catalyst. This modication produced
a high-quality oil with a substantial aromatic content of
76.4 wt%, along with iso-paraffins and olens in 7.1 w% and
14.2 wt%, respectively.

One of the major limitations with zeolites is their small pore
size, which prevents bulky polymer compounds from accessing
the catalyst, limiting the conversion to smaller molecules. In
order to address this issue, Musavi loaded MIL-53 (Cu) onto the
surface of the zeolite and used it for pyrolysis of plastic
waste.220,221 The resulting liquid fuel, determined by using
3744 | RSC Sustainability, 2025, 3, 3724–3840
Response Surface Methodology, was categorised into gasoline,
jet fuel, and diesel.

5.5.1.5 Composite catalysts. Researchers have extensively
studied the use of zeolites as catalysts for cracking waste plastic
to achieve high conversion rates. However, the microporous
structure of traditional zeolites oen leads to products with
a high gas yield. Therefore, there is growing interest in micro–
mesoporous composite zeolites because they possess both
micropore and mesopore characteristics. Typically, the zeolite
structure is modied by inducing mesopores to synthesise
composite catalysts with the goal of enhancing liquid yields
from the pyrolysis of plastic waste.

Ratnasari et al. used different ratios of MCM-41 and ZSM-5
catalysts for the pyrolysis of HDPE at 500 °C and reported the
reduced formation of aliphatic hydrocarbons by increasing the
ratio of ZSM-5 zeolitic catalyst.213 By using a 1 : 1 mixture of
MCM-41 and ZSM-5, and a catalyst to plastic ratio of 1 : 2, they
achieved a remarkable oil yield of 97.72 wt%, with 95.85 wt%
aromatic contents in the gasoline range hydrocarbons. The
authors also used MCM-41 and ZSM-5 alone to compare the
efficiency with the composite MCM-41/ZSM-5 catalyst. ZSM-5
catalyst resulted in 15% of aliphatic hydrocarbons, with 80%
of hydrocarbons in the gasoline range (nC8–nC12), whereas
MCM-41 catalyst produced 70% of aliphatic hydrocarbons, with
45% hydrocarbons in the gasoline range (nC8–nC12). Yunhao
and coworkers in 2020 synthesised hierarchical HZSM-5 zeolites
by steam-assisted crystallisation using silica sol as the silica
source to evaluate their performance in the catalytic cracking of
polyethylene.222 The composite catalysts contained both
micropores andmesopores. The HZSM-5 (30)-34 zeolite catalyst,
containing a Si/TPA+ optimal ratio of 34 and Si/Al ratio of 30,
exhibited the highest number of micropores and a large surface
area of mesoporous Brønsted active sites. The authors also
synthesised a conventional microporous HZSM-5 catalyst to
compare its performance with HZSM-5 (30)-34. When these
catalysts were used for cracking of LDPE, the hierarchical
catalyst HZSM-5(30)-34 outperformed the conventional catalyst.
The enhanced performance of hierarchical zeolites was attrib-
uted to the better accessibility of Brønsted acid sites, which
lowered the cracking temperature of LDPE.

The ne balance of mesoporous content, which provides
large surface area and accessibility, and acidic contents, which
are responsible for catalytic reactivity, determines the perfor-
mance of composite catalysts. De Souza et al. synthesised
composite catalysts of ZSM-35/MCM-41 with different compo-
sitions of ZSM-35 and MCM-41 and investigated their perfor-
mance for the pyrolysis of PVC.223 A catalyst with a 3 : 1 ratio of
ZSM-35 to MCM-41 exhibited the highest conversion rate (91%)
and signicantly reduced the degradation temperature of PVC.
This was attributed to the high surface area provided by MCM-
41 and strong acidity of ZSM-35. Similarly, Li et al. utilised an
HZSM-5/MCM-41 catalyst for co-pyrolysis of plastic waste lms
and rice husk, investigating the effects of temperature and
synergistic interaction between the two feedstocks.224 The
micro–mesoporous composite catalyst demonstrated excep-
tional catalytic performance, achieving a maximum
© 2025 The Author(s). Published by the Royal Society of Chemistry
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hydrocarbon yield of 71.1% at 600 °C using a feedstock ratio of
1 : 1.5 (rice husk to waste plastic lm).

5.5.1.6 Activated carbon catalysts. In recent years, activated
carbon has emerged as a cost-effective catalyst for converting
waste plastics into hydrocarbons suitable for jet fuel. Zhang
et al. demonstrated the effectiveness of an activated carbon
(CAC2) catalyst for pyrolysis of LDPE at 500 °C, obtaining oil in
70.4 wt% yield, with 93% of hydrocarbons falling within the jet
fuel range (C8–C16).225 The jet fuel range hydrocarbons were
comprised of 71.8% alkanes and 28.2% aromatics (Fig. 14).
Typically, 60–80% of components in aviation jet fuel are C8–C16

alkanes, and their selectivity is inuenced by reaction temper-
ature, with increase in reaction temperature resulting in
a higher fraction of these alkanes in liquid products.

In a different approach to producing hydrogen and liquid oil
rich in jet fuel components from LDPE, Huo et al. utilised
corncob derived activated carbon (BAC) and MgO as a catalyst
for pyrolysis at 500 °C.226 Using a 1 : 1 ratio of BAC and MgO, the
process yielded 72.0% liquid and 23.9% gas products.
Remarkably, 98.7% of the liquid output comprised hydrocar-
bons in the jet fuel range, with 65.3% being C8–C16 hydrocar-
bons and 33.4% composed of aromatic hydrocarbons larger
than C16. Moreover, C17–C23 alkanes had a selectivity of 1.3%
without any additional products. In another study, biomass-
derived activated carbon was used for pyrolysis of LDPE at
500 °C for obtaining jet fuel range hydrocarbons.227 The authors
reported a substantial liquid yield of 75.3 wt%, with 93.1% of
hydrocarbons within the jet fuel range, consisting primarily of
C8–C16 alkanes, aromatics below C16, and C17–C23 alkanes.
Furthermore, only low coke yield (1.3 wt%) was produced by the
catalyst.

Bifunctional activated carbon catalysts have been used for
plastic waste pyrolysis to produce jet fuel oil.228 In one study,
pyrolysing plastic at 500 °C with 10% Fe/AC catalyst yielded
a maximum oil of 53.67%. Increasing the temperature from
Fig. 14 Product yields and distribution of liquid components from
LDPE waste pyrolysis, over CAC2 and CAC5 catalysts.

© 2025 The Author(s). Published by the Royal Society of Chemistry
450 °C to 600 °C further enhanced the aromatic selectivity due
to dehydroxylation of phenol. The Fe/AC catalyst outperformed
standard activated carbon (AC) by producing more aromatics,
especially mono aromatics, attributed to the formation of new
acid sites. Ali et al. employed graphite as the catalyst for pyro-
lysing waste plastics to produce jet fuel.229 A strong correlation
was observed between the temperature and product composi-
tion when waste plastic was heated at 350–450 °C in an inert
atmosphere. At higher pyrolysis temperatures, the composition
of pyrolysis oil shied from alkanes to diesel range alkanes,
eventually producing jet fuel range alkanes. Duan et al. used
chestnut derived activated carbon as the catalyst for pyrolyzing
waste LDPE.230 The carbonisation temperature was found to
drastically inuence the acidity and surface area of the catalyst.
The resultant oil contained 100% components in the jet fuel
range. The optimum aromatic selectivity of 95.88%was attained
at carbonization and catalytic temperatures of 850 °C and 550 °
C, respectively. Activated carbon catalysts have also been used
for pyrolysis of polystyrene (PS) in a microwave reactor.231

Pyrolysis was performed at different temperatures (340–580 °C)
and microwave power levels (450–850 W) to evaluate their
inuence on the yield and components of oils for aviation fuel
production. An impressive oil yield of 98.78 wt% was achieved
at 460 °C with 650 W microwave power. The generated oil was
comprised of monocyclic and polycyclic aromatic hydrocar-
bons, along with cycloalkenes (C8–C16).

Some researchers have explored biochar as the catalyst for
pyrolysis of plastics, although its catalytic reactivity and oil yield
have not been very promising. Li et al. employed biochar, syn-
thesised from wood chips, to catalyse the pyrolysis of HDPE and
LDPE, yielding 5.8 wt% of liquid and 20 wt% gas at 500 °C.232

These ndings indicate that biochar catalyst is less active,
producing lower yields of products from plastic conversion
when compared to similar studies under the same reaction
conditions. Wang et al. synthesised a biochar catalyst from corn
stover and Douglas r, which were then used for pyrolysis of
LDPE and real plastic waste.233 The corn stover-derived biochar
gave liquid and gas products in 40 wt% and 60 wt% yields,
respectively. The liquid product contained C8–C16 aliphatic
(60%), mono-aromatic (20%), and C17–C23 aliphatic hydrocar-
bons (20%), while the gas was comprised of 60–80 vol% H2.
Biochar derived from Douglas r favoured CH4 in contrast to
corn stover derived biochar that generated more H2 gas.

5.5.1.7 Other types of catalysts. Researchers have developed
various other catalysts for catalytic cracking of plastic waste to
enhance pyrolysis performance. These include clay (calcium
bentonite, halloysite clay, Fe, Ti, Zr-pillared, etc.),109 BaCO3,234

bimetallic catalysts,109 Al–Zn composite,235 Al-MCM-41,213 Fe
and Mo, Fe and Ni catalysts,236 kaolin,237 and CuCO3.238 In 2019,
Panda and Singh used kaolin and a SiO2/Al2O3 catalyst at
temperatures ranging from 400 to 500 °C to produce liquid fuel
oil.181 The SiO2/Al2O3 catalyst demonstrated superior perfor-
mance to the kaolin catalyst in this experiment.181

Montmorillonite, hectorite, and beidellite have been used
for polymer cracking for decades due to their high selectivity for
liquid products and low coke deposition formation on catalysts,
resulting from their trivial acidity. Recently, pillared clays
RSC Sustainability, 2025, 3, 3724–3840 | 3745
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(PILCs) have gained attention as catalysts. These feature inter-
layered structures that allow the incorporation of various metal
oxides to enhance their textural properties and acidity.239 While
these catalysts have demonstrated outstanding performance in
the pyrolysis of single polymers such as HDPE and PP,240 their
efficiency was later optimised for more complex feedstocks
containing multiple types of plastics. Li et al. investigated the
application of various metal-loaded pillared clays, including Fe-
PILC, Ti-PILC, and Zr-PILC, to catalyse the pyrolysis of mixed
plastic waste, rather than single polymer applications.241 For
comparison, authors also used Al-PILC (pillared clay). The Fe-
PILC catalyst produced an oil product in 79.3% yield, with
a high diesel fraction (80.5%) and a gas product rich in H2

(47.7 vol%), owing to its optimal acidity and nano-architecture.
In another study, they developed Co/Ni pillared montmoril-
lonites for catalytic pyrolysis of post-consumer lm waste, and
reported 80.2% liquid yield, with signicant selectivity for C10–

C13 range hydrocarbons (43.5%), and 42.0 vol% of H2.242 Wang
et al. used Co and Ni supported vermiculite as a catalyst support
for the pyrolysis of plastic waste and achieved decent selectivity
for C3, the main gaseous hydrocarbon of the pyrolysis product,
and substantial diesel fraction in the oil product.243 The
improved reactivity and selectivity for condensable products
were attributed to the pillared structure, even distribution of
acidic sites, and high surface area. Iron-pillared bentonite clays,
due to their mesoporosity, high surface area, and thermal
stability, have shown superior performance over HZSM-5 in the
co-pyrolysis of HDPE and petroleum residue, yielding 63%more
light linear hydrocarbons (C10–C23) with a composition similar
to conventional diesel.244

A tandem pyrolysis–catalytic upgradation methodology was
used by Li et al. to convert plastic waste to kerosene-range fuels
by using transition-metal modied Si-pillared vermiculite (SPV)
catalysts, specically incorporating Co, Fe, and Ni.245 Among
these, Co–Fe/SPV demonstrated excellent thermal stability and
good catalytic efficiency for selective production of kerosene-
range oils during tandem pyrolysis and catalytic upgradation
process. The product distribution from post-consumer plastic
using various SPV catalysts, as illustrated in Fig. 15, showed that
the silicon pillared vermiculite signicantly enhanced the
thermal stability of catalysts. Meanwhile, the transition metals
Fig. 15 Product distribution in the pyrolysis of grocery bags with
various metal modified Si-pillared vermiculite catalysts.

3746 | RSC Sustainability, 2025, 3, 3724–3840
helped in ne-tuning the acidity and porosity of the catalysts. In
particular, the Co–Fe/Si-pillared vermiculite gave the highest
yield of oil product (75.7 wt%), with excellent selectivity towards
valuable hydrocarbons, 7.5% alkanes and 27.8% aromatics.

Mesoporous MCM-22 has garnered signicant attention in
acid catalysed reactions such as benzene alkylation, glycerol
dehydration, and cracking.246 However, there are few studies on
its use as a catalyst for polymer pyrolysis, although catalytic
systems for polymer cracking with high product selectivity for
liquid products over mesoporous silica have been estab-
lished.247 However, reports showed that similar processes still
use mesoporous catalysts at temperatures of 400–500 °C.248

Other mesoporous silicas with pore sizes ranging from 20 to 300
Å, larger surface areas, and large pore diameters have also been
investigated. Particularly, SBA-15 has been extensively studied
in various acid catalysed chemical reactions. Furthermore, its
acidity can be tuned by adding Lewis acids into the framework
such as Al ions.249 The cracking of polypropylene with
aluminium exchangedMCM-41 and SBA-15 catalysts resulted in
further degradation of heavier molecules to lower hydrocarbons
(<C14) due to the presence of these catalysts.247,250 In recent
studies, Xu et al. used MCM-41 for the pyrolysis of LDPE under
N2 and CO2 environments, and obtained olens with selectivity
up to 44.66% under a nitrogen atmosphere.251 The olen
selectivity was further increased to 60.39% under the CO2

atmosphere.251 Furthermore, there was 14.66% increase of C5–

C12 olen selectivity under the CO2 atmosphere by increasing
the catalyst ratio to 5 : 4 (LDPE :MCM-41). Zn/SBA-15 has been
identied as an efficient catalyst to break down HDPE pyrolysis
wax into small chain olens.252 The authors also investigated
other SBA-15 catalysts impregnated with metals such as Co, Fe,
Mn, Cs, and Cu but the Zn/SBA-15 catalyst exhibited much
higher activity compared to these catalysts or pure SBA-15. The
tandem catalysis was further applied for catalytic cracking of
different polyolen wastes such as HDPE, LDPE, and PP,
leading to the production of high-quality naphtha. The process
achieved C5–C12 hydrocarbon selectivity ranging from 50% to
71%. Moreover, the use of a real plastic mixture produced high
quality naphtha in 60.39% yield, with 57.16% selectivity for C5–

C12. The authors concluded that the reaction proceeds through
two catalytic zones, the cracking occurs in the rst zone via free
radicals, whereas hydrogenation takes place in the second
zone.252 The probable mechanism of HDPE pyrolysis through
tandem catalysis is illustrated in Fig. 16. Other mesoporous
catalysts, such as Fe and Mo containing catalysts, have
demonstrated the ability to enhance hydrogen contents in the
gas phase during steam cracking of heavy oil.253 Moreover, Fe
catalysts have shown to increase the H : C ratio in liquid prod-
ucts while reducing the viscosity of the resulting liquid product.
Fe coated SBA-15 (Fe-SBA-15) has been reported to exhibit good
catalytic activity for PP cracking, with signicant increase in the
liquid yield from 61% to 73–77% along with reduction in gas
yield from 31% to 24–21%, compared to thermal cracking.254

Most of the reported results are derived from experiments
using pure plastics, such as PE and PP, without considering the
additives and contaminants commonly found in real plastic
waste. However, when real plastic wastes have been used as
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Reactionmechanism for catalytic reforming of HDPE pyrolysis volatiles by a tandem catalysis. Reproduced with permission from ref. 252.
Copyright 2021, Elsevier.
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feedstocks, differences in results are observed. For instance,
a real plastic lm waste consisting of LDPE and EVA polymers
from Almeria (Spain) greenhouse was used as feedstock in the
catalytic cracking over different acidic solids including nano-
crystalline ZSM-5, aluminium/MCM-41, and aluminium/SBA-
15.255 Among these catalysts, only nanocrystalline ZSM-5 zeolite
maintained a high activity and selectivity for C1–C5 hydrocar-
bons, achieving 60 wt%. In contrast, the mesoporous solids
(aluminium/SBA-15 and aluminium/MCM-41) showed
outstanding activity for cracking of pure LDPE, but were found
inactive for real plastic waste, possibly due to their mild acidic
properties. Ma et al. used Fe and Ni impregnated MCM-41 and
ZSM-5 catalysts for pyrolysis of polystyrene, resulting in oil
yields of 63.2 wt% and 61.2 wt%, respectively. However, higher
yields were achieved with Fe-MCM-41 (65.9 wt%) and Ni-MCM-
41 (65.3 wt%), with these oils containing a greater concentra-
tion of single-ring aromatics compared to the ZSM catalysts.256

Table 2 contains additional examples of catalysts used for pro-
cessing plastics, along with process conditions and product
yields.

Fly ash, with its rich composition of Al2O3, SiO2, and Fe2O3

(typically 80–90 wt%) has merged as an effective catalyst for
pyrolysis applications.273 Gaurh et al. demonstrated the catalytic
potential of y ash in the pyrolysis of PE at 700 °C and obtained
oil containing twice the amount of valuable aromatic contents
(22.12%) compared to the noncatalytic process.273 When this
catalyst was used for pyrolysis of LDPE at 500 °C, the produced
oil was lighter in colour compared to the oil obtained via
thermal pyrolysis.274 Incinerated y ash (IFA) has also been used
as a catalyst for the pyrolysis of plastic waste such as polyolen
detergent bottles and plastic bags, leading to improved
conversion efficiency and liquid yields.275 Particularly, the
conversion of virgin HDPE pellets using IFA was signicantly
improved from 46.7% to 92.8%, whereas the liquid yield
increased to 81.6% from 35.1%. Recently, the pyrolysis of waste
LDPE plastic was investigated using a fuel oil y ash as a catalyst
across various different temperatures (450–600 °C) and catalyst
loadings (5–20%).276 The resulting oil contained both aliphatic
© 2025 The Author(s). Published by the Royal Society of Chemistry
and aromatic hydrocarbons, and has the potential for use in
transportation fuel and industrial applications.

Valášková et al. investigated the use of vermiculites from
Brazil and Palabora for depolymerisation of polystyrene in order
to evaluate their catalytic effects.277 Thermal depolymerisation
of polystyrene produced styrene monomer (SM) in 54.5 mass%
yield, and volatile oligomers in 32.1 mass%. However, using
VerS and VerP as catalysts changed the product distribution,
with SM yields of 50.7 mass% and 53.6 mass%, respectively, and
oligomer yields of 37 mass% and 33.3 mass%, respectively. This
shi in product distribution was attributed to the formation
and deposition of carbon on catalysts. The variable yields were
likely due to the intrinsic properties of the natural vermiculites.

5.5.1.8 Supercritical water pyrolysis. Sub-critical (sub-CW)
and supercritical water (SCW) are used in oil cracking and
plastic processing. This method has also been used in plastic
processing due to their dual role as solvents and catalysts. This
method is advantageous because the supercritical uid miti-
gates coke formation and reduces the possibility of subsequent
condensation.278

In a study by Bai et al., co-pyrolysis of polyethylene and
residual oil was conducted in sub-CW and SCW at 420 °C, using
water density in the range of 0.10–0.30 g cm−3.279 As the water
density increases, the phase structure of the system changes
from a liquid to a gaseous/solid state, eventually stabilising into
a two-phase liquid/solid state. The main product of pyrolysis of
polyethylene under these conditions is paraffin with a high
hydrogen content. When the water density is higher, the
favourable two-phase structure of the liquid/solid component
enhances the interaction among aromatic radicals formed from
pyrolysis of PE, which produced residual oil and paraffins. This
interaction provides a link between the pyrolysis chains of oil
and polymer. Subsequently, aromatic radicals can undergo
dealkylation, thus the formation of components contributing to
coke formation is effectively suppressed. In another investiga-
tion, the degradation of PE in supercritical water had several
advantages over conventional thermal cracking, including
shorter reaction times, enhanced oil yields, and reduced coke
RSC Sustainability, 2025, 3, 3724–3840 | 3747
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formation.280 The process achieved an oil yield exceeding
90 wt% with a water-to-PE ratio of 6 at 460 °C and reaction time
of 1 min. The water-to-PE ratio signicantly inuenced the yield
as well as the composition of oil products.

Fang et al. reported that the “polyethylene + water” system
remains heterogeneous under various conditions.281 However,
the reaction products are rapidly distributed in the supercritical
phase, along with a substantial change in the volume of poly-
ethylene. Hence, it is possible to control the phase behaviour of
the “PE + SCW” system and then distribute the PE conversion
product to SCW. Therefore, the SCW can inuence the reaction
rate, equilibrium state, and main reaction pathway, due to
signicant changes in the properties of the solvent. Zhao et al.
explored the liquication of the LDPE and PP mixture into oil
using supercritical water (scH2O), and achieved a high conver-
sion rate of 99.75% and oil yield of 90.7 wt%, without the use of
a catalyst or hydrogen.282 The supercritical water co-liquefaction
of this polymer mixture improved the oil yield compared to
using a single polymer. Production of cyclic hydrocarbons was
increased, whereas generation of paraffins was suppressed. TGA
data revealed that the process favoured the production of diesel
and lubricant oils, with a reduction in gasoline fractions.

Supercritical water (SCW) processes effectively address
issues related to low thermal conductivity of polymers and can
tolerate common additives such as stabilisers. SCW processes
have been demonstrated to produce high-value products aer
careful optimisation and operation.283 Depending on the poly-
mer's chemical structure, monomers can be recovered for
producing new plastics, make valuable chemical building
blocks, or produce fuels. Increasing the temperature and resi-
dence time in supercritical water (SCW) processes for plastic
can enhance the reaction rate, conversion yield, as well as the
production of gas products.283,284 Conversely, increasing the
pressure typically has a minimal impact on reaction rates. In
these processes, water serves as both an oxidising and solubil-
ising agent, dissolving constituents released during the break-
down of polymer chains. However, increasing the plastic to
water ratio decreases the dispersion of macromolecular free
radical fragments, leading to reduced reaction rates. In general,
supercritical uid technology is an encouraging process for
liquication of mixed plastic waste into oils with a high
conversion rate.

5.5.2 Factors impacting the pyrolysis process. Different
parameters affect the pyrolysis of plastic waste and conse-
quently impact the quality as well as the quantity of the resul-
tant hydrocarbon products. These parameters include feedstock
composition, particle size, temperature, pressure, retention
time, reactor type, feed to catalyst ratio, catalyst choice, metal
loading on the catalyst, carrier gases, etc. The key process
parameters also affect the nal products, including liquid oil,
gas, and char.

Pyrolysis of plastic waste typically produces a mixture of
liquid hydrocarbons, including gasoline range fractions (C6–

C12), kerosene (C10–C16) and diesel range fractions (C13–C18)
and waxes (C19+). These liquid hydrocarbons consist of various
functional groups including aromatics, naphthenes, olens,
and paraffins.191
3750 | RSC Sustainability, 2025, 3, 3724–3840
Among pyrolysis products, the most demanding product is
gasoline due to its extensive applications and signicant
economic value. As a result, much of the research in this eld is
concentrated on increasing the yield of gasoline-range oil with
high aromatic content by changing the various reaction
parameters, including the type of catalyst, temperature, catalyst
to plastic ratio, metal loading on the catalyst, and reaction
time.155 Low-carbon naphtha has also emerged as a valuable
product of pyrolysis, particularly because it can potentially be
used as feedstock to produce new plastics. Researchers are
increasingly focusing on optimising the conditions for gener-
ating low-carbon naphtha to promote sustainable plastic
production and support circular economy initiatives.285,286

5.5.2.1 Pressure. The pyrolysis of plastic waste has been
typically performed at ambient pressure, as higher pressure
with higher reaction temperature has been found to increase
gas yield in the nal product.121 Therefore, the inuence of
pressure on pyrolysis remains unexplored and requires further
detailed investigation. However, some researchers have con-
ducted pyrolysis at low pressure, either in an inert diluent or
under vacuum, which have been found to favour the formation
of primary products. In contrast, high-pressure conditions oen
lead to more complex liquid fractions.287 As pressure increases,
the boiling point of pyrolytic products rises, causing heavier
hydrocarbons to undergo further pyrolysis instead of vaporising
at the operating temperature.287 Lopez et al. investigated the
pyrolysis of waste tires under vacuum conditions (25 kPa and 50
kPa) with a continuous feeding system at 500 °C, achieving
excellent yield of diesel like hydrocarbons, similar to those
produced under elevated pressure.288 The use of vacuum pres-
sure increased the liquid product yield compared to atmo-
spheric pressure. Moreover, the BET surface areas of the formed
carbon blacks improved due to reduced pore blockage, posi-
tively inuencing the porous structure. The introduction of
vacuum also helped to devolatilise and diffuse volatiles within
the particles. Moreover, the isoprene yield was increased by
performing pyrolysis under vacuum but the yield of limonene
was lower. On the other hand, increasing pressure led to greater
formation of gaseous products and a high yield of low molec-
ular weight liquid hydrocarbons.289

5.5.2.2 Reaction time. Residence time, which refers to the
average time a particle resides in a reactor during degradation,
is an important factor in determining the product distribution.
A prolonged residence time generally enhances the conversion
of primary pyrolysis products into lower molecular weight
hydrocarbons. However, beyond certain temperature limit,
further changes in residence time have a minimal impact on
product distributions. An investigation on pyrolysis of HDPE
concluded that longer residence times at 600 °C resulted in
higher yield of liquid products, with 2.6 wt% aromatics ob-
tained at 5.6 seconds compared to 0.8 wt% at 1.4 seconds.290

However, when the temperature exceeded 685 °C, residence
time had little impact on oil and liquid yields. Kulas et al.
recently evaluated the inuence of residence time on plastic
feed (HDPE) at 600 °C in a waste plastic pyrolysis pilot plant.291

Their ndings showed that extending the residence time from 1
to 4.5 seconds signicantly changed the product distribution,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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with 11 wt% increase in light oil fractions (C5–C10), 9 wt%
reduction in wax (C20–C30) formation, and a 4 wt% rise in
gaseous products.

5.5.2.3 Temperature. Temperature plays a pivotal role in
regulating and optimising the catalytic pyrolysis of waste plas-
tics to achieve the desired yield and quality of oil and gas
products.292 The thermal degradation behaviour of plastics can
be measured using a thermal gravimetric analyser (TGA). TGA
analysis of PET indicates that its degradation occurs at
temperatures ranging from 350 °C to 500 °C.293 In contrast, the
complete thermal degradation of HDPE takes place between
404 °C and 539 °C.294 Moreover, the thermal degradation rate
also depends on the heating rate, with the maximum degrada-
tion temperatures of HDPE and LDPE reported at 465 °C and
460 °C, respectively.295 Bagri et al. investigated the catalytic
pyrolysis of LDPE using activated carbon and silica gel, nding
the optimal degradation temperature as 450 °C.119 In another
study, the effect of temperature on the degradation of LDPE was
evaluated using activated carbon as a catalyst, identifying 500 °
C as the optimum temperature for obtaining maximum oil yield
(71.5 wt%).225 Increase in temperature from 500 °C to 571 °C
increased gas fractions but oil yield was reduced to 54.0 wt%.
However, decrease in temperature from 450 °C to 430 °C
resulted in the formation of waxes.225

The thermal degradation temperature range for poly-
propylene (PP) is between 300 °C and 500 °C.296 Comparative
studies on the degradation of HDPE and PP degradation have
shown that PP undergoes thermal degradation at a lower
temperature than HDPE, with a maximum degradation
temperature of 447 °C for PP compared to 467 °C for HDPE.294

The thermal degradation temperature for polystyrene (PS)
ranges from 350 °C to 500 °C. Themaximum oil yield (97.0 wt%)
from catalytic pyrolysis of PS was achieved at 425 °C using
a batch reactor.297 Further increase in temperature to 581 °C
resulted in the reduction of oil yield whereas the gas yield was
increased.91 Dement'ev et al. performed the pyrolysis of PS waste
at 450–500 °C in hydrocarbon media over zeolite catalysts.298 At
an optimum temperature of 500 °C, the conversion was almost
100% yielding ethylbenzene, benzene, and toluene at 80%,
12.7%, and 6.3%, respectively. Polyvinyl chloride (PVC) shows
a different thermal degradation behaviour. The initial weight
loss involving dehydrochlorination occurs at around 200–360 °
C, and weight loss of dechlorinated-PVC occurs at around 360–
550 °C.299 The weight loss is insignicant by raising the
temperature up to 800 °C. Hence, the thermal degradation
range for PVC is approximately 200–520 °C. The optimal
temperature for maximising liquid oil yield from PVC was
determined to be 550 °C, however, increasing the temperature
to 600 °C led to reduced oil yield.300

Onwudili et al. investigated the effect of catalyst bed
temperature in a two stage xed bed reactor on product distri-
bution during pyrolysis of mixed plastic waste.207 The study,
conducted at temperatures of 500 °C and 600 °C, revealed that
a higher catalyst bed temperature of 600 °C signicantly
increased the gas yield, particularly in the hydrocarbon range of
C2–C4. Moreover, zeolite Y gave the highest yield of hydrogen
gas compared to other catalysts like HZSM-5 and FCC. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
temperature increase also led to higher content of low molec-
ular weight aromatics in the oil product, indicating the quality
improvement of gasoline type fuel.207 Similarly, Yao et al. re-
ported that increasing the temperature during pyrolysis affects
the composition of gas yield, specically leading to higher
concentrations of CH4 and H2 gases with reduction in C2+ gases.
The study found that the highest levels of H2 (25.14 mmol per
gpp) and CH4 (33.12 vol%) were achieved at a temperature of
800 °C.236

In another investigation, the effect of variation in catalysis
temperature (in the range of 350–500 °C) was evaluated on
product distribution using HY catalyst with LDPE in 1 : 10
ratio.155 As the catalysis temperature increased from 350 °C to
450 °C, the oil yield gradually decreased from 66.11 wt% to
56.54 wt%, decreasing further to 38.16 wt% at 500 °C (Fig. 17A).
In contrast, the gas yield rose signicantly, nearly doubling
from 32.21 wt% as the temperature increased to 500 °C. Huo
et al. investigated the temperature's effect on yield and product
distribution during LDPE pyrolysis using activated carbon with
MgO as the catalyst.226 The liquid product yield was found to
increase from 60.9 wt% at 450 °C to 72.0 wt% at 500 °C, but
further temperature elevation to 600 °C reduced the liquid yield
to 68.5 wt% due to secondary thermal cracking.

5.5.2.4 Catalyst type. The type of catalyst signicantly
inuences the distribution of products in pyrolysis. Ajibola et al.
employed a zeolite Y catalyst, synthesised from kaolin deposits,
for pyrolysis of LDPE waste. The resulting liquid fuel primarily
consisted of alkenes and aromatics within the hydrocarbon
range of C8–C29, with 56 wt% of gasoline fraction (C6–C12),
26 wt% of diesel and kerosene fraction (C13–C18), 10 wt% as fuel
oil (C19–C23), and 6 wt% as residual fuel (>C24).191 Akubo et al.
also used zeolite Y catalyst for pyrolysis of HDPE and achieved
oil formation with 80 wt% aromatic content, in contrast to the
oil from non-catalytic pyrolysis, which was composed entirely of
aliphatic components.215 Moreover, loading metals such as Co,
Ni, Mo, Ga, Fe, and Ru onto Y-zeolite reduced the overall oil
yield but signicantly increased the aromatic contents in the
resulting product. For example, 1 wt% Ga-Y-zeolite, 1 wt% Fe-Y-
zeolite, and 1 wt% Ru-Y-zeolite produced oils with aromatic
contents of 93.2%, 93.5%, and 94.4%, respectively. Increasing
the metal loading from 1% to 5% Y-zeolite didn't lead to further
increase in aromatic hydrocarbon content. Aromatic hydrocar-
bons produced with metal incorporated Y-zeolite consisted of
97–99% of mono and bicyclic aromatic compounds including
ethylbenzene, toluene, xylene, naphthalene, and alkylated
naphthalene. Similarly, Onwudili et al. also used acidic Y-zeolite
for pyrolysis of waste plastic and reported the highest yields of
aromatic compounds in the oil product at 500 °C and 600 °C.207

Y-zeolite with a Si/Al ratio of 80 : 1 produced a signicantly
higher oil yield of 68 wt% compared to Y-zeolite with a Si/Al
ratio of 50 : 1, which yielded only 53 wt%. Moreover, 90% of
aromatic components were comprised of benzene and toluene
using the strong acidic Y-zeolite catalyst. This indicates that
valuable aromatic hydrocarbons can be efficiently obtained in
high yields from mixed plastic waste by using acidic Y-zeolite
catalyst.
RSC Sustainability, 2025, 3, 3724–3840 | 3751
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Fig. 17 (A) Effects of catalysis temperature on product yield and distribution during LDPE pyrolysis. (B) Composition of liquid fuel from HDPE
pyrolysis with different modified kaolin catalysts. (C) Distribution of aromatics in the liquid fraction of PE and PP catalytic pyrolysis. (D) Liquid, gas,
solid and coke yield with different catalysts during pyrolysis of mixed plastics. Reproduced with permission from ref. 155 (A), ref. 301 (B), ref. 302
(C), ref. 303 (D). Copyrights 2019 Elsevier, 2023 Elsevier, 2018 Elsevier, 2022 Elsevier, respectively.
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Zeolitic catalysts such as HUSY and HZSM-5 are highly acidic
catalysts and have been extensively tested in catalytic pyrolysis
of polymers, showing very promising results. Colantonio et al.
studied pyrolysis of plastic packaging waste using HUSY and
HZSM-5 catalysts, achieving an oil yield of 74.1 wt% with
22.5 wt% aromatics in the hydrocarbon range of C5–C9.202 The
aromatic fraction produced with the HUSY catalyst primarily
consisted of monoaromatics (benzene, toluene, and ethyl
benzene). Furthermore, pyrolysis using HZSM-5 catalyst resul-
ted in a high gas yield and signicantly reduced the char
formation. No obvious difference in gas composition was
observed between HUSY and HZSM-5 pyrolysis reactions.
However, HZSM-5 tends to favour the formation of gas due to its
small pores and strong acidic sites, these properties also favour
the formation of styrene in the resulting oil.

When natural kaolin was used as a catalyst for pyrolysis of
polypropylene (PP), it produced condensate oil containing 90–
97% of hydrocarbons in the C6–C20 range, which are key
components of gasoline, diesel, and naphtha.237 The acid
modication of kaolin with HCl signicantly reduced the
condensate oil yield and increased the C6–C11 component of
hydrocarbons. This change is attributed to the stronger acid
sites of HCl-modied kaolin that promoted the further cracking
3752 | RSC Sustainability, 2025, 3, 3724–3840
of diesel components into gasoline range hydrocarbons.
Furthermore, acid modication increased the aromatic content
of the condensate oil through aromatisation and Diels–Alder
reaction of alkanes and alkenes. As a result, there was a reduc-
tion in straight chain alkenes and cyclo-paraffins, in contrast to
natural kaolin, which produced higher aliphatics, straight
alkenes, and cycloparaffins, and less aromatics in the conden-
sate oil.237 Similar studies were performed by Mohan et al. for
the pyrolysis of waste HDPE using acid and alkaline activated
kaolin.301 The resulting oil from pyrolysis with acid and alkaline
modied kaolin clay catalysts was rich in hydrocarbons,
particularly in the range of C10–C25, predominantly consisting
of alkanes and olens. Among the various modied kaolin
catalysts, HNO3-treated kaolin (KC(HNO3)) gave the highest oil
yield (∼79%) compared to KC(HCl), KC(CH3COOH), KC(H3PO4)
and KC(NaOH). KC(HNO3) resulted in oil yield with the highest
percentage of alkanes (74.7%) compared to oils with 56%
alkanes obtained by using KC(H3PO4) and KC(NaOH) catalysts
(Fig. 17B).301

Pyrolysis of LDPE using activated carbon as the catalyst
produced a fuel that, with the addition of cyclohexane, was
found suitable for direct use as jet fuel. In addition, the liquid
oil produced using different activated carbon catalysts was
© 2025 The Author(s). Published by the Royal Society of Chemistry
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found to contain 97–100% of diesel range hydrocarbons.225 Dai
et al. investigated the pyrolysis of polyolens towards low-
carbon naphtha, which holds potential as a feedstock for
producing new plastics.285 They compared the effect of Al2O3

pillared montmorillonite clay and ZSM-5 catalysts on the
selectivity of product oil. The liquid obtained with Al2O3 pillared
montmorillonite clay contained C5–C12 alkanes in 60.3% yield,
whereas ZSM-5 produced liquid with high aromatic contents
(46%) and olens (35%). In another investigation, the same
authors employed a relay catalysis method and used Al2O3 fol-
lowed by HZSM-5 catalyst, resulting in a liquid with 100%
selectivity for monoaromatics and C5–C12 alkanes/olens.286

The oil obtained from pyrolysis of LDPE using relay catalysis
contained monoaromatics, C5–C12 alkanes/olens, and
naphtha, making it a suitable feedstock for producing new
plastics. Li et al. used Ni–Co/Ni pillared montmorillonite cata-
lysts for pyrolysis of waste plastics and reported that Ni–Co
pillared montmorillonite catalysts gave a high liquid product
yield of 80.2% with 43.5% selectivity for C10–C13 range hydro-
carbons.242 Sivagami et al. studied the pyrolysis of polyolen
based plastic waste using different zeolite catalysts in a bench
scale pyrolysis reactor.304 The synthesised ZSM-5 zeolite catalyst
gave the highest oil yield of 70%, with 16% gas and 14% char
from the pyrolysis of LDPE plastic compared to other catalysts
(mordenite and g-alumina). The total petroleum hydrocarbon
(TPH) distribution in LDPE pyrolysis oil obtained by using ZSM-
5 catalyst was comprised of C1–C10 (28.8%), C11–C20 (42.6%) and
C21–C30 (28.6%). In contrast, use of g-alumina furnished oil
with hydrocarbon fractions C1–C10, C11–C20, and C21–C30 in
17.4%, 50.2%, and 22.3% yields, respectively.

5.5.2.5 Metal loading. Increasing the metal loading on
a catalyst can signicantly impact the composition of the
product fuel. Studies have shown that raising the metal content
from 1 wt% to 5 wt% enhances the hydrogen content in the gas
yield, while simultaneously reducing the concentration of C1–C4

hydrocarbons.215 For example, pyrolysis of LDPE using Y-zeolite
with 1% Ni loading afforded an oil yield of 36 wt% along with
a gas yield of 36%. The gas composition included H2, CH4, C2

hydrocarbons, C3 hydrocarbons and C4 hydrocarbons in
52 vol%, 18 vol%, 11 vol%, 16 vol% and 3 vol%, respectively.
Increasing the metal loading to 5%Ni on Y-zeolite increased the
oil yield to 43 wt% and hydrogen content to 66 vol%, while
signicantly reducing the amounts of C1–C4 hydrocarbon
contents. The order for hydrogen yield with 5 wt% metal
incorporation was found to be Co > Ni > Mo > Ga > Fe > Ru.

5.5.2.6 Plastic feed. The type of plastic signicantly inu-
ences both the yield and selectivity of pyrolysis products. In
a pilot-scale study using bentonite clay as a catalyst, pyrolysis of
polystyrene (PS) produced oil composed of 95% aromatic
hydrocarbons.305 Catalytic pyrolysis of PP, LDPE, and HDPE
produced C10–C13 fraction in 16.49 wt%, 22.28 wt%, and
21.43 wt%, respectively. However, only oil fractions produced
from PP have aromatic content, comprising 1.44 wt%. Use of
USY zeolite catalysts for pyrolysis of PE and PP led to the
production of C8–C11 hydrocarbons in both cases.302 However,
the oil produced from PE had a higher aromatic content
(8.7 wt%) compared to the oil from PP (5.7 wt%). This difference
© 2025 The Author(s). Published by the Royal Society of Chemistry
is attributed to steric hindrance, which affects the transition
state during the cyclisation and aromatisation processes. The
steric hindrance is more pronounced in branched molecules
like PP, thereby reducing the formation of aromatic
compounds. Fig. 17C shows the distribution of aromatic frac-
tions in the liquid oil.

5.5.3 Catalyst coking. Catalyst coking presents a major
challenge in plastic pyrolysis, impacting both the efficiency and
durability of the catalytic process. Coking occurs when carbo-
naceous residues accumulate on the catalyst surface, blocking
active sites and pores, which in turn leads to catalyst deactiva-
tion. Coke formation is more evident with reforming catalysts
that have metal loading over an acidic support. This fact is
particularly problematic in the pyrolysis of plastic materials due
to the high carbon contents and complexity of the feedstock,
which oen contains additives and impurities. As a result, the
catalyst experiences deactivation over time, leading to lower
conversion rates and reduced product yields. Strategies to
mitigate coking include optimising operational parameters
such as temperature, residence time, employing catalysts with
higher resistance to coking, and incorporating periodic regen-
eration steps to remove accumulated coke. Understanding and
managing catalyst coking is crucial for developing efficient and
sustainable plastic pyrolysis processes. Researchers have
explored the impact of various factors, including temperature,
catalyst to plastic ratio, catalyst type, and metal loading, to
reduce catalyst coking.306

Reaction temperature plays a pivotal role and impacts coke
deposition on catalysts during pyrolysis. For example, during
the pyrolysis of PP, carbon deposition on a bimetallic catalyst
(FeNi2) increased signicantly with temperature, rising from
6 wt% at 600 °C to 29 wt% at 800 °C.236 However, the impact of
temperature on coke formation changes depending on the type
of catalyst in use. In contrasting studies, Zhang et al. reported
the different behaviour of coke formation with temperature
increase, and found that during the pyrolysis of LDPE, less than
5% coke was formed on an activated carbon (AC) catalyst at
higher temperature of 500 °C, compared to more coke forma-
tion at a temperature of 430 °C.225 The amount of coke depos-
ited on activated carbon catalysts (CACs) varied between
2.5 wt% and 5.4 wt% during LDPE pyrolysis with different
catalysts. Comparable results were reported for catalytic
cracking of LDPE using ZSM-11 and beta zeolite catalysts.116

Marco and colleagues studied the effect of various catalysts (HY,
CaO, MgO, and HZSM-5) on coke deposition during the pyrol-
ysis of mixed plastic waste. Coke formation was not observed
during pyrolysis without using a catalyst, however coke was
formed for all catalysts in the range of 2.4–6.3% (Fig. 17D).303

Several researchers have reported that using co-catalysts can
help reduce coke formation. Ding et al. found that incorpo-
rating NiO as a co-catalyst with HY in catalytic pyrolysis of LDPE
not only improved the production of high-octane number
compounds in the liquid product but also signicantly reduced
the coke yield compared to using HY catalysts alone.155 The
addition of NiO enhanced the primary degradation of larger
molecular fragments into smaller radicals, thereby reducing the
likelihood of coke formation caused by large molecules.
RSC Sustainability, 2025, 3, 3724–3840 | 3753
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Research has also demonstrated that the ratio of catalyst to
plastic inuences coke formation. Varying the catalyst-to-plastic
blending ratios (from 10 wt% to 60 wt%) affects coke formation.
Increasing the catalyst-to-polymer ratio led to higher coke
production during LDPE pyrolysis using an FCC catalyst.91

Additionally, metal loading on bi-functional catalysts inuences
both gas composition and coke deposition. Akubo et al. studied
different metal loadings (1 wt% and 5 wt%) on zeolite Y for
catalytic pyrolysis of PS and found that higher metal loading
resulted in greater coke deposition on the catalyst. Among the
catalysts tested, Co-Y zeolite catalyst exhibited the highest level
of coke formation.215

Regeneration of deactivated catalyst during plastic pyrolysis is
crucial for maintaining catalyst efficiency and prolonging its
lifespan. This regeneration process typically involves the removal
of coke deposits from the catalyst surface, which blocks active
sites and consequently reduces catalytic performance. Regenera-
tion is typically achieved by heating the coked catalyst to high
temperatures, around 600 °C for zeolites, to remove the accu-
mulated coke.216 Advanced techniques such as gasication has
been used by some researchers, where the coke is converted into
gas, and the energy released is utilised to further support the
pyrolysis process. This method not only restores the catalyst's
activity but also contributes to overall energy efficiency of the
system. Effective catalyst regeneration ensures consistent perfor-
mance in plastic pyrolysis, enabling the sustainable recycling of
plastic wastes into valuable products. Colantonio et al. developed
a method for regenerating coked catalysts through gasication in
a catalyst regenerator.202 In their study, the catalyst was applied in
a uidized bed reactor for pyrolysis of mixed plastics. The authors
reported that energy generated from the combustion of coke and
other byproducts in the catalyst regenerator could be used to
enhance the pyrolysis process when the regenerated catalyst is
reintroduced into the reactor.
5.6 Commercial technologies

Catalytic pyrolysis of plastics has been implemented at a semi-
commercial scale and there are even commercial plants oper-
ational in the market. Tukker et al. reported the development
and deployment of a low temperature pyrolysis plant for poly-
olen waste at a semi-commercial scale according to the Fuji
process.307 The unit processed 500 tonnes of plastic waste per
year using ZSM-5 as catalysts at 400 °C, yielding a pyrolysis oil
fraction of 8 wt%. Recently, Plastic Energy has developed and
implemented a technology of thermal processing, namely
thermal anaerobic conversion (TAC), at a pilot scale.308 The TAC
process is already being used on a large scale at two pilot plants
in Spain. Pre-treated plastic (up to 20 tonnes per day) is ther-
mally decomposed in a reactor at a temperature of 320–425 °C
using a catalyst. The plastic is converted to naphtha and diesel
fuel.

Quantafuel company (Norway) uses a pyrolysis process to
convert plastic waste into oil, which is fed to a line to remove
impurities, including ashes and chlorine, and the resultant oil
is nally converted into high quality fuel in a two-stage catalytic
process.308,309 Agrob Eko company operates one of the largest
3754 | RSC Sustainability, 2025, 3, 3724–3840
plastic pyrolysis plant in Zabrze, Poland, and processes 10k
tonnes of plastic waste per year. It is based on Smuda tech-
nology, where nickel silicate and iron silicate are used as
a catalyst.138,310 The Reentech process (Korea) is a highly efficient
process for recycling plastic waste (polyolens and polystyrene)
into useful products such as kerosene, gasoline, and diesel fuel.
The plastic thermally decomposes in the presence of a catalyst
for dehalogenation. The resultant melt is then transferred to
a uid catalytic cracking unit, where it decomposes in the
presence of the aluminum silicate catalyst. This process enables
the recovery of up to 75% fuel oil, which is fractionated to
obtain the nal products.308 One of the most widely used tech-
nologies for plastic waste recycling is the PYROPLEQ process,
which is used in industries in Austria, Italy, Germany, Korea,
and Switzerland. This process was actively used during 1978 to
1996 and involved the pyrolysis of plastic waste at temperatures
of 450–500 °C in a rotating drum and the combustion of the
resulting gas at 1200 °C. PSW is usually used as the rawmaterial
for this process. Agilex processes mixed plastic–polystyrene
waste to produce synthetic oil and has a capacity of 1–50 tonnes
per day.310 Royco Beijing (China) and Mogami-Kyoko (Japan)
companies also use pyrolysis technology for processing plastics
with a capacity of 6 kilo tonnes per year and 3 tonnes per day,
respectively.311 In the case of the Royco Beijing process, PE, PP,
PS, and waste oils are used as raw materials to produce oil with
87% yield. The pyrolysis products of PE and PP in the Mogami-
Kyoko process are 79% oil and 12% gas. The Akzo Nobel process
is a method of recycling PVC-containing waste. This is a fast
pyrolysis process with a capacity of 30 kg h−1 using a circulating
uidized bed system, followed by waste incineration. Crushed
mixed waste with a high content of PVC is used as the starting
material and processed at 700–900 °C. The main products of the
process are HCl, CO, H2, and CH4, along with various other
hydrocarbons and y ash, depending on the feedstock
composition.311

Other commercial plants include Plastic2Oil in the USA,
which processes 1.8 tonnes per year of plastic waste (HDPE-
LDPE-PP-their combinations) to produce fuels. Henan Doing
plant in China processes mixed plastics by low temperature
catalytic pyrolysis to produce liquid fuel for diesel engines. The
plant operates at 50 tonnes per day capacity. Recycling Tech-
nologies in UK transforms 7000 tonnes of mixed plastic waste
annually into chemical feedstock using its RT7000 technology,
called Plaxx®.312

6. Hydrocracking

Hydrocracking is a catalytic rening process generally used for
upgradation of heavier fractions obtained from crude oil
distillation or residues.313 Thus, this process is used for con-
verting high molecular weight fractions into lower molecular
weight compounds by breaking C–C bonds in the presence of
H2, with concurrent or sequential hydrogenation of the unsat-
urated molecules produced during the reaction. It is also
referred to as the hydrogenation process. Hydrocracking
process is typically performed in a batch stirred reactor or
closed tubing bomb reactor. The resulting products from the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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hydrocracking process usually consist of a liquid fraction
comprising asphaltenes and pre-asphaltenes extracted using
THF, an oil fraction composed of a low molecular weight frac-
tion obtained by solvent extraction, and a gas fraction.174,314

Hydrocracking is one of the most effective methods to
convert plastic wastes into high quality liquid fuels. It has
several advantages over pyrolysis, and produces highly quality
liquid fuel, saturated liquid fuel, without requiring an addi-
tional hydrogenation step.315 This process operates at lower
temperatures,91 leads to reduced amount of olens in the
product and less coke formation that extends the catalyst life,316

and offers more selectivity in producing gasoline range hydro-
carbons (C5–C12).317 Hydrocracking process produces less
amount of aromatics compared to pyrolysis.29 Moreover, it
signicantly removes heteroatoms like bromine, chlorine, and
uorine, which are commonly present in plastic waste.318 Dioxin
and other toxic products are not produced in hydrocracking.
Hydrocracking operating conditions for a dened catalyst
depend on various factors such as feedstock nature, and the
desired product composition. While considering catalyst
requirements for hydrocracking, it is essential to account that
the main reactions include cracking and isomerisation (acidic
support like amorphous silica–alumina or a zeolite), and
hydrogenation (metal active centres). Typical metals for cata-
lysts include noble metals (Pd, Pt) or non-noble metal sulphides
from Co, Ni, Mo, and W. Process conguration also plays
a crucial role, and a design engineer must choose from options
such as using one or multiple catalysts, operating in one or two
stages, and selecting between once thorough or recycle mode,
depending upon the required outcome and operating
conditions.

According to Munir et al.,314 research publications in the
plastic hydrocracking area have decreased in recent years,
which reveals a loss of interest on application of this technology
to waste valorisation. This situation may be explained in terms
of the challenges to develop a competitive process and catalysts
able to deal with a wide variety of polymers and contaminants
typically present in real world plastic waste. These contami-
nants include non-plastic materials (bres, cellulose, biomass,
etc.), organic (halogen, nitrogen, sulphur, etc.) and inorganic
(llers) additives. Hydrocracking results are well known to vary
with the polymer type, and the key inuencing variables for
a xed polymer mixture include the composition, catalyst type,
hydrogen pressure, and temperature. Typical operating condi-
tions are 300–450 °C, 2–15 MPa H2 pressure and bi-functional
catalysts that consist of an acidic support with a metal sup-
ported on it.314 The products obtained from hydrocracking are
highly saturated liquid hydrocarbons.

Plastics suitable for pyrolysis are also ideal for hydro-
cracking, such as PE (HDPE, LDPE), PP, and PS. These plastics
are commonly found in municipal plastic waste (MPW) and are
well-suited for conversion through the hydrocracking process.
PET can also be recycled by hydrocracking; however, its thermal
degradation generates less quantity of oil. PVC can also be used
in a two-stage liquefaction hydrocracking method, where the
rst stage involves the dechlorination of PVC materials.314
© 2025 The Author(s). Published by the Royal Society of Chemistry
6.1 Advances in catalysis for hydrocracking

From a conceptual point of view, hydrocracking is a promising
technology to convert polymeric waste into high quality liquids,
which can be useful for added value applications like solvents or
monomers for the petrochemical industry or transportation
fuels.92 Liquid quality is the main advantage of hydrocracking
over thermal or catalytic cracking where unsaturated
compounds are produced in high concentration as a conse-
quence of C–C bond scission during the cracking of polymer
macromolecules. However, a signicant amount of energy is
required for both pyrolysis and hydrothermal cracking, and
both processes have limited selectivity for products. These
features hinder their broader commercial applications. The
development of more efficient catalysts and catalytic processes
could help to increase depolymerisation and degradation
reactions, thereby lowering the operating temperatures and
potentially expanding the commercial viability of these
technologies.

Hydrocracking of a polymer usually takes places at moderate
temperatures, typically between 300 °C and 450 °C, and
comparatively high hydrogen pressure (2–15 MPa) in the pres-
ence of a bifunctional catalyst.319 From an energy point of view,
cracking and hydrogenation are complementary reactions being
endothermic and exothermic, respectively, hence saves
energy.320 High partial pressure of hydrogen helps to suppress
undesirable coking or repolymerisation during the process.321

Although thermal hydrocracking can occur without a catalyst,
the presence of a catalyst stimulates hydrogen addition. A
suitable catalyst for hydrocracking of plastics should have both
cracking and hydrogenation–dehydrogenation functions. Typi-
cally, a hydrocracking catalyst comprises an acidic support
impregnated with a metal. The acidic support facilitates
cracking and isomerisation, whereas the metal provides the
hydrogenation function.314,322,323 Acidic supports can include
amorphous oxides such as silica–alumina or strong acids like
sulphated zirconia,324 crystalline zeolites such as beta, USY, HY,
HZSM-5,325,326 mesoporous aluminosilicates such as Al-SBA-15
and Al-MCM-48. Active metals may include noble metals such
as Pt and Pd known for their hydrogenation/dehydrogenation
capability,318,327 or non-noble metals from group VI-A (Sn or
Mo)328 or VIII-A (Ni or Co)329 of the periodic table.

A mechanism involving carbenium ion intermediates has
been reported for PE and PP hydrocracking.330,331 In the case of
PP, the presence of strong acid sites leads to the formation of
tertiary carbenium ions which are subsequently cracked to
generate olens (Fig. 18). These olens are then hydrogenated
at the metal centres of the catalyst, whereas the remaining
smaller carbenium ions undergo metathesis with hydrogen,
resulting in the formation of lower molecular weight paraffin
hydrocarbons (Fig. 18). The resulting species can undergo
further cleavage, producing lower branched alkanes. In
contrast, weakly acidic materials have been proposed to follow
the free radical mechanism.332

6.1.1 Mesoporous aluminosilicate/silicate materials. Mes-
oporous materials are also being explored as catalysts for the
hydrocracking of waste plastic due to their high thermal
RSC Sustainability, 2025, 3, 3724–3840 | 3755
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Fig. 18 Mechanism of PP hydrocracking, reproduced with permission from ref. 331. Copyright 2023, Wiley-VCH GmbH.

Fig. 19 Hydrocarbon product distribution from LDPE hydrocracking
with sulphated zirconia catalysts at 250 °C, H2 20 mL min−1, 3–4 h.
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stability, large BET surface area, and cubic pore structure. These
characteristics allow for excellent diffusion of heavy molecules,
resulting in higher yield of liquid products compared to gaseous
products. However, theses catalysts have a weaker acidic char-
acter, which results in a lower cracking ability.

MCM-48 is a mesoporous silica that belongs to the M41S
family and has a cubic pore structure.333 Its three-dimensional
structure offers higher accessibility compared to the one-
dimensional hexagonal pore structure of MCM-41.334 However,
due to its weak acidic nature, MCM-48 alone does not exhibit
strong activity in the hydrocracking of plastics. The cracking
activity of the MCM-48 mesoporous catalyst can be enhanced by
impregnating with aluminium (Al). Liu et al. investigated the
effect of aluminium and platinum (Pt) loading on MCM-48 and
observed that aluminium impregnation increased the catalyst's
acidity due to a decrease in SiO2/Al2O3 ratio.335 Additionally,
loading platinum onto MCM-48 signicantly enhanced its
hydrogenation capability that changed the product distribution
to a large degree. This is due to platinum's ability to efficiently
split molecular hydrogen into chemically active atomic
hydrogen, which then becomes available for subsequent
chemical reactions. According to Balandin's multiplet theory,
which studies the parameters of the crystal lattice of metals,
metals with a specic electronic structure can be catalysts for
hydrogenation and dehydrogenation. Such metals include Ni,
Co, Cu, Ru, Ir, Pd, Pt, Rh, Os and Re. The Al-MCM-48 catalyst
containing Pt produced a substantially higher amount of jet fuel
range hydrocarbons (C9–C15) from hydrocracking of PE
compared to the Al-MCM-48 catalyst without platinum.335 The
3756 | RSC Sustainability, 2025, 3, 3724–3840
yield of C9–C15 hydrocarbons was signicantly increased to
85.9% with 1 wt% Pt loading. Munir and Usman investigated
the effect of aluminium impregnation on the SBA-16 meso-
porous catalyst and found a signicant increase in catalyst
activity for hydrocracking of mixed plastics, achieving conver-
sion yields and selectivity comparable to the USY catalyst.336

Although the addition of aluminium increases the catalyst
activity of the mesoporous catalyst, their performance has not
been extensively compared with highly acidic catalysts such as
HZSM-5 and beta. Consequently, there is increasing interest in
developing mesoporous structures within highly acidic zeolites
to improve their effectiveness in hydrocracking of plastics.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00225g


Tutorial Review RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

1.
01

.2
02

6 
17

:2
0:

38
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
6.1.2 Sulphated zirconia catalysts. Zirconia (ZrO2) catalysts
are commonly used in different industrial and technological
applications due to their attractive properties such as high
melting point, high thermal stability, low thermal conduction,
corrosion-resistance, easy separation from product streams, and
good mechanical strength.337 Various properties including
number of active sites, specic surface area, particle size, and
pore size strongly inuence the catalytic activity and selectivity of
zirconia catalysts. Modication of zirconia with the sulfation
process can enhance its surface acidity, making it more effective
for catalytic processes. Although sulphated zirconia materials
have demonstrated effectiveness as catalysts for hydrocracking
reactions,338 their catalytic activity has been reported to signi-
cantly decrease when exposed to hydrocarbons at high temper-
atures. This decline is primarily due to catalyst deactivation,
which results from coke formation on the catalyst surface and the
subsequent loss of acidity or active sites. Therefore, the catalytic
activity and life time of the catalyst reduces.339 The deactivation of
sulphated zirconia catalyst can be addressed through modica-
tion with noble metals, such as palladium.340 Similarly, their
catalytic activity for hydrocracking of plastics can be increased by
impregnating active metal on their surface. Sulphated zirconia
catalysts supported with noble metals such as nickel (Ni) and
platinum have demonstrated strong catalytic activity in the
hydrocracking of plastics. Utami et al. investigated a Pt–sulfated
zirconia (Pt/SZ) catalyst for hydrocracking of LDPE and compared
its efficiency with zirconia and sulphated zirconia.341 The sulph-
ated zirconia produced a higher amount of liquid yield than
zirconia, due to an increase in total acidity aer the sulfation
process. The addition of platinum (Pt/SZ) further increased the
yield of gasoline-range fuels in the hydrocracking of LDPE waste.
The higher Pt concentration on the SZ catalyst resulted in higher
gasoline conversion and increased acidity. The Pt1/SZ, Pt2/SZ,
and Pt3/SZ catalysts produced liquid yields of 70.58 wt%,
71.15 wt%, and 74.60 wt%, respectively, whereas the SZ catalyst
gave a liquid fraction with 57.92% yield (Fig. 19). The liquid
product, obtained by using the Pt3/SZ catalyst, comprised gaso-
line range (C5–C12) hydrocarbons with 67.51 wt% and diesel
range (C13–C20) hydrocarbons with 7.09 wt% yield.

Hydrocracking of LDPE was also studied by Amin et al. using
Ni incorporated sulphated zirconia (Ni–SZ), and its catalytic
activity was compared with ZrO2 and SZ.342 The total acidity and
surface area of SZ catalysts were reported to increase consider-
ably with the incorporation of nickel.343 The use of SZ and Ni–SZ
led to increased liquid yield, as well as substantial reduction in
coke formation and increase of gasoline fraction within the
liquid product. Cr/sulphated zirconia (Cr/SZ) also exhibited
good activity and selectivity in the hydrocracking of LDPE, and
produced higher liquid and gasoline yields of 40.99 wt% and
93.42 wt%, respectively.324 All three catalysts (Cr1/SZ, Cr2/SZ,
and Cr3/SZ) exhibited greater selectivity for the gasoline
content (C5–C12) than the diesel range hydrocarbons (C13–C20).
Among these, the Cr2/SZ catalyst showed the highest selectivity
for the gasoline fraction, reaching 93.42 wt%.

Metal impregnated sulphated zirconia has demonstrated
promising results in terms of selectivity towards gasoline and
© 2025 The Author(s). Published by the Royal Society of Chemistry
overall liquid product yield. However, its long-term stability for
these reactions remains uncertain due to the potential loss of
sulphur over time.314 To enhance its suitability for hydro-
cracking applications, it will be necessary to develop novel
catalyst formulations incorporating ZrO2 that can maintain
higher stability under severe reducing conditions.

6.1.3 Zeolite catalysts. Microporous zeolites have demon-
strated strong efficacy as catalysts for hydrocracking of plastics
due to their excellent acidic properties.314,344–351 These catalysts
have been found to convert plastic into hydrocarbons with
substantial amount of saturated and branched paraffins. Fig-
ueiredo et al. investigated the catalytic cracking of LDPE using
nanocrystalline ZSM-5 at 400 °C, producing liquid (C5–C20) and
gaseous (C1–C4) hydrocarbons in 44% and 46% yields, respec-
tively.352 Munir et al. used beta zeolite under H2 at 400 °C to
convert mixed plastics (PE, PP, and PS) and achieved almost
quantitative conversion with gaseous and liquid hydrocarbons
in 36% and 59% yields, respectively.350 Similarly, Jumah et al.
used 1 wt% platinum loaded beta zeolite catalyst for depoly-
merisation of LDPE at 330 °C and reported gas and liquid
hydrocarbon yields of 44% and 52%, respectively.344 The same
authors also employed this catalyst for the conversion of various
virgin and post-consumer plastics such as HDPE, PP and PS.345

PE and PP streams furnished lower molecular weight hydro-
carbons, with high selectivity for gases (usually, C3–C4) and
a high ratio of iso/normal paraffin. Under similar reaction
conditions, PS was converted into products rich in aromatic
content. The use of 1 wt% Pt over USY zeolite resulted in higher
selectivity for liquid products, producing more naphtha (C5–

C12) and heavy liquid (C13–C20) fractions. In addition, tandem
catalysis methods, which combine precious metal clusters
immobilised on other solid acid supports, have also been
investigated. For example, Liu et al. applied 1 wt% Pt loaded on
WO3/ZrO2 and zeolite-Y for hydrocracking of LDPE and ob-
tained gaseous and liquid hydrocarbons in 9 wt% and 83 wt%
yields, respectively.351 While investigating the effect of different
zeolite supports, Pt-HBeta was found to be more active,
achieving higher conversion and exhibiting better selectivity
towards gasoline products compared to Pt-HY.353 Product
distribution analysis conrmed that the Pt-HY catalyst, due to
its highly acidic nature, resulted in higher content of aromatics
and light hydrocarbons (C1–C8, about 80%) from hydrocracking
of LDPE compared to the Pt-beta catalyst.335

The hydrocracking of plastics oen produces a large fraction
of gaseous components. To improve the selectivity towards the
liquid fraction, some investigators have carried out the desili-
cation and dealumination of zeolites to change their acidic
properties and introduce microporosity. Desilication and deal-
umination of zeolites are carried out by removing alumina and
silica from the zeolite framework and by modifying the SiO2/
Al2O3 ratio. The desilication and dealumination process
increases the surface area of zeolite support, thereby improving
its catalytic performance in hydrocracking reactions. Marcos
et al. used desilicated Pt-HY and dealuminated Pt-HBeta
zeolites for hydrocracking of PS and reported that deal-
umination of beta zeolite increased its selectivity towards the
gasoline fraction, which contained high contents of paraffins
RSC Sustainability, 2025, 3, 3724–3840 | 3757

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00225g


Fig. 20 Hydrocracking of mixed plastic with platinum and nickel
zeolite catalysts at 330 °C, 60 min time, 20 bar H2 pressure.
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and iso-paraffins.353 However, desilication of Pt-HY gave
a gasoline fraction with a higher naphthenic content.

Zeolite catalysts demonstrate outstanding catalytic activity in
the hydrocracking of plastic, however they yield products rich in
gaseous contents due to their microporous nature. Among
various zeolites, ZSM-5 gave the highest gas yield followed by
HBeta, HY, and USY. However, ZSM-5 has excellent thermal
stability and was found to be the most active in these reactions.
Therefore, to enhance selectivity toward liquid products, hier-
archical zeolites are being developed.354–356 These hierarchical
zeolites combine the traditional micropores with mesopores,
introducing additional secondary porosity into the zeolite
structure. This combination improves the diffusion of reactants
and products in the catalyst, leading to better selectivity for
liquid products during hydrocracking.

6.1.4 Bifunctional catalysts. Hydrocracking of plastics
requires a bi-functional catalyst capable of performing hydro-
genation, cracking, and isomerisation functions. Bifunctional
catalysts have been used by many researchers for plastic
hydrocracking. The development of an efficient bifunctional
heterogeneous catalyst is highly desirable to convert waste
plastics into liquid alkanes with a narrow and well-dened
carbon number distribution.

Jumah et al. found that platinum incorporated beta zeolite
was a highly effective catalyst for hydrocracking of post-
consumer plastic mixtures (LDPE, HDPE, PP, and PS),
achieving high conversion and low coke formation compared to
the Pt-USY catalyst.345 However, the Pt-USY catalyst produced
a higher yield of liquid hydrocarbons (C5–C20) and heavier
fractions due to its more open structure, while Pt-beta zeolite
resulted in a higher gas fraction. Both catalysts exhibited a high
iso/normal alkane ratio.357 The ultrastable Y-zeolite, also known
as USY, is produced through a steaming process at high
temperatures above 500 °C. This steaming process also creates
mesopores within the zeolite structure, which enhances its
selectivity towards liquid products, particularly naphtha,
compared to other zeolites. As a result, USY zeolites are more
effective in producing a higher yield of liquid hydrocarbons and
narrower range of alkanes during the hydrocracking of plastics.

The concentration of active metal on bifunctional catalysts
signicantly inuences the product distribution in the hydro-
cracking of plastic. Studies have shown that increasing the Ni
loading on sulfated zirconia (SZ) from 0.5 wt% to 1.5 wt%
enhanced hydrogenation activity, leading to higher yield of
more saturated compounds such as n-paraffins, iso-paraffins,
and naphthene from hydrocracking of LDPE. Additionally,
higher metal loading increased the selectivity towards gasoline-
range hydrocarbons (C5–C12).342 Since nickel (Ni) has lower
hydro-/dehydrogenation activity compared to platinum (Pt),
a higher amount of nickel is required to achieve a similar
catalytic performance. Recently, Tedstone et al. synthesised
sulded nickel catalysts by impregnating different supports
with a single-source precursor (SSP) “Ni(S2COC2H5)2” and
investigated these catalysts for the hydrocracking of mixed
polyolen waste.358 These SSP-derived catalytic materials
provided higher conversion to liquid products at 330 °C and 20
bar H2 pressure compared to previous benchmark catalysts
3758 | RSC Sustainability, 2025, 3, 3724–3840
synthesised through the wet impregnation method (Fig. 20).
The SSP-derived 5wt%Ni@beta catalyst demonstrated over
95 wt% conversion of mixed polyolen plastic into liquid
products, signicantly outperforming the 39.8 wt% conversion
achieved with 5 wt% Ni@beta catalyst. Increasing the Ni
loading from 1 wt% to 5 wt% substantially improved the
conversion (>95 wt%) while maintaining selectivity. The 5%
Ni@beta(SSP) catalyst produced saturated C4, C5, and C6

hydrocarbons in yields of 37.3 wt%, 21.6 wt% and 12.8 wt%,
respectively, from pure LDPE.

6.2 Effect of operating parameters

The key parameters of a hydrocracking catalyst involve its
hydrogenation capabilities (metallic function), cracking, and
isomerisation abilities (related to the acidity of the support).
Common catalyst supports include amorphous oxides such as
silica–alumina, zeolites like ZSM-5, and strong solid acids such
as sulphated zirconia, oen in combination with other mate-
rials. For the metallic function, both non-noble metals (like
cobalt, nickel, molybdenum, and tungsten) and noble metals
(like Pd and Pt) are commonly used. Most studies have been
focused on pure polymeric materials, mainly HDPE, LDPE, PP
and their mixtures according to reported investigations.332,359,360

However, when dealing with real plastic waste as a hydro-
cracking feedstock, the presence of contaminants, such as
metals and halogens, must be considered due to their potential
to accelerate catalyst deactivation. To address these challenges
and develop cost-effective catalysts suitable for processing
waste plastics with impurities, various catalysts, both with and
without metal loading, have been studied for hydrocracking of
PP.361 Supported activated carbons have shown promising
results, suggesting that this system holds potential to be an
exceptional catalyst for the liquefaction of waste plastics due to
its outstanding performance. Several studies performed during
1990s reported notable advancements in hydrocracking plastic
waste, emphasising the potential of activated carbon-based
catalysts in this application.362,363

Although studies on the effect of hydrogen pressure are
limited, it is generally observed that increasing hydrogen
© 2025 The Author(s). Published by the Royal Society of Chemistry
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pressure improves the quality of liquid product, helps to remove
impurities from plastic waste, and reduces coke formation.
Higher pressure tends to enhance conversion rates and liquid
yield, but only to a certain level. According to Munir et al., the
optimum pressure range for hydrocracking is 2.0–6.0 MPa and
the optimum temperature range is 370–400 °C.314 The ease of
degradation and properties of liquid fraction obtained from the
hydrocracking process depend on the type of polymer being
processed. For example, the liquid obtained from polyolens
like PP or PE has a higher content of alkanes than the liquid
obtained from PS that is typically richer in alkyl benzenes and
phenyl alkanes.

6.2.1 Polymer type. Different types of plastics degrade at
different temperatures and produce different distribution of
products. The ease of degradation and the properties of liquid
fraction obtained from the hydrocracking process depend
heavily on the type of polymer. Polystyrene (PS) typically leads to
higher liquid yields, whereas HDPE and LDPE are more chal-
lenging to process. PS predominantly produces alkyl benzenes
and aromatic alkanes, whereas HDPE and LDPE mainly yield
regular and branched alkanes, respectively. Research ndings
suggest that the ease of degradation of plastic generally follows
the order: polyisoprene (PIP) > PS > PET > PP ∼ PBD > LDPE >
HDPE.314 The liquid obtained from polyolens like PP or PE has
a higher content of alkanes than the liquid obtained from PS,
which is richer in alkyl benzenes and phenyl alkanes. Poly-
propylene (PP) has been found to degrade most readily to yield
a liquid product with the highest selectivity compared to poly-
styrene (PS) and polyethylene (PE). Hydrocracking of HDPE has
been found to proceed faster than LDPE under the same reac-
tion conditions.364–366 This difference is due to their framework,
where HDPE has linear macromolecules while LDPE has both
short and long side chain branching. This branching in LDPE
creates diffusion challenges and mass transfer limitations
during the hydrocracking process, making it less reactive than
HDPE. The higher reactivity of PP compared to PE is due to the
presence of numerous tertiary carbons in its polymer chain,
which stabilise carbocations formed during the reaction.

Product distribution is different for different types of poly-
mers, the products from HDPE and LDPE hydrocracking are
mainly comprised of gases, mostly C3 and C4 hydrocarbons in
36–56 wt% yield. However, the hydrocracking of post-consumer
PP results in a liquid product rich in branched alkanes.345,367 For
polystyrene (PS), the products of hydrocracking are primarily
aromatic compounds, with 60–80% consisting of benzene and
ethylbenzene and around 5% being gas. When hydrocracking is
performed under mild reaction conditions with reduced H2

pressure then PS results in a gas stream with a higher surplus of
hydrogen compared to the product gas streams from PE and
PP.345 This is due to insufficient hydrogenation of aromatic
rings in PS under these conditions. Munir et al. reported
a similar behaviour in the hydrocracking of HDPE, which
resulted in a low liquid yield (52 wt%) and a higher gas yield
compared to the 65.7 wt% liquid yield obtained from a plastic
mixture (PP, LDPE, HDPE, PS).350 The higher liquid yield from
mixed plastics is attributed to the presence of PS and PP, which
produce more liquid than HDPE. However, the reactivity of both
© 2025 The Author(s). Published by the Royal Society of Chemistry
virgin HDPE and mixed plastic appeared to be similar when
subjected to the same temperature conditions. Moreover, the
liquid fraction obtained from HDPE hydrocracking contained
lower gasoline content (58 wt%) and higher heavy hydrocarbons
than from waste plastic mixture, which had a gasoline content
of 70.5 wt%.350

Real waste plastic mixture contains additives including
heteroatoms, trace metals, printed inks, organic and inorganic
residues, which make it more complex for hydrocracking
compared to virgin polymers as these additives can deactivate
the catalysts used in the process.368,369 Munir et al. used
composite beta catalysts for hydrocracking of virgin and post-
consumer plastic waste and found lower conversion of post-
consumer plastic mixture than the virgin plastic mixture.350

This effect can probably be explained by an increase in the
number of active sites on the surface of the catalyst as a result of
calcination, which led to the decomposition of coke deposits
accumulated in these areas. In addition, partial sintering of the
catalyst particles may have occurred, which led to a decrease in
the average pore size. However, both types of feeds gave
a similar quantity of liquid yield, with the waste plastic yielding
64 wt% of gasoline fractions compared to 68 wt% from the
virgin plastic mixture. Jumah et al. reached a similar conclusion
using 1% Pt loaded zeolite beta for hydrocracking of model
mixtures consisting of LDPE (34%), PP (33%), HDPE (24%), and
PS (10%).345 They achieved 72 wt% conversion of virgin plastic
mixture compared to 66 wt% from post-consumer plastic
mixture.

6.2.2 Catalyst type. Catalyst type plays a key role in hydro-
cracking of plastics. Typically, a bi-functional catalyst with an
acidic support and an active metal impregnated on it is required
to achieve substantial conversion, high quality liquid hydro-
carbon yields, and reduced coke formation. Impregnating an
active metal onto an acidic support enhances conversion rates
and increases the formation of isomers and aromatic
compounds. Catalysts with more acidic sites are typically more
effective at breaking down polymer chains during cracking.
Catalysts with a higher density of acidic sites are typically more
effective at breaking down polymer chains during cracking.315

The functionality of active metals is important for achieving
the desired product distribution. However, even a highly func-
tional active metal may not deliver good selectivity when used
with weakly acidic supports such as alumina and silica. These
supports are not ideal for plastic hydrocracking and exhibit low
cracking activity. Even when palladium is impregnated on these
supports, the resulting liquid tends to consist of very heavy
hydrocarbons.370 But, palladium loading on zeolite beta has
been shown to increase catalytic efficiency in the hydrocracking
of LDPE, resulting in higher gas yields (C2–C4), while the liquid
yield (C5, C6+) remained below 50%. The Pd-beta catalyst also
resulted in a higher yield of liquid branched isomers (Ciso/Cn =

0.65) and higher paraffin shares (66%) in the C2–C4 fraction,
and lower olens due to increased hydroisomerisation. More-
over, Pd-beta produced a higher aromatic content (5.5%) in the
C6–C9 hydrocarbon fraction than the beta catalyst.370

Platinum metal has strong hydrogenation/dehydrogenation
ability, making it highly effective when impregnated on highly
RSC Sustainability, 2025, 3, 3724–3840 | 3759
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acidic supports such as zeolite beta and USY, creating excellent
bifunctional catalysts for hydrocracking of plastics. Jumah et al.
used Pt incorporated zeolite beta for hydrocracking of plastic
mixtures and found that the liquid product contained no olens
due to efficient hydrogen transfer. Furthermore, the product
showed a high ratio of iso-butane (i-C4) to normal butane (n-C4)
due to hydroisomerisation.345 Mesoporous catalysts such as
MCM48, SBA15, SBA16, and microporous catalysts such as USY
give different product distributions in hydrocracking of plas-
tics. Composites of USY and SBA-16 have shown improved
conversion and better liquid yields compared to USY alone
catalyst.336 The USY catalyst produced the highest yield of
gasoline (67 wt%) and light diesel (23 wt%) compared to the
composite of USY and Al-SBA-16 with a residence time of
60 min. The micropores in USY promote a higher yield of
liquids in gasoline (C5–C12) and light diesel (C13–C18) fractions,
whereas the mesopores in Al-SBA-16 enhance the production of
heavier hydrocarbons (C19+) at 27.6 wt%, and result in
a comparatively lower gasoline fraction (51.54 wt%). However,
composite catalysts produced gasoline, light diesel, and heavy
diesel fractions in 65.58 wt%, 17.93 wt% and 16.48 wt% yields,
respectively.336

Coke deposition on the catalyst reduces its activity during
the hydrocracking process by blocking the active sites. The
activity of coked catalysts has been found to decrease signi-
cantly. Munir et al. studied the use of a spent catalyst for
hydrocracking a mixed plastic feed and achieved a lower
conversion (73 wt%) compared to 97 wt% with a fresh
composite zeolite beta catalyst.350 However, there was no
signicant reduction in the quantity of liquid produced, though
the liquid became less selective towards gasoline and produced
more heavier fractions. Catalyst activity can be restored by
regeneration of the coked catalyst.371 Zeolite catalysts, for
example, can be completely regenerated at room temperature
with low energy consumption. When Munir et al. used the
regenerated catalyst for hydrocracking of mixed plastic waste,
its catalyst activity was improved and resulted in similar
conversion and liquid yield as obtained using the fresh catalyst.
Furthermore, the regenerated catalyst enhanced selectivity
Fig. 21 Conversion and selectivity of liquid fractions from hydro-
cracking of surgical face masks over a 5% Ni-ST-HY catalyst at 325 °C
and 10 bar H2.

3760 | RSC Sustainability, 2025, 3, 3724–3840
towards gasoline (C5–C12) by breaking down heavier hydrocar-
bons (C19+) into lighter fractions.350 In another study, using
a regenerated nickel loaded zeolite catalyst led to an increased
conversion (95.9 wt%) compared to 91.6 wt% with the spent
catalyst (Fig. 21).372 In addition, the regenerated catalysts also
increased the selectivity towards liquid products and decreased
the selectivity of gaseous products (Fig. 21).372 However, the
regenerated catalyst demonstrated increased selectivity toward
gasoline-range fuels, achieving 85.5 wt%, while selectivity
towards diesel-range fuels reduced to 14.5 wt%.

6.2.3 Active metal and catalyst loading. In bifunctional
catalysts, the active metal loading on an acidic support affects
both conversion and product distribution up to a certain level
for plastic hydrocracking. When platinum loading over Al/
MCM-48 was increased from 0 to 1% for hydrocracking of PE,
the conversion to C1–C21 hydrocarbons increased signi-
cantly.335 The Al/MCM-48 catalyst, in the absence of platinum,
yielded only 16.3% of C1–C21 hydrocarbons, with 10.4% falling
within the jet fuel range (C9–C15). Incorporation of 0.2 wt% Pt
signicantly increased the production of both total hydrocar-
bons (>45%) and jet fuel range fractions. Further increasing the
Pt loading to 1 wt% resulted in the highest overall C1–C21

hydrocarbon yield (99.3%), and themaximum yield of C9–C15 jet
fuel range hydrocarbons (85.9%). However, further increase in
platinum loading (2 wt%) did not affect the conversion. At
platinum loading below 1%, the rate limiting step is
hydrogenation/dehydrogenation on the platinum site, however
when the Pt loading exceeds 1%, the formation of carbenium
intermediates on acid sites becomes the limiting factor.335

Furthermore, increase in platinum loading over sulphated
zirconia (SZ) increases the selectivity towards gasoline range
fuels, and 1.5 wt% Pt/SZ has been reported to produce gasoline
range hydrocarbons in 67.51 wt% compared to 48.76 wt% with
0.35 wt% Pt/SZ in hydrocracking of LDPE plastic waste.341

Similarly, increasing chromium loading on sulphated
zirconia (SZ) has been shown to increase the selectivity for the
gasoline fraction (C5–C12) while reducing the diesel fraction
(C13–C20).373 Using 1 wt% Cr on sulphated zirconia produced
a C5–C12 hydrocarbon fraction in 93.42 wt% and C13–C20

hydrocarbon fraction in 6.58 wt% yield, compared to 91.63 wt%
(C5–C12) and 8.37 wt% (C13–C20) with 0.5 wt% Cr/SZ in the
hydrocracking of LDPE plastic waste (Fig. 22). However, gaso-
line selectivity was slightly reduced by further increasing the
chromium loading to 1.5 wt%. In addition to metal loading, the
catalyst to plastic ratio has a signicant impact on product
distribution, and an optimised catalyst to feed ratio is essential
to achieve the desired product. Zhang et al. studied the effect of
various catalyst to feed ratios for the LDPE hydrocracking
process, and found that increase in catalyst loading enhanced
the hydrogenation reaction, and consequently increased the
aliphatic and cyclic alkane contents and decreased aromatic
hydrocarbons.374 A catalyst to plastic ratio of 0.2 resulted in
10.7% selectivity for aliphatic alkanes and 80% for cyclo-
alkanes, compared to 7.4% aliphatic alkanes and 24% cyclo-
alkanes at a ratio of 0.05. The higher catalyst loading provides
additional active sites for hydrogenation and hydrocracking
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 22 Chemical reactions involved in gasification of plastic waste.
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reactions, leading to increased yields of aliphatic and cyclic
alkanes with signicant reduction in aromatic hydrocarbons.

6.2.4 Temperature. Reaction temperature is an important
parameter that signicantly affects conversion, product distri-
bution, and yield.374 Various studies on hydrocracking of plas-
tics have concluded that increasing the temperature
signicantly enhances conversion and liquid yield up to
a certain threshold, beyond which no further signicant
improvements are observed. However, further increase in
temperature can still affect the product distribution.335,374 Liu
et al. reported a substantial increase in LDPE conversion from
19 wt% to 99 wt% by increasing the reaction temperature from
200 °C to 300 °C. However, further temperature increases only
resulted in cracking of higher molecular weight hydrocarbons
(C9–C15 and C16–C21) into lower hydrocarbons (C1–C8).335 Simi-
larly, in the hydrocracking of mixed plastic waste using the
composite beta catalyst, increasing the temperature from 360 °
C to 375 °C increased the conversion from 71 wt% to 89 wt%,
and improved the liquid yield from 46 wt% to 61 wt%.350

However, no signicant changes were observed in conversion or
liquid yield with further increase in temperature to 400 °C, but
© 2025 The Author(s). Published by the Royal Society of Chemistry
it increased the gasoline fraction in the liquid from 64 wt% to
68 wt% due to cracking of heavier hydrocarbons. Hence,
temperature requires to be carefully optimised to achieve the
required yield and quality of hydrocarbon products. Optimising
the temperature for a two-stage liquefaction process differs
from the direct liquefaction process. In the two-stage process,
the rst step primarily serves to vaporise the plastic. Therefore,
less temperature is required in the nal stage, where hydroge-
nation reactions occur, compared to the temperature required
for the direct hydrocracking process. For such processes,
a temperature of 200 °C in the hydrogenation step produced the
highest yield of liquid (69.74 wt%) for LDPE hydrocracking
using Pt loaded sulphated zirconia catalyst.341 As the tempera-
ture increased to 300 °C and 350 °C, C5+ hydrocarbons cracked
further into gas range hydrocarbons (C1–C4).

Zhang et al. investigated the inuence of temperature on
product distribution in the hydrogenation step (150–200 °C)
during microwave assisted hydrocracking of LDPE using Raney
Ni-4200 catalyst.374 Their ndings indicated that higher
temperature increased the hydrogenation rate of aromatics.
Moreover, although the content of aliphatic alkanes remained
relatively constant, aromatic and hydroaromatic hydrocarbons
decreased at 200 °C. In addition, there was signicant impact
on the carbon selectivity of specic alkanes with the increase in
reaction temperature. Similarly, Hauli et al. evaluated the
temperature effect on product distribution in the hydrocracking
of LDPE-based plastic waste using Cr2/SZ (1% Cr on SZ).373 They
demonstrated a signicant increase in gas yield, from 59 wt% to
87.65 wt%, by increasing the temperature from 250 °C to 350 °C,
while the liquid yield reduced from 40.99 wt% to 11.43 wt%.

Catalyst is also an important factor to consider during the
optimisation of hydrocracking temperature as highly acidic
catalysts such as zeolites yield higher conversion even at lower
process temperatures, whereas less acidic catalysts such as
mesoporous catalysts require higher temperature for signicant
conversion. Studies have shown that catalytic activity is more
prominent at lower hydrocracking temperatures. In a study by
Munir et al., it was reported that aer an optimised tempera-
ture, all catalysts lead to similar conversion including thermal
hydrocracking without a catalyst.332 The optimal temperature
for hydrocracking of mixed plastics using composite and mes-
oporous catalysts was found to be 400 °C. Moreover, product
distribution is also affected by temperature changes with
different catalysts. With the USY composite catalyst, increase in
temperature from 375 °C to 425 °C resulted in a higher yield of
lighter fractions having the highest gasoline hydrocarbons
(69.5 wt%) at 425 °C compared to 375 °C and 400 °C. However,
under the same reaction conditions using Al-SBA-16 meso-
porous catalyst, increasing the temperature furnished low
gasoline yield and high C19+ hydrocarbons.336 Qiu et al. explored
the effect of temperature on the hydrocracking of polyolens
using a noble-metal free bifunctional catalyst, MoSx-Hbeta.375

They reported a signicant increase in non-solid yield (NSY),
rising from 13.5% to 89.2% as the temperature increased from
180 °C to 250 °C. All commonly used aliphatic polyolens were
found to convert into liquid products in high yields of 85.7–
RSC Sustainability, 2025, 3, 3724–3840 | 3761
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97.2% at 250 °C compared to 56.0–81.8% yield at 200 °C, with
C5–C12 alkanes being the major liquid products.

6.2.5 Reaction time. Reaction time in hydrocracking is
a crucial factor and must be optimised to achieve the required
selectivity of hydrocarbon products. In a study aimed at
producing higher jet fuel range hydrocarbons (C9–C15) from
LDPE using Pt/Al-MCM-48 catalyst at 300 °C temperature, the
residence time of 4 hours was found to be optimum.335 The
higher yield of C16–C21 hydrocarbons was produced at a shorter
residence time of 1–1.5 h, whereas, further increasing the resi-
dence time to 6 hours led to a higher yield of light hydrocarbons
(C1–C8). Increasing the reaction duration from 1 to 2 hours led
to a rise in the yield of C16–C21 hydrocarbons followed by
a decline with further extension of the reaction time. The yield
of C9–C15 hydrocarbons increased until the residence time of 4
hours but slightly decreased upon prolonging the residence
time. However, residence time needs to be optimised for each
catalyst type and reaction temperature. At an optimised resi-
dence time of 4 h, using Pt/H-Y catalyst at 300 °C temperature
produced nearly 100% of C1–C21 hydrocarbons compared to
a weak acidic catalyst (Pt/Al/MCM-48).

For catalysts such as USY, Al-SBA16, and their composite
catalysts, increase in reaction time for hydrocracking of mixed
plastic can enhance both the conversion and liquid yield.
However, the most prominent improvement in catalyst activity
and liquid yield occurs when reaction duration was increased
from 0.5 hour to 1 hour. However, further increase in reaction
time to 1.5 hours didn't have a signicant effect on reactivity
and liquid quantity.336 Hence, when these catalysts are used for
hydrocracking, the optimised reaction time is found to be in the
range of 1–1.5 hours. Further increase in residence time is not
recommended for these reaction systems.336 Zhang et al. also
investigated the impact of varying the residence time from 1 to 4
hours on product distribution during catalytic microwave
degradation of LDPE using 20 wt% ZSM-5 catalyst. Prolonging
the reaction time signicantly enhanced cycloalkane formation,
increasing from 26.47% at 1 hour to 56.28% at 2 hours, and
reaching 75.99% aer 4 hours, attributable to enhanced hydro-
addition activity. The authors identied the optimum reaction
time of 2 hours as further increase in reaction time was found to
initiate the carbon loss reactions that consequently reduced
aromatic and hydro-aromatic hydrocarbons, and produced
higher cycloalkanes, making further increase in reaction time
unnecessary.374 Although prolonged residence time enhances
the hydrogenation, hydrocracking, and hydroisomerisation
reactions, changes in product distribution becomes minimal
aer a certain residence time, so this parameter must be care-
fully optimised (Table 3).

7. Gasification

Gasication is a thermochemical process that transforms
carbon-based materials into a gaseous fuel, known as syngas,
a versatile fuel comprising largely H2 and CO. This complex
process is carried out by heating the feedstock to high
temperatures (1100–1600 °C) under the atmosphere of oxygen,
air, carbon dioxide, or steam. Gasication involves multiple
3764 | RSC Sustainability, 2025, 3, 3724–3840
steps such as drying, pyrolysis, cracking, reforming, oxidation,
and reduction reactions. The signicance of these steps in
gasication performance is inuenced by the properties of the
feedstock and the process operating conditions. Gasication
holds signicant potential as a pivotal technology for gener-
ating low-carbon synthetic biofuels and advancing plastic
circularity.

The valorisation of plastic waste through gasication has
been explored using various gasication methods to produce
syngas with different compositions for various applications.
However, research on plastic gasication remains in its early
stages, with a limited number of studies conducted in this
area.378 When plastic is the feedstock then the drying stage has
minimal impact on the overall gasication process, as plastics
generally contain much less moisture compared to other types
of feedstocks. However, pyrolysis is a critical stage in the gasi-
cation of plastics, mainly due to the distinctive physical and
chemical characteristics of plastic materials. The pyrolysis stage
usually occurs at high heating rates, and involves a series of
complex endothermic reactions that produce volatile
compounds and char. Therefore, when the feedstock consists of
only plastic waste such as PE, PET, PS, PP, PVC, etc. then their
high volatile content can be almost entirely converted into
vapours withminimal residual char formation.378 Therefore, the
composition of volatiles during the gasication of plastics will
be determined by temperature and the degradation mecha-
nism, which typically involves cracking and random scission of
the plastics. For example, at high temperature, polyolens can
break down into light olens,379 whereas PET and PS can also
lead to the formation of monoaromatic and polyaromatic
species that could contribute to primary tars.111 These volatiles
and tars then undergo further reforming, gasication, and
oxidation reactions, ultimately leading to syngas production.
The overall gasication process of plastic waste consists of
several simultaneous chemical reactions, which are summar-
ised in Fig. 22.

Initially, during the heating phase, the solid polymeric
chains undergo a random scission and break down into
monomeric units. Then, a series of exothermic reactions occur
in an oxygen-limited environment, leading to partial or
complete oxidation reactions to achieve the temperatures
required for gasication. The addition of steam into the gasier
plays a pivotal role in H2 production through a sequence of
endothermic gasication and reforming reactions. The water–
gas shi (WGS) reaction, a key exothermic equilibrium process,
controls the H2/CO in the gasier but becomes less favoured at
high gasication temperatures. Consequently, the ratio of
gasifying agents governs the overall thermodynamics in the
gasier, balancing the preceding exothermic and endothermic
reactions. Moreover, though CO2 produced from oxidation
reactions is less reactive than steam, initially, it still acts as
a gasifying agent through dry reforming and Boudouard
reactions.

During gasication of plastics, the formation of tars and
their progress in the gasier are inuenced by the plastic
composition, in addition to operation conditions. Polystyrene
and polyethylene terephthalate are the only plastics that can
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 23 Gasification of plastic waste to produce syngas for conversion into lower-carbon and more circular products.
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produce primary aromatic tars during gasication. However,
gasication of polyolens may result in the formation of
secondary and tertiary aromatic tars due to polymerisation of
light olens, which serve as tar precursors.378 The most likely
mechanism for tar formation from these light olens is the
Hydrogen Abstraction–Acetylene Addition (HACA) mecha-
nism.380 The mechanism involves a cyclic sequence in which
a hydrogen atom is rst abstracted from an aromatic hydro-
carbon, forming a reactive radical site. Subsequently, an acety-
lene molecule (C2H2) adds to this radical centre, generating
a vinyl-type radical or an intermediate PAH (polycyclic aromatic
hydrocarbon) precursor. This is followed by internal rear-
rangement, ring closure, and dehydrogenation steps, which
facilitate the formation of additional aromatic rings. This
derives the growth of PAHs, leading to the formation of larger
and more complex aromatic structures typical of tar. Therefore,
the higher yield of tar during plastic gasication is directly
related to the increased formation of light olens compared to
biomass gasication.381 The nal application of syngas from
plastic waste gasication will determine the gasier type and
operational parameters. For syngas used in energy production
through engines and turbines, the tar content must be below
10 mg Nm−3, whereas for syngas used in synthesis processes,
the tar contents need to be even lower.382 Tar characteristics,
especially its dew point, are key factors contributing to opera-
tional challenges such as deposition in heat exchangers and
other equipment.383 Recent advancements in pre-conversion
technologies have signicantly expanded the potential of gasi-
cation. These innovations enable the conversion of low-value
feedstocks including mixed municipal unsorted plastic waste
into syngas which can substitute virgin hydrocarbons to
produce fuels, electricity, chemicals, and plastics (Fig. 23). Pre-
conversion processes such as plastic liquication can transform
unsorted plastic waste, unsuitable for other recycling methods,
into intermediate feedstocks suitable for gasication. This
approach, integrating plastic liquication and gasication, has
the potential to play an important role in assisting to close the
plastic circularity loop by producing high-value circular plastics,
© 2025 The Author(s). Published by the Royal Society of Chemistry
thereby addressing both economic and environmental objec-
tives (Fig. 23).

7.1 Effect of operating parameters

The composition of syngas produced during gasication is
affected by different process parameters, including the
composition of gasifying agent, temperature, pressure, reactor
type, and the characteristics of the gasifying process using
plastic waste as feedstock. The main challenge in plastic waste
gasication, irrespective of the gasifying agent, is effectively
managing tar content in the resulting syngas.384–387However, the
tar content is reduced if air, oxygen or CO2 is used as the gasi-
fying agent instead of steam. Lopez et al. conducted a review of
air gasication of plastic wastes, including PE, PP, and mixed
plastics, in uidised bed reactors at bench and pilot scales, and
concluded that the gasication process operating at 800–950 °C
produced syngas in the range of 2.5 to 6 m3 kg−1.378 The heating
value of syngas (3–12 MJ Nm−3) was found to depend largely on
the composition of plastic wastes, and the equivalence ratio
(0.2–0.35). The equivalence ratio refers to the ratio of air-to-fuel
in the gasier to the stochiometric air-to-fuel ratio needed for
total consumption. Tar can be eliminated by different
approaches, which are categorised as the primary method
(within the gasier) and secondary method (outside the
gasier). In the primary gasicationmethod, both dolomite and
olivine have been used as catalysts, with dolomite showing
better tar removal efficiency, whereas olivine exhibited superior
mechanical performance. For secondary methods, activated
carbon and Ni-loaded activated carbon have been tested as tar-
cracking agents, demonstrating good tar removal capabilities
and leading to higher H2 and CO concentrations.388,389 Conse-
quently, air gasication presents a promising alternative for
energy applications, particularly for electricity generation in
engines and turbines.

In contrast, plastic steam gasication produces a hydrogen
rich syngas, which is a feedstock for production of methanol
and dimethyl ether (DME). Moreover, the absence of nitrogen in
the process results in a syngas with heating value that can
exceed 1.5 MJ Nm−3, making it also suitable for energy
RSC Sustainability, 2025, 3, 3724–3840 | 3765
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applications. Temperature is the key factor in this process,
enabling the reforming and cracking of hydrocarbon tars,
which increases gas and hydrogen production. Despite the high
quality of syngas produced, the steam gasication of plastics
faces signicant challenges, including higher tar content in the
syngas and endothermic nature of the process, which compli-
cates large-scale implementation.390 Although many technolo-
gies deployed for laboratory scale investigations for gasication
of plastic waste were tested at standard atmospheric pressure,
this parameter is not as important as previous ones.391,392 High
pressure gasication produces syngas rich in methane and
hydrocarbon due to the methanation reaction. One of the main
advantages of working at elevated pressures at the industrial
scale is the direct utilisation of high-pressure syngas for follow-
up applications, such as power generations in gas turbines. In
general, plastic waste steam gasication remains underexplored
and less developed, and it is not yet as mature or well-
established as the air gasication approach.
7.2 Reactors for gasication

Various congurations are used for gasiers that include the
xed bed, uidised bed, spouted bed, entrained bed, and
plasma reactor. The advantages and shortcomings for both
xed and uidised bed gasiers have been reported in the
literature.389

7.2.1 Fixed bed reactor. Fixed bed reactors for plastic waste
gasication are used due to their simplicity in design and
operation, and low cost but major challenges are related to scale
up, poor heat transfer rate, operation in continuous mode etc.
The gasication of plastic waste393–396 or their co-processing with
biomass395 or coal397 has been hardly investigated in x bed
reactors. Ahmed et al. used a laboratory scale steam assisted
xed bed for co-gasication of mixed plastics.398 Guo et al.
investigated an air assisted gasication process for poly-
urethane using different catalysts in a xed bed.399 The uidised
bed ensured better sufficient contact between solids and gases,
mitigating tar formation. Furthermore, the use of bed material
improves heat transfer between the gas and solids, enabling the
processing of a wider variety of feedstocks and particle sizes.400

7.2.2 Moving bed reactor. These are of two types including
updra and downdra. The updra gasier has a simple
construction and has high thermal efficiency; the moisture
content, shape and size of waste particles are not critical.
However, the quality of the syngas is low, and tar is produced in
large quantity. The downdra technology is low cost and simple
with the added advantage of less tar formation. However, the
waste requires pre-treatment, and syngas contains high amount
of ash. The use of these reactors for plastic waste gasication is
very limited. Madadian et al. used a downdra reactor with a 10
kW output to investigate the co-gasication of plastic waste with
bre from biomass.401 Ponzio et al. used an updra reactor to
gasify a mixture of plastic, paper and wood with a high gas yield
of 3.4 Nm3 kg−1.402

7.2.3 Fluidised bed reactor. Fluidised bed gasiers have
higher efficiency than xed bed gasiers and can take a variety
of wastes. It can tolerate various particle sizes and uctuation in
3766 | RSC Sustainability, 2025, 3, 3724–3840
moisture content. The syngas produced has low tar content,
however, it generates highly corrosive ash. Fluidised beds used
in gasication are of two types, bubbling uidised and circu-
lating uidised beds. Although circulating uidised beds
provide high conversion with low tar yield, plastic waste gasi-
cation has predominantly been investigated in bubbling
reactors.403 These reactors offer various advantages, including
high operating temperature, improved mass transfer rate,
effective control on solid mixing, and excellent solid–gas
interaction. Fluidised bed reactors are considered ideal for large
scale operation due to the low operational cost.404 Many inves-
tigations have been conducted for pilot scale units.405–407

7.2.4 Spouted bed reactor. Spouted bed reactors have many
advantages over conventional uidised beds including suitable
solid–gas contact and suitable solid mixing with improved heat
and mass transfer rates.408 Furthermore, deuidisation prob-
lems are avoided due to their robust cyclic solid circulation, and
irregular particles and sticky materials are handled easily.
Spouted beds have been largely used for pyrolysis of various
solid wastes at the lab scale.409 Moreover, the technology has
been used at a scale of 25 kg h−1 for pyrolysis of biomass.410,411

7.2.5 Entrained bed reactor. The gasier operates with
pulverised solid particles. The gasifying agent and solid waste
are injected co-currently. The system produces almost tar free
syngas, however, it requires high energy and consumption of
primary air is high.

7.2.6 Plasma reactor. Plasma reactors for gasication of
plastics have the advantage of reaching high temperature thus
promoting the complete cracking of tar molecules and conse-
quently yield high syngas.412 In plasma gasication of plastics,
plasma powered by an electric arc reaches high temperatures
(up to 5000 °C) that initiates and facilities the gasication
reactions, converting feedstock to syngas with high efficiency.

7.2.7 Auger reactor. Auger reactor is a tubular reactor with
a screw conveyor. Heat transfer is carried out through the walls
of the pipe. This method is not suitable for large-scale appli-
cations. However, it can be used in small operations due to its
compactness and the possibility of high temperature control.
Also, this method does not require gas to work. Since auger
reactors necessarily require mechanical force to rotate the
screw, the quality of the fuel used is relatively high.413

7.2.8 Stirred tank reactor. This type of reactors is well
known for its high efficiency of mixing raw materials and
catalyst. The advantage of these reactors is high heat transfer
and distribution as well as temperature distribution control.
However, the cost of maintaining such reactors is higher and
requires more frequent maintenance. In addition, low conver-
sion is another disadvantage of this process.413
7.3 Commercial processes

The selection of a suitable process for a specic use depends on
various factors, including the scale, feedstock compositions,
moisture contents, type and quality of the required
product.103,391

The Waste Gas Technology UK Limited process is widely
used and involves drying andmechanical pre-treating of various
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00225g


Tutorial Review RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

1.
01

.2
02

6 
17

:2
0:

38
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
types of wastes such as plastics, municipal solid waste, rubbers,
and wood, followed by sorting out incombustibles and granu-
lation. The gasication is carried out in a cylindrical reactor at
700–900 °C and produces a high heating value gas. Another
well-known commercial technology is the Texaco gasication
process, which was tested on a large scale with mixed plastic
waste at a pilot plant (10 tonnes per day) in California, USA. This
process includes a liquication stage and an entrained bed
gasication stage. During the liquefaction stage, plastic waste
undergoes mild thermal cracking, breaking down into synthetic
oil and a mixture of condensable and non-condensable gases.
The non-condensable gases are typically recycled as fuel to
sustain the liquefaction process, whereas synthetic oil and
condensed gases are fed into an entrained gasier. In the
gasication stage, oxygen and steam are introduced at
temperatures ranging between 1200 °C and 1500 °C. Aer
several cleaning steps, clean, and dry syngas is produced,
primarily consisting of CO and H2, with small amount of CO2,
CH4, water vapours, and trace inert gases. Ebara has developed
various gasication technologies to process wastes including
plastic waste, such as an internally circulating uidised-bed
gasication system (ICFG), and pressurised twin internally
circulating uidised-bed gasication (PTIFG).414 The PTIFG
process can gasify plastic waste into syngas, with the ash
recovered as molten slag, which can be reused in cement
industry and other applications. An example of large-scale
plastic waste gasication is Showa Denko K. K. (SDK), which
employs a pressurised two-stage gasication furnace. This
system processes 195 tons per day of hydrogen gas from non-
recyclable plastic waste.

Plasma gasication, a more recent technology compared to
other gasication methods, is particularly suitable for processing
municipal solid waste and non-recycled plastics (NRP).415 In this
technology, a plasma arc powered by electricity generates
extremely high temperatures to initiate and enhance gasication
reactions. Within the plasma gasier, feedstocks are broken down
into their fundamental elements, allowing even hazardous wastes
to be transformed into valuable syngas.392 As a result, plasma
gasication is considered an environmentally friendly technology.

A key advantage of gasication is its exibility to valorise
mixtures of different plastic waste types along with other feed-
stocks, including biomass or municipal solid waste. The
differences observed in the co-gasication of mixed feedstocks
is limited to gas composition in the resulting product and the
yield of by-products, making the process adaptable. This exi-
bility, combined with the well-established coal gasication
technologies, has driven research into plastic co-gasication,
with plastic content reaching up to 55% in combination with
coal and biomass. Germany has developed various gasication
technologies for waste gasication such as British Gas-Lurgi
(BGL) xed-bed gasication, GSP entrained-ow gasication,
etc.416 The BGL gasier operates at 2.5 MPa, with a feed capacity
of 27–32 tonnes per hour.

Currently, waste plastics are primarily gasied within
municipal solid waste (MSW) stream by companies like Ener-
kem. However, there appear to be few developers focusing on
the gasication of isolated plastics. In 2018, Tsiamis and
© 2025 The Author(s). Published by the Royal Society of Chemistry
Castaldi investigated the effects of incorporating increasing
percentages (up to 50%) of non-recycled plastics into a biomass
feedstock at a gasication pilot plant for ethanol production.417

They concluded that increasing the plastic contents in the
feedstock signicantly enhanced the gasication process,
leading to 42% increase in methanol production, and 28%
improvement in thermal efficiency. Moreover, by increasing the
energy input by 2%, the generation of syngas increased by
nearly 80%.

Gasication is a mature technology with 686 gasication
plants globally operating in 272 large facilities.418 Their syngas
production capacity is about 200 GW. In most gasication
plants, coal is the primary feedstock, followed by petroleum
heavy residues. These feedstocks provide a platform to produce
chemicals such as NH3, MeOH, DME, liquid fuels, and gaseous
fuels including hydrogen and synthetic natural gas. Current
trends in the gasication market show a shi towards larger-
scale projects, primarily located in Asia and the Middle East.
However, there is also growing interest in smaller, modular
gasiers, which offer exibility in feedstock and can process
materials like biomass, municipal solid waste, non-recycled
plastics, and used tires. To date, the application of gasica-
tion technology for waste conversion has primary been limited
to directly utilising syngas for fuelling a boiler or methanol
production.378 However, there has been growing attention from
the scientic community and the chemical industry on waste
gasication, including non-recycled plastics (NRP).378 The
gasication of NRP aligns with the principles of sustainability
and circular economy, especially when the syngas is used to
produce chemicals that can be transformed into second-life
products.417 Plasma gasication has also gained traction, with
commercial scale plants operating in countries like Japan,
Canada, UK and India. Many plasma conversion plants are
being developed worldwide by companies including Geo-
Plasma, Plasco Energy Group, and StarTech, particularly in
regions where landll disposal costs are high and the renewable
electricity generated from gasication facilities has a high
value.

Gasication has been recognised as a sustainable technology
that can convert plastic waste into syngas for various applica-
tions, including steel production. In Europe, plastic waste is
currently used as a reducing agent in blast furnaces replacing
coke, coal or natural gas to produce syngas. Voestalpine in
Austria operates the world's largest plant to inject plastic waste
into blast furnaces, utilising 220 000 tonnes of plastic waste
annually since 2007, signicantly reducing the need for heavy
oil input.419 However, there are still challenges that need to be
addressed when processing plastic waste in the gasier. These
include heterogeneity of the feedstock, difficulties in feeding
highly viscous melted plastics that can cause operational issues,
and the formation of corrosive compounds such as HF, HCl,
and HBr when processing plastics such as PTFE, PVC, ABS, etc.

8. Chemical depolymerisation

The engineered plastics show outstanding thermal and
mechanical properties. The global market value of these
RSC Sustainability, 2025, 3, 3724–3840 | 3767
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polymer materials reached US$ 121.9 billion in 2023, and their
demand is projected to increase from 10.26 million metric
tonnes in 2020 to 15.26 million metric tonnes by 2026, with
a compound annual growth rate (CAGR) of 7.03%.420 Poly-
carbonate (PC) and polyethylene terephthalate (PET) are the two
mostly used engineering plastic globally. Polycarbonate mate-
rials are usually not recycled by established mechanical recy-
cling procedures mainly due to post-use material processing
complexities. Consequently, PC waste usually ends up in land-
lls aer use.421 In the case of PET, mechanical recycling
methodologies have been implemented, however polymer
chains suffer from breakdowns due to residual moisture and
contaminants present in the waste during melt processing. As
Scheme 1 Routes for chemical recycling (A–E) of different plastics and

3768 | RSC Sustainability, 2025, 3, 3724–3840
a result, polymer molecular weight signicantly reduces and
accordingly strength and melt viscosity are reduced.422 There-
fore, overall utilisation and common applications of these
methodologies are not large, and much of the used PET mate-
rial eventually ends up in landlls contributing several billion
pounds of polymer waste annually.

Chemical depolymerisation, also referred to as chemolysis,
converts plastic wastes either into initial monomers that can be
repolymerised to make original high quality polymers, or new
building block molecules with potential use for producing
chemicals or other polymer materials.423 The major challenge
facing chemolysis is the diverse range of chemical structures
corresponding to plastic waste streams, each requiring different
their possible products.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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treatment methods, making it a technically complex process,
particularly when the plastic wastes are mixed. On the other
hand, plastics usually contain additives or plasticisers, further
complicating their recyclability. Therefore, there is no single
solution for the degradation of all plastic types, eventually
specic strategies are required to recycle each polymer family or
plastic waste stream. Instead, specic strategies must be
developed to recycle each polymer family or plastic waste
stream. Chemolysis is typically a preferred method to recycle
condensation polymers such as PET, PLA, nylon, and PC, with
the exception of PU, which is an addition polymer.423–425 In
contrast to hydroconversion of polymers, solvolysis process
utilises a solvent phase to depolymerise condensation polymers
such as amides, carbonates, polyesters, etc. Various solvents
such as amines, ethanol, glycol, methanol, and water have been
employed to depolymerise post-consumer plastics. Scheme 1
shows the typical methods for solvolysis of PET. Glycolysis and
hydrolysis, aer pyrolysis and hydrocracking, are the third most
applicable recycling routes, which focus on oxygen-containing
plastics such as PET and PUR feedstocks.

Polyesters are the most easily chemically processed type of
polymers since the ester bonds of the polymer chains of these
substances easily react with various nucleophilic reagents. As
a result of such reactions, a high yield of useful products is
obtained. Theoretically, all polyesters can undergo such a recy-
cling process. However, in practice this is implemented only
with PET. This is due to the simplicity of its collection and the
large number of used bottles, bres and photographic lms
made of PET. Also, chemical processing allows the removal of
any pollutants from PET, even if they are attached to its polymer
chain. The demand for secondary PET is also the most well-
established compared to other large-volume polymers.
8.1 Glycolysis

Glycolysis is mostly carried out using heterogeneous solid
catalysts, which typically comprise metal oxides and supported
metal nanoparticles, designed to overcome the challenges of
Scheme 2 Mechanism of transesterification via diol insertion promoted

© 2025 The Author(s). Published by the Royal Society of Chemistry
catalyst recovery commonly encountered with homogeneous
catalysts. Glycolysis is predominantly applied to PET due to the
economically appealing market of recycled PET. However, PET's
accessibility to catalytic sites can be hindered if the conditions
do not permit its proper uidication. Most research in this
area has concentrated on breaking down PET into the bis(2-
hydroxyethyl) terephthalate (BHET) monomer, which can be
utilised to produce new PET (Scheme 1). PET glycolysis consists
of PET transesterication with ethylene glycol at high temper-
ature (180–240 °C), which results in its depolymerisation to
produce BHET. The glycolysis reaction proceeds slowly in the
absence of a catalyst and it requires 32 kcal mol−1 activation
energy, which is almost double that of the catalysed glycolysis
reaction.426 An exception occurs when the process is performed
at high temperature and under pressure, where PET exhibits
resistance to glycolytic decomposition. The process of PET
degradation by glycolysis involves three stages that lead to
oligomers, then dimers, and nally monomers. During the
reaction, glycol penetrates the polymer, causing it to swell and
increase the diffusion rate. This swelling facilitates the glycol's
attack on ester bonds in the polymer chain, breaking down PET
into smaller fragments.424 Higher EG/PET ratios ($5 : 1) favour
the monomer formation (BHET), whereas low EG/PET ratios
(<4 : 1) favour higher molecular weight products such as oligo-
mers (dimer and trimer).424 In glycolytic depolymerisation, the
macromolecules of the polymer are degraded by glycols (poly-
alcohols), in the presence of transesterication catalysts.427–429

Baliga and Wong concluded that in the process of glycolysis,
ethylene glycol (EG) acts both as a reagent and as a catalyst.430

Depolymerisation of PET occurs through a transesterication
reaction between its ester and alcohol. The catalyst is essential
in this process, as it enhances the electrophilicity of carbonyl,
facilitating the nucleophilic attack from the diol (Scheme 2).
The glycolysis reaction is specically suited for polymers that
contain heteroatoms in their backbone.

Various investigations have been directed to understand the
degradation process of PET into BHET (Scheme 2). Kinetic
studies reveal that the reaction exhibits 1st order kinetics with
by cationic centres.

RSC Sustainability, 2025, 3, 3724–3840 | 3769
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respect to PET and 2nd order concerning EG.424 But, this model
doesn't account for the commonly observed induction period,
which is thought to result from chain scission-induced recrys-
tallisation and the subsequent reorganisation of polymer
chains during nucleation and growth phases.431 Esquer et al.
suggested a pathway where the depolymerisation rate decreases
as the reaction progresses.432 In this mechanism, the interaction
between the metal and carbonyl at the ester site enhances
nucleophilic attack by EG on the carbonyl group, leading to the
breakdown of polymers into oligomers (Scheme 2). These olig-
omers continue to react similarly to form dimers, eventually
reaching an equilibrium with the BHET monomer (Scheme 2).

8.1.1 Homogeneous catalysts. Organocatalysts are widely
considered a more sustainable alternative to traditional metal-
based catalysts, offering improved alignment with the Twelve
Principles of Green Chemistry due to their lower toxicity,
enhanced biodegradability, and reduced environmental
impact.433 Fukushima et al. studied the glycolysis of PET waste
using excess ethylene glycol and a strong guanidine-based
catalyst, 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD).434 Reactions
to produce PET are in equilibrium with low equilibrium
constants, so it is easy to shi the equilibrium in the direction
of monomer formation due to the interaction of PET with excess
water, methanol or glycols. The major product was BHET
monomer aer conducting the glycolysis process at 190 °C for
3.5 h. Impurities including the linear dimer of the product,
diethylene glycol, and other terephthalic esters are oen
present during glycolysis because PET bottles usually contain
some additives such as isophthalic and cyclohexane dimethanol
to improve moldability. These impurities could be removed by
recrystallisation to yield 78% of pure BHET. TBD catalyst was
found to have comparable catalytic efficiency to other metal
acetate catalysts. Furthermore, coloured PET bottles could also
be chemically recycled by this methodology, however the rate of
glycolysis is slower due to acidic components present in many
pigments inhibiting the catalysis. Density Functional Theory
(DFT) studies revealed that PET was activated by both ethylene
glycol and TBD via H-bonding that facilitated the reaction. The
surplus catalyst and ethylene glycol could be recycled 5 times.
Fukushima et al. also explored other nitrogen-based organic
catalysts for depolymerisation of PET.435 The basicity of the
catalyst strongly inuenced its activity, with 1,8-diazabicyclo
[5.4.0]undec-7-ene (DBU) demonstrating exceptionally higher
activity compared to other stronger bases, such as the organic
catalyst phosphazene base (P2-t-Bu) and TBD, in the glycolysis
process using both EG and 1,3-propanediol.435 Hedrick et al.
later evaluated the glycolysis of PET using the N-heterocyclic
carbene (NHC) catalyst in anhydrous tetrahydrofuran under
mild conditions. The product (BHET) was obtained in good
yield in a shorter time of 1 h.428 Wang et al. investigated the use
of cyanamide as an organocatalyst for PET glycolysis, achieving
complete depolymerisation under optimised conditions with
BHET yields being nearly 100%.436 Remarkably, high yields were
maintained even at relatively low reaction temperatures, such as
150 °C. The practical applicability of this method was demon-
strated across various real-world PET waste sources, including
transparent and opaque PET, as well as polyester foam. The
3770 | RSC Sustainability, 2025, 3, 3724–3840
resulting BHET products exhibited high purity and quality.
Recently, Olazabal et al. demonstrated a low-temperature
organocatalytic glycolysis process for PET using TBD as a cata-
lyst.437 Residual water in the reaction medium was found to
deactivate TBD by promoting TPA formation. To address this,
potassium tert-butoxide (tBuOK) was added to neutralize TPA,
preserving catalyst activity. This approach improved BHET
yields up to 92%, including from real PET waste. Other catalysts
such as NaHCO3, Na2CO3, K2SO4, and Na2SO4 have also been
used for glycolysis under mild conditions to obtain BHET in
61% yield.429 However, the presence of metal residues in PET
glycolysis products when using these traditional metal salt
catalysts remains a major concern.438 The metal impurities by
these depolymerisation catalysts can reach 7–10% higher than
the maximum acceptable limit of 3 mg L−1. Hence, the prop-
erties of the downstream PET product are deteriorated due to
metal impurities that limit its industrial applications.

Homogeneous catalysts such as ionic liquids and metal
acetates that include acetates of Zn, Pb, Mg, and Co, demon-
strate high efficiency in the process of PET glycolysis. However,
these catalysts have few disadvantages, including slow reaction
rates and the difficulty of catalyst separation as most catalysts
dissolve in ethylene glycol. This requires additional processing
in a chemical reaction. Furthermore, zinc salts do not accelerate
glycolysis reaction at temperatures beyond 245 °C and cannot
be recycled or reused. Additionally, zinc salts can cause side
reactions that reduce the purity of products, limiting their
practical application.439

Stable and highly active organometallic catalysts including
sodium/potassium sulphate, titanium phosphate, zinc or lead
acetates have been widely used for depolymerisation processes.
Esquer et al. investigated the depolymerisation of polyurethane
(PU) and PET using phosphine/phosphite ligands and
[Ni(COD)2] as the catalytic precursor (Fig. 24).432 Their results
showed that PET degradation improved signicantly when
bidentate phosphine ligands were used with [Ni(COD)2] and
CoCl2. Wang et al. carried out a series of experiments using the
sodium titanium tris(glycolate) catalyst, which showed signi-
cantly higher efficiency compared to traditional catalysts such
as sodium carbonate, tetrabutyl titanate and zinc acetate, due to
the simultaneous action of two catalytic mechanisms.440 At
a temperature of 190 °C, the yield of BHET was 76.5%, better
than using the zinc acetate catalyst which gave a yield of 69.3%,
under the same conditions. In addition, the sodium titanium
tris(glycolate) allowed the process to be carried out at signi-
cantly lower concentrations of the catalyst without loss of
efficiency.

Excellent results on PET glycolysis were achieved using
transition-metal-substituted polyoxometallates (POM) as cata-
lysts. Five catalysts, K6SiW11MO39(H2O) (M = Zn, Mn, Co, Cu,
Ni), were successfully employed for PET glycolysis under
moderate conditions.441 The catalytic performance followed the
order SiW11Ni < SiW11Cu < SiW11Co < SiW11Mn < SiW11Zn.
Among these, SiW11Zn showed the highest catalytic perfor-
mance, achieving 100% PET conversion and 84% BHET yield
with a catalyst/PET molar ratio of 0.13% and PET/EG weight
ratio of 1 : 4. In a parallel study, Fang et al. synthesised a Finke-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 24 Degradation of PU by transesterification. (a) Flexible foam, (b)
rigid foam, (c) reactions involved in PU degradation. Reprinted with
permission from ref. 432. Copyright 2019, Elsevier.
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type POM catalyst, K10[M4(H2O)2(PW9O34)2]-H2O incorporating
different metals. The Zn-substituted POM catalyst, K10[Zn4(H2-
O)2(PW9O34)2]-H2O, demonstrated outstanding catalytic activity
at 240 °C, achieving a 92.8% yield of BHET in 8 minutes.442

Wang et al. used a pseudo-homogeneous system based on
a carbon nitride colloid for PET glycolysis.443 This catalyst ach-
ieved complete conversion of PET with 80.3% BHET yield,
reducing the reaction time by 2–8 times compared to traditional
metal-based catalysts.

Glycolysis is among the most widely investigated processes
for recycling polyurethane (PUR) and involves heating PUR
waste with glycols in the presence of catalysts for facilitating
transesterication reactions. Various catalysts such as NaOH,
KOH, CH3COONa, CH3COOK, Zn(CH3COO)2, metal octoates,
amines, etc. have been reported for PUR glycolysis.444–447 The
process is typically performed at temperatures of 160–250 °C
and ambient pressure for 2–10 hours, leading to polyol forma-
tion in 70–95% yield. However, process parameters need to be
optimised carefully due to the diverse chemical structures in
polyurethanes and the presence of composite materials in PUR-
based products.444 Diethylene glycol (DEG) is the most widely
used agent for cleaving PUR, although glycerol has recently
emerged as a more favourable alternative.448 The efficient
degradation of PUR foams by glycolysis is more challenging due
to their low density and specic chemical properties, oen
requiring high catalyst loadings and large reactor volumes,
reducing their economic demand. However, when a dual phase
glycolysis method was applied using DEG and stannous octoate
as the catalyst at 189 °C, over 80% polyol was recovered from
exible PUR foam in 50 minutes.446 Recently, Esquer and Garćıa
used metal chlorides for depolymerisation of exible foams
with EG and achieved outstanding performance.432 Among the
metal chloride tested, the highest yield was achieved with FeCl3
© 2025 The Author(s). Published by the Royal Society of Chemistry
followed by CoCl2. The proposed mechanism, shown in Fig. 24,
involves PUR degradation (k1) and subsequent release of polyols
(k2). For rigid foams, the degradation rate (k1) is higher than the
polyol release rate (k2) due to their highly cross-linked molec-
ular structure, whereas for exible foams k2 > k1, resulting in
a higher yield of polyols (>80%).

Poly(bisphenol A carbonate) (BPA-PC) is a widely utilised
thermoplastic experiencing rapid market growth, hence the
need for effective end-of-life management strategies becomes
more critical. In addition to pyrolytic methods, chemical recy-
cling approaches that cleave the carbonate bond via alcoholysis,
aminolysis, and hydrolysis not only offer a viable route for
regenerating bisphenol A (BPA), enabling its reuse in the
production of virgin polycarbonate (BPA-PC), but also facilitate
the synthesis of value-added chemicals, enhancing the
sustainability of PC recycling. Quaranta et al. studied the
glycolysis of PC using DBU catalyst, which effectively and
selectively depolymerised PC with 1,2-propanediol or glycerol,
yielding BPA and the analogous cyclic carbonates.449 The reac-
tions were performed under solventless conditions and in THF,
which enhanced polymer dissolution. Glycolysis of PC with 1,2-
propanediol in THF resulted in BPA and cyclic carbonate in 95%
and 94% yields, respectively. The catalyst was effectively
regenerated in the form of a BPA/DBU adduct, enabling reuse
with sustained efficiency. Dove et al. demonstrated a selective
and efficient chemical depolymerisation of PC, PLA, and PET
using cost-effective metal salt/organobase dual catalysts.450 By
optimising catalyst selection and reaction parameters, selective
and sequential depolymerisation of polymer mixtures was
achieved. At 180 °C, DMAP exhibited superior catalytic activity
for PET glycolysis, achieving 94% conversion to BHET, while
imidazole reached only 17%. PLA was fully depolymerised to 2-
hydroxyethyl lactate in 2 hours at 120 °C using DMAP. For PC
glycolysis at 180 °C, imidazole outperformed DMAP, yielding
a higher depolymerisation conversion (96% vs. 89%) and
a greater BPA-to-BPA-SP ratio (66% vs. 47%). PLA was found to
completely depolymerise at 150 °C and 180 °C when both Lewis
acids and bases were used. For PET, dual-catalyst systems
incorporating DMAP showed greater activity than imidazole-
based systems. The study identied three optimal reaction
systems for a selective, sequential depolymerisation process: (a)
MgCl2 at 150 °C for PLA depolymerisation, (b) MgCl2/imidazole
at 150 °C for PC, and (c) Zn(OAc)2/DMAP at 180 °C for complete
PET depolymerisation.

Olazabal et al. developed a novel low-temperature depoly-
merisation method for BPA- PC, achieving efficient conversion
into trimethylene carbonate (TMC).451 The process relies on
a solvent that enhances catalyst–polymer interaction and
favours TMC cyclisation over polymerisation into poly(tri-
methylene carbonate) (PTMC). Using imidazole and 1-methyl-
imidazole as the catalyst and solvent, respectively, BPA-PC was
completely depolymerised at 50 °C in 3 hours, yielding 81%
TMC. As sustainable TMC synthesis remains inefficient due to
its tendency to ring opening, this approach offers a promising
alternative. The method was also extended to other nucleo-
philes, showcasing its potential for producing carbonyl-
containing cyclic molecules from plastic waste.
RSC Sustainability, 2025, 3, 3724–3840 | 3771
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8.1.2 Ionic liquids. Ionic liquids are green solvents and
consist of ions with melting point <100 °C. The ionic liquid
catalysts are of three types that include acidic, basic, and
neutral ionic liquids. Ionic liquids were rst used for the
depolymerisation of PET in 2009 and involved imidazolium-
based ionic liquids.452 Wang et al. investigated the use of 1-
butyl-3-methylimidazolium ([Bmim]) with various anions as
solvents for glycolysis of PET.452 While certain ionic liquids such
as ([Bmin][Br]) and [Bmin][Cl] were capable of solubilising the
polymer material, additional catalysts such as Zn(OAc)2 or solid
super acid were necessary to complete the depolymerisation.
This research led to numerous studies to explore further cata-
lytic systems such as 1-allyl-3-methylimidazolium zinc chloride
([amim]ZnCl3)453 and 1-butyl-3-methylimidazolium acetate
([Bmim]Ac).454 These catalytic systems achieved up to 60%
BHET yields in 5–10 hours duration at 170–200 °C. Al-Sabagh
et al. used [Bmim][Ac] for complete degradation of PET
without adding any other catalyst, and achieved BHET mono-
mer in 58% yield at 190 °C aer 3 hours.454 The ndings indicate
that basic imidazolium ionic liquids are highly effective in
driving the depolymerisation of PET. The ease of recycling and
their separation from the product provides a promising
approach to investigate ionic liquids for depolymerisation of
plastic wastes. In a different approach to enhancing PET
depolymerisation, Nunes et al. used neutral [Bmim][BF4] ionic
liquid along with supercritical ethanol at 255 °C and obtained
diethyl terephthalate (DET) monomer in 98% yield from the
ethanolysis of PET in 45 min.455

In addition to ionic liquids, metal chlorides and protic ionic
salts also show exceptional catalytic activity. In particular, 1,5-
diazabicyclo[4,3,0]non-5-ene (DBN), DBU, and TBD successfully
degraded PET entirely at 190 °C within 10 min.435 Interestingly,
a combination of TBD andmethanesulfonic acid (MSA) in equal
molar amounts achieved complete depolymerisation of PET in
2 h, producing BHET in 91% yield.456 Yue et al. used [Bmim]
ZnCl3 ionic liquid for glycolysis of PET and achieved complete
conversion with 84% selectivity for BHET using 0.16 wt% cata-
lyst loading.457

Deep eutectic solvents (DESs) have garnered signicant
interest due to various advantages such as low toxicity, cost-
effectiveness, simple preparation, and their comparable
features to ionic liquids. These solvents have been successfully
demonstrated for chemolysis of PET. Wang and co-workers
used a DES system comprising [n(urea)/n(ZnCl2)] for glycolysis
of PET at 170 °C and atmospheric pressure, and achieved 100%
PET conversion with 83% BHET selectivity in 30 minutes.458

Similarly, Liu et al. utilised a 1,3-dimethylurea based deep
eutectic solvent with 5 wt% Zn(OAc)2 in PET glycolysis and
converted 100% of PET in 20 min at 190 °C with 82% selectivity
for BHET.459 The high selectivity was attributed to the synergy
between 1,3-dimethyl urea and Zn(OAc)2, demonstrating the
potential of DESs for efficient PET recycling. In another study,
Wang et al. have used 1,3-dimethylimidazolium-2-carboxylate
and achieved complete depolymerisation in less than 1 hour
at 180 °C, with a BHET yield of up to 60%.460
3772 | RSC Sustainability, 2025, 3, 3724–3840
Metals containing ionic liquids have emerged as highly
effective and environmentally friendly catalysts. These ionic
liquids offer a great advantage of not emitting toxic materials
into the environment, and have been used as catalysts for
depolymerisation of various plastic wastes such as polyesters,
PET, polycarbonates, nylon, etc.456,461,462 However, while acidic
ionic liquids tend to degrade at temperatures above 180 °C,
basic ionic liquids, despite their complex and costly synthesis,
effectively accelerate the glycolysis depolymerisation of PET.424

Liu et al. carried out alcoholysis of waste PLA to produce lactate
esters and achieved methyl lactate in 91% yield using a DBU
based ionic liquid.463 They also investigated polyester depoly-
merisation, catalysed by imidazole-anion-derived ionic liquids
([HDBU][Im] ILs), via alcoholysis to recover the corresponding
monomers.464 The authors investigated the detailed catalytic
behaviour and catalyst recyclability for alcoholysis of polyester
under mild conditions and compared the activity with the re-
ported catalysts, the results highlighted the superior efficiency
of [HDBU][Im] for polyester alcoholysis.

Al-Sabagh et al. conducted glycolysis of waste PET using
bentonite impregnated with [Bmim-Fe] [(OAc)3], achieving
100% conversion and 44% BHET yield.465 Wang et al. recently
synthesised composites of DES@ZIF-8, where different metal
salts and acetamide were used to synthesise DES, and investi-
gated their catalytic efficiency for glycolysis of PET.466 Under
optimised conditions, PET was converted completely into BHET
with 83.2% yield at 195 °C for 25 min. Thus, ionic liquids could
be a reasonable choice of catalysts for depolymerisation reac-
tions under mild and benign conditions. From a practical
perspective, despite increased research using ionic liquids for
recycling of polymeric waste, industrial scale adaptation
remains rare. This is mainly due to the high costs of processes
such as dry conditions, inert atmosphere, and expensive
reagents. Wang et al. used CoFe2O4 modied with ionic liquids
for glycolysis of PET, resulting in 100% conversion with 95.8%
BHET yield.467 Wang et al. evaluated the synergistic effect of
protic ionic liquids for glycolysis at 180 °C using a PIL-Zn(OAc)2
composite catalyst, and achieved complete conversion of PET in
20 min, furnishing BHET in 91.25% yield, which was signi-
cantly higher compared to that of either ionic liquids or metal
salts alone,468 as ionic liquids remove a hydrogen atom from
ethylene glycol's hydroxyl group, increasing its nucleophilicity.
Simultaneously, Zn2+ ions interact with the carbonyl of the ester
group in PET, enhancing the electrophilicity of the C]O
bond.469 The presence of Zn+2 can improve the nucleophilicity of
ethylene glycol on the carbonyl group in the PET polyester. This
highlights the potential of combining ionic liquids and metal
salts for more efficient and high yield depolymerisation
processes.

Microwave heating has also been investigated for the
glycolysis of PET using different catalysts with some advantages
over conventional heating. Generally, it has been observed that
catalytic reaction rates are enhanced with simultaneous
decrease in activation energy.470 Recently, Sirohi et al. evaluated
the alcoholysis of PET waste using ZnCl2 as the catalyst and 1-
decanol as the alcohol.471 The resulting oligomers were then
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 25 PET glycolysis with SBA-15 supported with different metal oxide catalysts (left). PET conversion with different ZnO loadings (right).
Adapted with permission from ref. 483. Copyright 2022, Elsevier.
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used as the plasticiser in polynitrile and nitrile/PVC rubber
blends.

8.1.3 Heterogeneous catalysts. Various oxides, spinels and
hydrotalcites have been used for PET decomposition reactions.
Imran et al. explored glycolysis of PET bottles using ZnO
(hexagonal), mixed spinels (ZnMn2O4, CoMn2O4, and ZnCo2O4),
and metal oxide spinels including Co3O4 and Mn3O4 (Fig. 26).472

The spinel ZnCo2O4 catalyst showed the highest activity for
decomposing PET into BHET (Fig. 26). The reaction was con-
ducted at 260 °C and 5.0 bar pressure, producing BHET with
92.2 mol% yield. The high conversion rate can be attributed to
the catalyst's larger surface area compared to other samples
tested and the high concentration of acidic sites. Fuentes et al.
used Co3O4 and ZnO, recovered from spent alkaline and
lithium-ion batteries, for PET depolymerisation.473 The recycled
ZnO (RZnO) catalyst gave a high BHET yield of 50% within 2 h at
196 °C. The authors also investigated the effect of a mixed oxide
(Co/RZnO) and obtained 80% BHET yield under similar condi-
tions. The highest catalytic activity of the mixed oxide was
attributed to the combination of weak and strong acidic sites,
coupled with the synergic effect between acidic sites of ZnO and
Co3O4.
Fig. 26 Sluggish kinetics of BHET formation from PET glycolysis.
Adapted with permission from ref. 472. Copyright 2013, Elsevier.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Kim and co-workers used superparamagnetic g-Fe2O3

nanoparticles for PET depolymerisation, achieving 90% BHET
yield in 1 h at 300 °C.474 Moreover, the catalyst was recycled 10
times without signicantly affecting the BHET yield. Addition-
ally, two dimensional layered iron nanosheets have recently
been introduced for PET glycolysis.475 The ultrathin FeIII and
FeII/FeIII layered double hydroxide (LDH) nanosheets have
a hexagonal structure, and completely converted PET with 100%
BHET yield in 30 minutes at 200 °C. The FeIII nanosheet catalyst
showed excellent recyclability and gave 96.7% BHET yield aer
5 cycles. Al-Sabagh et al. developed a sustainable Fe3O4-boosted
multiwalled carbon nanotube (MWCNT) catalyst for PET
glycolysis and obtained 100% BHET yield in 2 hours at 190 °C.476

The outstanding performance was attributed to the synergistic
effects by magnetite and MWCNTs. In another study, Lima et al.
used titanate nanotubes (TNTs) for glycolysis of virgin PET and
obtained 84% BHET yield in 2 h, which is slightly better
compared to the commercial Zn(OAc)2 catalyst.477

Graphene oxide has been used as a support to prepare
nanocatalyst materials for PET glycolysis. Park et al. prepared
a graphene oxide–manganese oxide (GO–Mn3O4) nano-
composite and obtained 96.7% BHET yield using this catalyst at
300 °C.478 To reduce the temperature requirement and optimise
BHET yield, Jin et al. incorporated MnO2 on holey graphene
oxide (HGO) nanosheets via the oxidative etching method.479

This catalyst completely converted PET to BHET in 100% yield
in 10 min at 200 °C. The presence of abundant active sites,
resulting from the interaction of the large surface area of GO
with MnO2, was claimed to enhance the overall catalyst activity.
Hexagonal boron nitride (h-BN) has also been used as a support
for glycolysis of PET. Kim et al. synthesised metal nanoparticles
deposited hexagonal boron nitride (hBN) nanohybrid catalysts
for PET glycolysis.480 Metal nanoparticles containing Pd, Pt, Ag,
and RuO2 were investigated and it was found that Pd/hBN cat-
alysed glycolysis achieved 98.4% PET conversion in 30 min at
100 °C, and produced BHET in 92.1% yield. The glycolysis of
PET has also been investigated using various other transition
metals. For example, the use of Fe2O3 nanoparticles encapsu-
lated in the hexagonal boron nitride nanosheets (h-BNNS)
achieved BHET in 100% yield aer 5 hours at 200 °C.481 This
exceptional activity was attributed to the unique polarity of
RSC Sustainability, 2025, 3, 3724–3840 | 3773
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boron nitride bonds and hexagonal nanostructures, which
enhanced the catalyst efficiency.

Fehér et al. tested various organocatalysts, silica gel func-
tionalised with organic bases including trialkylguanidine (Si-
GUA), dialkylthiourea (Si-THU), trialkylamine (Si-TEA), and tri-
azabicyclodecene (Si-TBD) for glycolysis of PET.482 Trialkyl-
amine functionalised silica exhibited the highest thermal
stability and decent catalytic activity, whereas tri-
azabicyclodecene functionalised silica furnished the highest
activity. Similarly, both trialkylamine and triazabicyclodecene
functionalised silicas produced high cumulative yields of 89%
and 88%, respectively.482 One of the latest advancements in
catalytic PET glycolysis involves the use of zeolite as the support
material.483 Doping the zeolite support with an optimal amount
of ZnO enhances its activity compared to other SBA-15 sup-
ported metal oxide catalysts (Fig. 25). SBA-15 offers high acid
strength, high surface area, and signicant pore volume, which
facilitates the dispersion of the active catalyst component and
the adsorption of reactants. Increasing the zinc content from
1% to 5% increased PET conversion as well as the yield of BHET,
however, catalyst efficiency started to decline aer further
increase in zinc concentration (Fig. 25). Consequently, the 5%
ZnO/SBA-15 catalyst efficiently facilitated PET glycolysis,
achieving a BHET yield of 91% at 197 °C. The catalyst exhibited
good stability and recyclability for PET degradation. Notably,
this catalytic method produced colourless BHET, which is more
valuable for industrial applications. Additionally, bimetallic
zeolites present an emerging alternative f or catalytic PET
glycolysis.

Metal oxides are the most investigated catalysts due to their
Lewis acid cationic sites, tuneable properties, and wider avail-
ability, making them highly effective in depolymerisation
reactions. The catalytic sites in mixed metal oxides (MMOs)
could be increased by modications in the electronic structure
of active metals, which increases the interaction between the
catalyst and substrate, hence the rate of the reaction
increases.484 Moreover, their acid–base properties can be
modied by changing the molar ratio of individual metal
precursors.485 BHET is the most widely reported product of PET
glycolysis using metal oxides as catalysts. Layered double
hydroxide (LDH) catalysts have been used for PET glycolysis due
to their cost effectiveness and benign synthesis.486 Chen and co-
workers pioneered the use of Mg–Al mixed oxides, synthesised
from hydrotalcite calcination, for PET glycolysis.487 These oxides
showed higher catalytic activity. In particular, the mixed oxide
with an Mg/Al molar ratio of 3, calcined at 500 °C, exhibited the
highest activity for PET glycolysis, affording BHET in 81.3%
yield. The high catalyst performance was due to the moderate
basic sites of the catalyst. Guo et al. synthesised nanosized Mg–
Al double oxides sintered on Fe3O4 microparticles, offering
a cheap and sustainable catalyst for PET glycolysis.488 The syn-
thesised hierarchically structured Mg–Al–O@Fe3O4 catalyst
demonstrated high activity and afforded 80% yield of BHET due
to its large active surface area. However, the catalyst efficiency
decreased aer two cycles because of active site blockage,
although it can be regenerated by heat treatment.
3774 | RSC Sustainability, 2025, 3, 3724–3840
Zn–Al hydrotalcites have been shown to be effective catalysts
for PET glycolysis.489 The basicity and surface area of Zn–Al
hydrotalcite mixed oxides were signicantly inuenced by the
calcination temperature.490 Al3+ addition decreased the basicity
of the catalyst, however increasing the calcination temperature
increased the basicity. The Zn–Al hydrotalcite catalyst calcined
at 500 °C (ZnAl-3 catalyst) gave a higher PET conversion (92%)
and BHET yield (79%) compared to other tested catalysts. In
a separate study, Eshaq et al. added Mg2+ cation to modify its
acid–base, resulting in the (Mg–Zn)–Al LDH catalyst that
completely converted PET at 196 °C, producing BHET in 75%
yield.491 Sulphated metal oxides have shown good catalytic
activity in PET glycolysis. Zhu et al. synthesised a range of
sulphated solid acid catalysts, such as S/Ti, S/Zn, and S/Zn–Ti,
by varying calcination temperatures from 200 °C to 600 °C.492

Among these, the sulphated S/Zn–Ti mixed oxide was hypoth-
esised to develop more moderate acidic sites than the single
metal oxide. Particularly, the S/Zn–Ti catalyst calcined at 300 °C
demonstrated the highest efficiency, achieving complete PET
conversion and yielding 72% BHET. This improved perfor-
mance was attributed to its optimal acidity and high surface
area.

The application of clays usually depends upon the special
properties of clay particles, particularly their chemical proper-
ties, which include active internal and external surfaces.
Kaolinite, a natural, cost-effective, and environmentally benign
material, has been widely used as an additive, adsorbent,
coating, and ller. In addition, kaolinite has been used as
a catalyst to promote organic reactions including petroleum
cracking or depolymerisation. Clay catalysts have been
commonly used for hydrolysis of cellulosic polymers and lignin
depolymerisation.493–495 Jeya et al. investigated the depolymer-
isation of post-consumer PET via glycolysis using Al3+, Fe3+ and
Zn2+ containing kaolin clays as catalysts.496 The clay catalysts
containing 0.5–5.0 wt% of metals including Al3+, Fe3+ and Zn2+

were synthesised using the wet impregnation method, and their
effectiveness in catalysing the glycolytic depolymerisation of
post-consumer beverage bottles using EG was evaluated. BHET
was obtained as a major product, with its yield signicantly
enhanced as the metal ion content in the catalysts increased
from 0.5 to 5.0 wt%. Al and Zn-kaolin catalysts with 5 wt%metal
ion loading afforded much higher yield of BHET, up to 85%,
compared to Fe-kaolin catalyst under optimised conditions.496
8.2 Aminolysis

The aminolysis process can be performed under atmospheric
pressure and at signicantly lower temperatures (<200 °C)
compared to glycolysis and hydrolysis. This method has been
extensively investigated for polyurethane (PUR) recycling. The
basicity of the reaction medium is a key factor inuencing the
decomposition rate of PUR chains, and varies depending on the
solvents used, such as alkanolamines, amines, and ammonia.
The effective depolymerisation catalysts are KOH and NaOH,
when combined with alkanolamines, enabling complete depo-
lymerisation of PUR foams. The aminolytic routes for PUR
depolymerisation are detailed in the review by Bhandari et al.497
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ghorbantabar et al. carried out a catalyst-free aminolysis of
PET using excess monoethanolamine at 160 °C, achieving bis(2-
hydroxyethylene) terephthalamide (BHETA) in 85% yield.498

Fukushima et al. used the triazabicyclodecene (TBD) catalyst for
aminolysis of post-consumer PET to produce various crystalline
terephthalamides.499 These materials include additives and
chemical building blocks for advanced material applications.
The aminolysis reactions were performed under milder condi-
tions (110–120 °C) due to the thermodynamic favourability of
aminolysis compared to alcoholysis. The bifunctional nature of
TBD played a critical role in aminolysis to produce tereph-
thalamides in good yields. The aminolysis products of PET have
been recently investigated to be used for asphalt modica-
tions.500 In recent investigation, researchers carried out nucle-
ophilic aromatic substitution polymerisations on
terephthalamide monomers to produce poly(arylether sulfone-
amide)s (PAESA), which are thermoplastic materials.501 The
terephthalamide was incorporated at 10–30 mol% and the
resulting PAESA materials showed strong thermal characteris-
tics, including a maximum Tg of 215 °C due to hydrogen
bonding. Furthermore, these polymers were found to have high
mechanical strength, with tensile strengths of 40–60 MPa and
ductility between 6 and 11%. Tawk and Eskander studied the
depolymerisation of waste PET bottles through aminolysis,
utilising ethanolamine in the presence of a dibutyl tin oxide
catalyst.502 Ethanolamine was particularly effective in this
process because it has an amino group and a hydroxyl group,
which increases its ability to cleave ester bonds in polyester.
This resulted in the formation of BHETA, which can serve as
valuable feedstock to produce polyurethanes.

Holmes carried out the aminolysis of PET bres using n-
butyl amine, resulting in the cleavage of the polymer chain.503

The process le one end of the chain with an amide group,
while the other had a hydroxyl group. This cleavage led to
changes in PET's properties, including reduction in molecular
weight and tensile strength. Consequently, the crystallinity of
bres increased, leading to the formation of surface cracks.
Recently, Syeda et al. investigated the glycolysis of PET with
amino alcohols (AmOH's) at 180 °C under atmospheric pres-
sure, and produced oligo ethylene terephthalate in high yields
Scheme 3 Mechanism of PET aminolysis catalysed by a metal containin

© 2025 The Author(s). Published by the Royal Society of Chemistry
(98%).504 These oligo ethylene terephthalates were subsequently
converted back to PET. Amino alcohols were found to exhibit
greater catalytic reactivity than tertiary amines. These results
highlighted the industrial potential of amino alcohols as
effective organic catalysts, capable of not only producing olig-
omers in large yields but also generating BHETA.

In addition to conventional heating methods, microwave
heating presents an excellent alternative for aminolysis of PET
wastes, offering efficient processing without sacricing product
yield. As is well known, microwave irradiation has signicant
advantages over conventional heating, including fast, non-
contact and selective heating, which reduces reaction time
and improves product conversion. This technique relies on in-
core heating, where microwaves interact directly with the
molecules of the reaction mixture, causing polar molecules to
rotate and generate heat via dipolar polarization. The efficiency
of this energy conversion is characterized by the dielectric loss
tangent.505 Pingale and Shukla used microwave irradiation to
supply thermal energy for the aminolysis of PET with ethanol-
amine, mediated by sodium salts as catalysts, and produced
BHETA in excellent yield (>90%) in just 4 minutes.506 Scheme 3
illustrates the proposed mechanism in which the sodium ion
from the catalyst forms a complex with the –C]O of the ester.
This facilitates the attack of ethanolamine's NH group on the –

C]O bond of PET, thereby initiating BHETA formation. While
ethanolamine possesses two nucleophilic centres, amine being
more nucleophilic than hydroxyl attacks the ester linkage of
PET. Different sodium salts showed similar performance, with
the reaction largely driven by the PET/ethanolamine ratio. In
another study, using Na2CO3 as the catalyst in hydrazine
monohydrate solvent resulted in the production of terephthalic
dihydrazide in 84% yield. The catalyst signicantly reduced the
reaction duration from 24 h to 3 h.507 Bäckström et al. recycled
PET acks by microwave assisted aminolysis under catalyst free
conditions and produced terephthalamide in 61 wt%, 91 wt%,
82 wt%, and 64 wt% yields using allylamine, ethanolamine,
furfurylamine, and hexylamine as solvents, respectively.508 Ter-
ephthalamide (TA) is a promising constituent for plastic lms
or plasticisers for polylactic acid, and exhibits superior strain
tolerance than virgin polylactic acid. The authors further
g catalyst.
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Scheme 4 PET recycling for the fabrication of plastic films. Reproduced from ref. 508.
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transformed the resulting diallylterephthalamide through the
thiol–ene reaction to produce a resin suitable for lm fabrica-
tion (Scheme 4).508

When ammonia serves as solvent, the process is known as
ammonolysis and can be carried out at relatively low tempera-
tures. Du Pont has commercialised a phosphate-catalysed
process for ammonolysis of PUR carpets, though harsher
temperature and pressure conditions are required. Despite the
numerous benecial properties of ammonolysis products, the
incorporation of nitrogen groups in the resulting material
complicates its integration into PET manufacturing processes
that rely on BHET polymerisation. This requires additional
conversions, reducing its economic attractiveness. Therefore,
this process is primarily valuable for producing tereph-
thalamides for specialised applications such as Kevlar
production.

PET can undergo ammonolysis with ammonia to produce
terephthaldiamide (TPHA) and EG as primary products at 70–
180 °C under low pressure, typically with catalysts such as zinc
acetate. The intermediate products of ammonolysis include 1,4-
bis(amino-methyl)cyclohexane, 1,4-bis(amino-ethyl) cyclo-
hexane, terephthalonitrile, and p-xylylenediamine.424 TPHA can
be converted to terephthalyl dinitrile, which can be further
hydrogenated to p-xylenediamine (bis-(aminomethyl)benzene)
or 1,4-diaminodimethylcyclohexane. p-Xylenediamine can be
used in the production of heat-resistant polymers, as an epoxy
resin hardener, corrosion inhibitor, etc. Kenneth et al. devel-
oped a low-pressure process for ammonolysis of PET using NH3

in an EG environment with Zn(CH3CO2)2 catalyst at a concen-
tration of 0.05 wt%.509 The process was carried out at 70 °C,
producing terephthalamide with a yield of about 87%. Gupta
and Bhandari studied the chemical depolymerisation of PET
bottles via aminolysis and ammonolysis, yielding diamides of
TPA.510 The conventional analytical pathways to determine the
aminolytic degradation of PET waste were investigated by
Ghorbantabar and co-workers.498 Bäckström et al. synthesised
a series of terephthalamides by the aminolysis of PET using
microwave heating under catalyst-free conditions.508 Demarteau
et al. used organocatalysts, such as a mixture of
3776 | RSC Sustainability, 2025, 3, 3724–3840
triazabicyclodecene and methanesulfonic acid (TBD:MSA), and
triazabicyclodecene and benzoic acid (TBD:BA), for aminolytic
upcycling of PET waste using various amino-alcohols, and
subsequently used these alcohols to produce poly(ester-amide)
s.511 Recently, Gabrielli et al. used different b-hydroxy amines for
aminolysis of PET water bottles using biocompatible catalysts,
such as CH3COONa, at 180 °C with microwave heating under
solvent-free conditions, and obtained terephthalamide diol
monomers in a high yield of up to 98%.512 The terephthalamide
diol monomers were later used to synthesise poly(urethane
acrylates).

BPA-PC can be recycled by aminolysis to produce BPA
monomer that can be used as feedstock to make new polymers.
Singh et al. developed an efficient method to convert waste
polycarbonate into urea derivatives through reaction with
primary amines under catalyst and solvent-free conditions at
80 °C.513 This process enabled the direct extraction of carbonyl
groups from polycarbonate, yielding functionalised urea
compounds and BPA from waste sources such as CDs and
DVDs. The authors also optimised the process for maximum
polymer-to-urea conversion while avoiding chromatographic
purication. In another study, Quaranta et al. valorised PC
waste by converting it into BPA and polyureas (PUs) through
a non-isocyanate route that involved the reaction of BPA-PC
with diamines at a temperature of 120 °C in THF, yielding
BPA (83–95%) and polyureas (78–99%).514 Basic diamines (e.g.,
1,6-diaminohexane, 4,7,10-trioxa-1,13-tridecanediamine, m-
xylylenediamine, p-xylylenediamine) facilitated the reaction
without catalysts, while less reactive aromatic diamines (e.g.,
4,40-diaminodiphenylmethane; 2,4-diaminotoluene) required
base catalysts such as NaOH or DBU. The process proceeds via
a carbamation step, forming urethane intermediates that are
further converted into polyureas and additional BPA.

Haung et al. demonstrated the feasibility of recycling PC
waste into high-performance thermoplastic polyurethanes
(TPUs) via selective aminolysis.515 The process generated
monomer mixtures incorporating newly introduced exible
ether linkages, which, without prior purication, can be directly
re-polymerised into TPUs using isocyanate reagents. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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enhanced reactivity of terminal phenolic hydroxyl groups
enabled the formation of highmolecular weight TPUs (Mw: 3000
to 158 000 g mol−1). By incorporating low-melting polyether-
type polyols and optimising reaction conditions, the TPUs
exhibited distinct phase separation morphologies (10–25 nm
domain sizes). Wang et al. recently developed a ZnX2-catalysed
amino-alcoholysis method to upcycle PC waste into BPA
monomers and high-value chiral 2-oxazolidinones under mild
conditions.516 This method also enabled the sequential depo-
lymerisation of PC and PET mixed plastics with excellent yields
and selectivity. Various zinc catalysts, including Zn(OAc)2,
ZnEt2, Zn(HMDS)2, and ZnCl2, exhibited high activity, with
Zn(HMDS)2 being the most effective, though ZnCl2 was identi-
ed as more cost-efficient for industrial applications. The
approach effectively recovers BPA while utilising the carbonyl
groups in BPA-PC to generate valuable chiral chemicals.
Furthermore, PC plastics were successfully processed using this
method.
8.3 Hydrolysis

Hydrolysis has been moderately investigated for depolymerisa-
tion of PET (Fig. 27). In this process, the ester bonds in PET are
hydrolysed by water, operating in acidic, alkaline, or neutral
condition media at elevated temperatures and pressures,
breaking the polymer chains to monomers such as TPA and
EG.517 Neutral hydrolysis typically utilises water or steam at
temperatures between 200 and 300 °C in the presence of cata-
lysts like alkali metal acetates. This environmentally benign
process doesn't cause pollution, however, impurities in PET
waste remain in the product, which is a major drawback.
Hydrolysis proceeds slowly compared to glycolysis and meth-
anolysis as water acts as a weaker nucleophile compared to
ethylene glycol and methanol. Acid hydrolysis is commonly
carried out using conc. H2SO4, HNO3, or H3PO4.518 Sulfuric acid
can lead to complete depolymerisation of PET into monomers.
However, this requires highly concentrated sulfuric acid (>80%
by weight). Even a slight reduction in acid concentration can
slow down the reaction by more than 50%.518 Acid hydrolysis
can take place at low temperatures and pressure (25–90 °C and 1
atm), but reactor corrosion as well as purication of decom-
position products from sulfuric acid and inorganic salts are
major challenges.519 Sulfonic acid catalysts have shown strong
potential for PET hydrolysis. Yang et al. reported a 96.2% yield
of terephthalic acid (TPA) using p-toluenesulfonic acid (PTSA) at
150 °C within 90 minutes, maintaining consistent performance
over ve cycles.520 Other sulfonic acids, including 2-naph-
thalenesulfonic acid (2-NSA), and 1,5-naphthalenedisulfonic
acid (1,5-NDSA) also yielded over 90% TPA under similar
thermal conditions.521 However, the required reaction times
varied signicantly, with PTSA, NSA and 1,5-NDSA requiring 3,
3, and 8 hours, respectively for comparable yields. Mishra et al.
performed an in-depth study on the kinetics and thermody-
namics of nitric acid catalysed PET hydrolysis.522 However,
severe corrosion and formation of a large amount of inorganic
salts remain signicant drawbacks in acid hydrolysis. To
address these challenges, Ügdüler et al. performed alkaline
© 2025 The Author(s). Published by the Royal Society of Chemistry
hydrolysis of pure PET using 5 wt% NaOH in an ethanol:water
mixture (60 : 40 vol%) at 80 °C and obtained 95 wt% yield of
TPA, which was separated by ltration.523 During alkaline
hydrolysis of PET in NaOH solution, PET was completely
depolymerised at 200–250 °C under high pressure for a longer
reaction duration, forming a solution that contained the
sodium salt of TPA. Then, by subsequent acidication, TPA is
precipitated as a solid. Hydrolysis is the only known method for
depolymerisation of PET, allowing the production of pure TPA
and EG, which can be used for producing new PET. However,
this method has signicant drawbacks as it requires high
operating pressures (1.4–2 MNm−2), temperatures (200–250 °C)
and longer reaction times (3–5 hours or more). In addition, TPA
purication is quite expensive, which makes this method less
attractive for some industries, especially for those producing
food-grade recycled PET.424 Depolymerisation of waste PET by
hydrolysis has been reviewed briey in the literature, i.e.M. Han
in 2019 compared hydrolysis and methanolysis from a process
perspective, including industrial feasibility studies524 and Poh-
jakallio et al. in 2020 provided a brief description of the tech-
nical aspects of hydrolysis.525

Hirota et al. investigated the depolymerisation of PET by
hydrolysis within the pH range of 3.0–10.5 at 80 °C, and ob-
tained TPA and EG in high yield at pH 10.5.530 The hydrolysis of
PET waste and methyl benzoate under alkaline conditions at
190–200 °C resulted in TPA and benzoic acid formation with 87–
95% and 84–89% yields, respectively.531 Yoshioka et al. explored
the effect of NaOH concentration on the distribution of prod-
ucts, including EG, TPA, CO2 and oxalic acid.532 The oxalic acid
was formed as a result of base-catalysed oxidation and exhibited
rst-order dependence on OH− concentration. Zhang et al.
recently developed a binuclear zinc catalyst for intramolecular
PET hydrolysis.533,534 Their kinetic studies and DFT calculation
revealed that substituents on the binuclear zinc complex
strongly inuenced the rate limiting step. Substituents that
enhanced the electron density at catalytic centres signicantly
accelerated the hydrolysis. Notably, the catalyst incorporating n-
pentyl groups showed a remarkable specic activity of 778 ± 40
gPET h

−1 gcat
−1 in 0.1 M NaOH, which is 23 times more efficient

compared to traditional alkaline hydrolysis approaches.533

Recently, a new metal-free catalyst with multiple hydrogen
bonds has demonstrated exceptional activity in the hydrolysis of
PET.535 This catalyst provides almost complete depolymerisa-
tion of PET ($99%) under relatively mild conditions (100 °C, pH
z 8). Mechanical studies have shown that hydrogen bonds play
a crucial role in stabilizing the transition state, and both the
number and strength of these interactions are key factors in the
effectiveness of the catalyst. This approach offers a sustainable
and efficient alternative to PET processing, potentially reducing
dependence on metal-based catalysts and providing milder
reaction conditions. Cations containing two N–H groups
replaced the oxyanion hole, while anions containing carboxyl
groups activated nucleophilic water molecules, assuming the
role of a traditional catalytic triad. Based on this structural
feature, [TBDH]+ (with two N–H groups) was chosen as the
cation and [HCO3]

− as the anion to facilitate the hydrolysis of
PET under mild conditions.
RSC Sustainability, 2025, 3, 3724–3840 | 3777
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Fig. 27 (A–D) Depolymerisation of PET with phase transfer catalysts (PTCs). (A) (TOMAB is the highly studied PTC with microwave heating.)
Adapted with permission from ref. 526. Copyright 2010, John Wiley & Sons. (B) Influence of reaction temperature on the evolution of the TPA
yield. Adapted with permission from ref. 527. Copyright 2014, Elsevier. (C) Mechanism of PET hydrolysis, adapted with permission from ref. 528.
Copyright 2012, Elsevier. (D) Lamellar mechanism, adapted with permission from ref. 527; Copyright 2014, Elsevier. (E) PUR hydrolysis to diamine
and 1,4-butanediol. (F) Depolymerisation yield of aliphatic (H-PU and I-PU) and aromatic (M-PU) PUR, adapted with permission from ref. 529.
Copyright 2017, John Wiley & Sons.
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Alkaline hydrolysis of PET has also been carried out using
phase transfer catalysts including tetrabutylammonium
bromide, tetrabutylammonium iodide, trioctylammonium
bromide,536 and ultrasonic assisted radiation.537 More insightful
work on depolymerisation of waste PET focusing on the catalyst
and mechanistic understanding was carried out using phase
transfer catalysts (PTCs) under alkaline conditions
(Fig. 27).526,528 Quaternary ammonium salts including tri-
octylmethylammonium bromide (TOMAB) and hexadecyl-
trimethylammonium bromide (HDTMAB) were investigated as
phase transfer catalysts. Good performance was achieved with
appropriately sized alkyl groups, which facilitated polymer
solvation and avoided steric hindrance. Kinetic studies
concluded that TOMAB catalyst reduced the activation energy
from 99 to 83 kJ mol−1, supporting the hypothesis that phase
transfer catalysts worked with an interfacial mechanism instead
of an extraction mechanism, thereby enabling OH− ions to
interact with PET chains more effectively.538 Applying
3778 | RSC Sustainability, 2025, 3, 3724–3840
microwave irradiation with TOMAB catalyst resulted in short-
ening the reaction time to less than 30 minutes for almost
complete depolymerisation of PET (97%) (Fig. 27A).526 By
following a similar approach, Khalaf and Hasan jointly applied
tetraethylammonium iodide catalyst and microwave irradiation
to completely convert PET into TPA in 60min.528 They suggested
a similar interfacial mechanism to that proposed by Glatzer
et al.538 above (Fig. 27C), where the metal carbanion (MR) is
formed at the interface between organic and aqueous phases,
initiating the reaction. A phase transfer catalyst then extracts
MR into the organic phase, where it transforms into a highly
reactive intermediate (RQ). This intermediate is subsequently
attacked by the OH− anion, signicantly accelerating the
depolymerisation process. Barredo et al. conducted PET depo-
lymerisation at temperatures of 80–100 °C and atmospheric
pressure using tributylhexadecylphosphonium bromide
(TBHDPB) as a quaternary salt catalyst.539 Optimal results were
achieved aer 4 hours at 100 °C, with a PET particle size of 1–1.4
© 2025 The Author(s). Published by the Royal Society of Chemistry
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mm, a catalyst-to-PET ratio of 0.2, and stirring rate of 525 rpm.
Under these conditions, PET conversion of 99.9% and a TPA
yield of 93.5% were obtained, demonstrating an effective
balance between conversion efficiency and product yield.

Quaternary ammonium polytungstophosphates as dual
phase transfer catalysts have been used to depolymerise PET
(Fig. 27B).527 Kinetic studies found an activation energy of
68 kJ mol−1 for PET hydrolysis at temperatures of 115–145 °C
and proposed a chain-end scission mechanism (Fig. 27D),
where depolymerisation occurred on the external surface and
PET akes were lamellarly depolymerised. However, the authors
ignored the autocatalytic effect during hydrolysis, attributed to
protons from the carboxylic group of the depolymerisation
products.538 For such an autocatalytic model, a reaction order of
0.5 was proposed for carboxylic acid.540 Based on these results,
ionic liquid catalysts have shown high performance for PET
depolymerisation under mild operation conditions. However,
the high cost of this process along with concerns for the sepa-
ration and recyclability is a key factor in hindering their appli-
cability for large scale processes.

De Paula et al. demonstrated hydrolytic depolymerisation of
PET and the bioderived based polyester poly(ethylene 2,5-fur-
andicarboxylate) (PEF) using eutectic solvents under alkaline
conditions.541 The approach effectively broke down the poly-
mers into their respective monomers, TPA and 2,5-fur-
andicarboxylic acid (FDCA). Using a design of experimental
methodology, the process was optimised to achieve monomer
recovery yields exceeding 90% for TPA and 80% for FDCA under
mild conditions, with reaction temperatures below 150 °C and
durations under ve hours. Structural analyses conrmed the
high chemical purity of the recovered monomers. Furthermore,
the eutectic solvent exhibited excellent recyclability, with
minimal loss of activity over successive cycles, supporting waste
minimisation.

The efficient depolymerisation of PET by alkaline hydrolysis
at low temperatures has been successfully demonstrated to
produce high-quality TPA.542 A key discovery was the signicant
effect of pH regulation during acidication, where maintaining
a pH of 2 resulted in an impressive TPA yield of 99.6%. The
required amount of HCl for acidication was directly propor-
tional to the amount of NaOH used in alkaline hydrolysis, where
higher concentrations of NaOH increased PET conversion but
increased overall reagent costs. A conversion rate of up to 90%
was achieved using 23 g of PET waste with a 30 : 70 ratio of water
and ethanol, 2.2 molar ratio of NaOH to PET, 10% NaOH
concentration, and a 30-minute reaction time. Optimal depo-
lymerisation was achieved using PET granules in a water to
ethanol ratio of 30 : 70, with 10 wt% NaOH in 100 mL of solvent,
at 82 °C for 60 minutes. Wu and co-workers reported the
hydrolysis of PLA using diphenyl phosphate (DPP) as an orga-
nocatalyst under solvent-free conditions, without the need for
high pressure or an inert atmosphere.543 The process yielded
oligomeric products with low moisture content within 1.5
hours. The resulting oligolactic acid (OLA) oligomers can be
directly used to synthesise lactide (LA) followed by conversion to
PLA through the established OLA–LA–PLA industrial cycle,
enabling closed-loop recycling of PLA. DPP demonstrated
© 2025 The Author(s). Published by the Royal Society of Chemistry
remarkable catalytic durability, maintaining consistent product
quality over ten consecutive reaction cycles. By increasing the
water content during hydrolysis, the process also produced
lactic acid solution with preserved stereochemistry and a purity
comparable to commercial-grade lactic acid.

Azeem et al. developed a highly efficient two-step microwave-
assisted method for PET depolymerisation, beginning with
a microwave pre-treatment using glycerol as a green reagent,
enhancing PET's susceptibility to degradation.544 Optimisation
via Box–Behnken design identied the ideal conditions, 12 mL
glycerol and 182 W microwave irradiation for 3 minutes,
achieving 11% weight loss, increased carbonyl index (up to
4.22), and 33% crystallinity. Subsequent microwave-assisted
hydrolysis using sodium bicarbonate and EG achieved 99.9%
PET conversion within 3 minutes, yielding 79.1% TPA, 17.6%
monohydroxyethyl terephthalate (MHET), and 1.8% BHET. The
recovered TPA, with 95% purity and favourable physicochem-
ical properties, was conrmed suitable for repolymerisation
into virgin PET. Benninga and colleagues demonstrated
a highly efficient microwave-assisted depolymerisation method
for poly(p-phenylene terephthalamide) (PPTA), commercially
available as Kevlar or Twaron.545 The process used alkaline
hydrolysis in a microwave reactor, operating at 240–260 °C for
durations between 1 and 15minutes. Optimal depolymerisation
occurred at 260 °C aer 15 minutes, achieving a conversion rate
of 96%. The resulting monomers, TPA and p-phenylenedi-
amine, were isolated with purities exceeding 99% via sequential
extraction and precipitation. This study represents the fastest
reported depolymerisation of PPTA under mild conditions and
offers a promising route towards a circular life cycle for high-
performance aramid polymers.

Pereira et al. investigated the hydrolysis of PET in pure water
over a temperature range of 190–400 °C and pressures between
1 and 35 MPa, resulting in the formation of TPA.546 They used
various physical states of water including saturated vapour,
superheated vapour, saturated liquid, and supercritical uid to
treat both solid and molten PET. Among these, hydrolysis of
molten PET in saturated liquid water produced the highest TPA
yields. Notably, rapid heating of the reaction mixture at a rate of
5–10 °C s−1 enabled high TPA yields in 1 minute, signicantly
outperforming the traditional 30-minute isothermal approach.

Onwucha et al. investigated the neutral hydrolysis of PET,
highlighting its advantages in reducing catalyst use, simplifying
product purication, andminimising waste generation.547 Their
ndings showed that extended reaction times and high PET-to-
water ratio signicantly improved the selectivity, yield, and
purity of TPA. In particular, the TPA yield increased from
approximately 86% to 98% as the hydrolysis duration was
extended from 6 to 24 hours, conrming the effectiveness of
catalyst-free hydrolysis under optimised conditions.

Regarding PUR recycling, Motokucho et al. investigated the
depolymerisation of aliphatic and aromatic polyurethanes
using pressurised CO2 in water, where in situ produced carbonic
acid acted as a catalyst (Fig. 27E).529 Various polyurethanes, such
as poly(1,4-tetramethylene 1,6-hexamethylene dicarbamate),
poly(methylene bis-(1,4-phenylene)hexamethylene dicarba-
mate), etc. were successfully depolymerised into their respective
RSC Sustainability, 2025, 3, 3724–3840 | 3779
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diamines and 1,4-butane diol in high yields aer 24 h (Fig. 27F).
The urethane linkages in aliphatic structures were selectively
cleaved more efficiently, possibly due the higher hydrophilicity
around the urethane linkages in the terminal moieties of these
polymer. The mechanism involves the carbonic acid attacking
the carbonyl group, followed by hydrolysis to cleave the
urethane group.548

Polylactide (PLA) is a renewable polyester produced by
condensation polymerisation of lactic acid monomers.
However, it is generally more expensive than petroleum-based
polymers due to the costly fermentation and purication
processes involved in lactic acid production.549 Biodegradation
of PLA can take place in duration of 12 to 52 weeks.550 Conse-
quently, there is increasing research interest for efficient recy-
cling of polylactide. Piemonte and Gironi performed hydrolysis
of PLA at 180 °C using PLA-to-water in a mass ratio of 2 : 1,
obtaining lactic acid in 95% yield within 2 h.551 Hirao et al. used
microwave radiation for hydrolysis of PLA with a PLA-to-water
ratio of 3 : 1 and compared the yield and reaction duration
with conventional heating. With microwave-assisted heating,
45 wt% yield of lactic acid was obtained in 2 h compared to the
same yield produced in over 13 h by conventional heating.552 Liu
et al. conducted hydrolysis of PLA using [Bmim][OAc] ionic
liquid at 130 °C, achieving 93.93% conversion and 76.08% yield
of calcium lactate.553

Hydrolysis of PLA under acidic and basic conditions follows
alternate pathways for depolymerisation (Scheme 5). Under
acidic conditions, the protonation of the terminal OH group of
PLA promotes hydrolysis, leading to direct conversion to lactic
acid by a chain-end scission mechanism.554 The degradation
rate under acidic conditions depends on the polymer chain
length due to the increased hydrophilic nature of the chain end.
However, under basic conditions the back-biting reactions lead
to a random chain scission to produce lactam, which on
subsequent hydrolysis is converted to lactic acid (Scheme 5).555

Song et al. explored the use of various ionic liquids, acting
simultaneously as solvents and catalysts, for the hydrolysis of
PLA.553 [Bmim][OAc] achieved the highest conversion to lactic
acid, with yields up to 94% at 130 °C in 2 h. The ionic liquid
facilitated the partial solubilisation of PLA, and the ions
Scheme 5 Acid and base catalysed mechanism of PLA hydrolysis.

3780 | RSC Sustainability, 2025, 3, 3724–3840
assisted the hydrolysis mechanism. The calcium lactate product
was isolated by adding calcium carbonate, yielding up to 76%.
Remarkably, the ionic liquid maintained its performance over
seven cycles. However, from an economic perspective, complete
hydrolysis of PLA is deemed impractical due to the signicant
energy costs involved in removing water, coupled with the rac-
emisation of lactic acid. Additionally, alcoholysis of PLA lacks
stereospecicity.556 Despite the challenges, NatureWorks has
pioneered an efficient hydrolysis process to convert off-grade
PLA resin to lactic acid.557 Since 2004, more than 17 million
pounds of PLA resin have been hydrolysed with this process.

Polycarbonate has been shown to undergo rapid hydrolysis
under high pressure, high temperature steam (300 °C),
producing bisphenol A (BPA) in 5 min, with a maximum yield of
80%.558 PC was completely decomposed in high pressure steam
at 300 °C, but it didn't decompose in the liquid water phase
even aer 50 min. The excellent yield was attributed to its
remarkable stability in high pressure steam. This process also
proved to be cost-effective, as the elevated pressure signicantly
reduced the amount of water needed for PC degradation.
Quaranta et al. explored the use of Lewis acids, specically
M(O3SCF3)3 (M = La, Yb, Sc) triate salts, to catalyse the
hydrolysis of PC, offering a promising route for its chemical
recycling.559 In THF, these salts effectively depolymerised PC
into BPA and CO2. Among them, La(O3SCF3)3 exhibited the
highest BPA yield and selectivity (97%), minimising the unde-
sired conversion of BPA into and 4-isopropylphenol, phenol,
and 4-isopropenylphenol. In 2021, they used natural clay as the
catalyst for depolymerisation of poly-(bisphenol A carbonate)
wastes.560 The authors investigated the natural clinochlore clay
for the hydrolysis reaction of poly-(bisphenol A carbonate) in
THF solvent at 200 °C. The clinochlore efficiently promoted the
depolymerisation (up to 99%, aer 6 h) of PC by H2O and
afforded bisphenol A monomer with nearly 99% selectivity.

Sun et al. investigated the catalytic degradation of PC using
copper sulde nanoparticles (CuS NPs) in DMF and DMSO
solvents.561 In DMF solvent, PC underwent hydrolytic depoly-
merisation, producing BPA with ∼80% yield. Conversely,
degradation in DMSO resulted in the formation of oligomeric or
branched/crosslinked PC (B/X PC) due to a radical-assisted
© 2025 The Author(s). Published by the Royal Society of Chemistry
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chain cleavage, with the balance between chain scission and
branching/crosslinking being dependent on temperature and
solution heterogeneity. Higher temperatures promote both
chain oligomerisation and branching/crosslinking by acceler-
ating radical generation, whereas heterogeneous conditions
primarily facilitate branching/crosslinking due to the strong
chain entanglement. These ndings highlight the critical role of
solvents in polymer degradation pathways and offer insights into
solvent selection for plastic recycling. Rubio Arias et al. investi-
gated the depolymerisation of PC and PET in both individual and
mixed streams using a KOH in MeOH hydrolysis process.562 This
method enabled the selective breakdown of mixed PET/PC
streams and the efficient one-step separation of their mono-
mers with high energy efficiency. The activation energies for PC
and PET depolymerisation were determined to be 68.6 and
131.4 kJ mol−1, respectively. Complete depolymerisation of
randomly mixed streams was achieved within 2minutes at 120 °C
using 30 mL of solution per gram of polymer. The process yielded
BPA and PTA with purities of 98% and 97%, respectively, without
secondary reactions. Furthermore, the method proved effective
for simultaneous depolymerisation of mixed plastic waste
streams.

The use of ionic liquids in polycarbonate waste recycling via
hydrolysis has demonstrated signicant potential.464

Researchers reported the synthesis of a series of DBU based
ionic liquids and conducted PC hydrolysis without the need of
metals and solvents. Under optimised conditions, the process
achieved complete PC conversion and 97% yield of bisphenol A
at 140 °C in 3 h.462
8.4 Methanolysis

Methanolysis depolymerisation reaction is mostly applicable to
polymers containing heteroatoms in their backbone. Studies on
different polymers have been reported in the literature for
depolymerisation via methanolysis such as PET, polylactides,
poly (bisphenol A carbonate), polycarbonate, etc.563–566 Meth-
anolysis consists of trans-esterication using methanol at 180–
280 °C and pressure of 20–40 bar accelerated by catalysts to
produce corresponding monomers such as dimethyl tere-
phthalate (DMT) and EG in the case of PET.524 The process has
been mostly applied to PET recycling. The obtained building
blocks may be used to make virgin quality PET. Methanolysis
progresses in the presence of typical transesterication catalysts
(e.g., acetates of Co, Mg, and mostly Zn), while the reaction can
be achieved by heating and melting PET and allowing it to react
with methanol in a subsequent step or providing directly
superheated methanol vapours that work as a heat transfer and
chemolysis agent. Catalyst deactivation is a must at the end of
the reaction for avoiding transesterication of DMT with EG.
The crude DMT upon separation from the mixture is subjected
to vacuum distillation or centrifugation followed by crystal-
lisation for purication. Although methanolysis is less
economically viable than glycolysis, it offers the signicant
advantage of effectively processing low-quality feedstock due to
its superior tolerance to contamination. However, when it is
used for post-consumer PET, then the cost of separation and
© 2025 The Author(s). Published by the Royal Society of Chemistry
purication from the mixture becomes higher than that asso-
ciated with the depolymerisation step.567 DuPont, Eastman, and
Hoechst have used this process at large for many years in the
past, but it was discarded due to high corrosiveness and high
cost related to separation and rening of the reaction
mixture.424

Depolymerisation of PET through methanolysis occurs in
two phases: initially solvolysis produces smaller oligomers
which on catalytic action leads to DMT and EG formation.
While investigating PET methanolysis by Kurokawa et al. in the
presence of aluminium triisopropoxide catalyst, the addition of
20 vol% toluene resulted in increase of DMT yield from 64% to
88%.568 The authors concluded that the increased solubility of
PET accelerated the rate determining oligomer formation,
resulting in a higher yield of monomers. Vanlaldinpuia and co-
workers reported the successful decomposition of PET bottles
by methanolysis using bamboo leaf ash as the catalyst.569 The
process was conducted in an autoclave at 200 °C for two hours,
leading to the formation of DMT and EG with respective yields
of 78% and 76%. Bamboo leaf ash has excellent thermal
stability, mesoporous structure, biocompatibility, cost-
effectiveness, ease of preparation, and recyclability, which
makes it an attractive and more environmentally friendly
alternative to solid catalysts for PET depolymerisation.

McKeown and co-workers have developed an organocatalyst,
[NMe4]

+[OCO2Me]−, using dimethyl carbonate and tetramethy-
lammonium hydroxide for degradation of various polymers.570

They proposed a three-step decomposition mechanism: (1)
formation of active sites in situ due to the decomposition of
carbonate anions with the release of methanol and CO2, (2)
substitution of carbonate anions with alkoxides upon addition
of alcohol, and (3) transesterication facilitated by alkoxides,
activating the carbonyl group using methyl hydrogen atoms
acting as Brønsted acids. This method provides successful
depolymerisation of PLA, PCL, PC and PET. Recently, Li et al.
established a straightforward and highly effective method for
the simultaneous upcycling of BPA-PC and PET into a high-
performance, transparent engineering plastic known as poly(-
aryl ether ketone) (PAR).571 Under relatively mild conditions,
diverse post-consumer BPA-PC and PET materials, including
textiles, were methanolysed using a [TBDH]Ac ionic liquid
catalyst, yielding recycled bisphenol A (r-BPA) and dimethyl
terephthalate (r-DMT) monomers with purities of 98% and
99%, respectively. Notably, this process eliminates the need for
additional purication steps typically required in conventional
recycling routes to produce monomers suitable for re-
polymerisation, thus streamlining the overall recycling
workow.

The methanolysis method can be coupled with the polymer
manufacturing process, offering a major advantage as the
recycled DMT has the same quality as that of virgin DMT.572 The
advantages of methanolysis also include the simplicity of DMT
purication and the ease of extraction of ethylene glycol and
methanol. Moreover, methanolysis has good resistance to
pollutants, which allows the processing of even low-quality raw
materials.569 However, the reaction products are initially
composed of a complex mixture including DMT, glycol,
RSC Sustainability, 2025, 3, 3724–3840 | 3781
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derivatives of phthalate, and other alcohols, making the sepa-
ration process costly and lengthy. This limitation restricts the
broader use of methanolysis, making the hydrolysis and
glycolysis methods the preferred options. The major drawback
is related to the new industrial trends to produce PET from
terephthalic acid and BHET based products instead of DMT as
the raw material.573 Consequently, DMT needs to be hydrolysed
into TPA and EG, which are the required monomers for the re-
polymerisation to PET. Nonetheless, the process scheme
involves the use of additional processing units, adversely
impacting the economic and environmental aspects of the
methanolysis process. Because the production of PET is
increasingly dependent on terephthalic acid compared to DMT,
interest in the DMT route has declined in recent decades.
However, an indirect route to obtain DMT by methanolysis of
PET, followed by its hydrolysis towards terephthalic acid, can
address the expensive purication of BHET typically derived
from PET glycolysis.568

Methanolysis has also been reported for polylactide (PLA)
recycling.563,565,566,574,575 PLA can be depolymerised into alkyl
lactate through alcoholysis. Even et al. depolymerised PLA to
methyl lactate, feedstock for new poly(lactide) products, by
using methanol as the depolymerisation reagent and Zn salt as
the catalyst.576 In another study, 4-dimethylaminopyridine
(DMAP) catalyst was used for depolymerisation of PLA under
microwave irradiation to yield >99% methyl lactate in a dura-
tion of 10–20 min.506 Alberti et al. in 2020 also reported the use
of bismuth subsalicylate catalyst to depolymerise PLA to methyl
lactate with an excellent yield of >99% and turnover frequencies
of 13 800 h−1 under microwave irradiation.565 Bismuth sub-
salicylate catalyst was also found to be recyclable for depoly-
merisation. Pham et al. used potassium carbonate as a low
energy catalyst for depolymerisation of PET to dimethyl tere-
phthalate (DMT).577 2-Hydroxyethyl methyl terephthalate and
monomethyl terephthalate are the other reported products,
however, the selectivity for DMT was claimed to be increased by
controlling the moisture content.

If long-chain primary alcohols are used instead of MeOH,
then plasticisers for PVC can be obtained. For instance, when 2-
ethylhexanol was used in the process of alcoholisation of PET
bottles, the plasticiser dioctyl terephthalate was obtained with
high yield, and its quality was not inferior to commercial plas-
ticisers.578,579 Ethanolysis has been carried out at temperatures
of 180 °C to 300 °C in the liquid phase, both without a catalyst
and using titanium isopropoxide, zinc acetate, manganese or
copper as catalysts. If titanium isopropoxide is used, the process
does not depend on the moisture content of the starting
alcohol, which allows the use of industrial alcohol without
additional purication to decompose the polymer.580

Methanolysis is a widely used method for recovering pure
BPA and dimethyl carbonate (DMC) monomers from poly-
carbonate polymers (Scheme 1E). However, PC is not soluble in
methanol, methanolysis typically requires high temperatures
and pressures, along with signicant quantities of conc. acids
or bases as catalysts. These catalysts present several challenges,
such as their inability to be reused, equipment corrosion,
complex post-reaction workup, and environmental concerns.
3782 | RSC Sustainability, 2025, 3, 3724–3840
While the supercritical methanolysis method can address some
of these issues, its application is limited due to the severe
reaction conditions required. Studies have shown that poly-
carbonate can be fully decomposed into its BPA monomer
under high pressure and high temperature steam (300 °C).558

However, the low stability of BPA under these conditions results
in a relatively low yield. To improve PC recycling, a reactive
environment that maintains BPA while maximising PC reac-
tivity is necessary.

Ionic liquids such as succinimide-based ionic liquids (SIILs)
have been investigated for selective conversion of PC into BPA
via methanolysis.581 The authors evaluated the catalytic behav-
iour of SIILs in depolymerisation reactions, focusing on the
impact of ionic liquid structures, reaction conditions, catalyst
recyclability, and the interaction between the catalyst and
methanol. The ionic liquid [HDBU][Suc], consisting of DBU
cation and succinimide anion, demonstrated higher perfor-
mance with complete depolymerisation of PC and producing
BPA in 96% yield at 70 °C in 2 h. Additionally, [HDBU][Suc] was
easily recyclable and exhibited reasonable reusability, making it
a promising green catalyst for PC depolymerisation. A potential
mechanism for [HDBU][Suc]-catalysed methanolysis of PC was
also proposed. Potassium uoride was also reported as a cata-
lyst for depolymerisation of PC to products containing building
block monomers bisphenol A and dimethyl carbonate.564

Imidazolium-based ionic liquids such as [Bmim][Cl] and
[Bmim][Ac] were investigated for the methanolysis of BPA-
PC.582,583 Both catalysts achieved complete depolymerisation
within 3 hours with high yields (>95%). The excellent catalytic
efficiency of [Bmim][Ac] under milder conditions was due to its
better solubility in BPA-PC. Liu et al. investigated the use of
Lewis-basic ionic liquids to catalyse the alcoholysis of PC.584

They discovered that 1,8-diazabicyclo[5,4,0]undec-7-enelactate
[HDBU][Lac], a thermally stable ionic salt, could catalyse PC
methanolysis with 100% conversion and 99% yield for BPA and
DMC at 120 °C. When other alcohols including ethanol, prop-
anol, and butanol were used under similar conditions, the
solvolysis rate reduced as the carbon chain length (C number) of
alcohol increased.584 Tanaka et al. recently reported a low-
temperature and efficient depolymerisation process for recy-
cling polyester bres via methanolysis, using dimethyl
carbonate as a trapping agent for ethylene glycol.585 Polyester
bres from textile products were depolymerised at 50 °C to
afford DMT in high yield (>90%) in 2 h. Using this approach,
real polyester textiles blended with other bres and coloured
polyester textiles were depolymerised to produce DMT selec-
tively in high yields. D'Anna et al. developed an optimised
methanolysis process for polycarbonate, yielding dimethyl
carbonate and bisphenol A (BPA) using cholinium-based ionic
liquids with eco-friendly anions.586 The process achieved high
conversion and BPA yields under milder conditions than
previously reported, aligning with green chemistry principles.
The most effective catalyst demonstrated excellent reusability
without signicant performance loss. Furthermore, the meth-
odology was effectively implemented for the recycling of post-
consumer polycarbonate waste. In another approach, PC and
PLA were upcycled into BPA and methyl lactate (ML) with high
© 2025 The Author(s). Published by the Royal Society of Chemistry
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efficiency, using SBA-15 functionalised basic ionic liquids
under solvent-free conditions.587 Among the developed cata-
lysts, SBA-15-Pr-MIM-OH showed the highest basicity
(0.98 mmol g−1) and demonstrated outstanding catalytic effi-
ciency, achieving complete depolymerisation of PC and PLA at
120 °C within 1 hour and 4 hours, respectively, with monomer
yields exceeding 98%. Optimised reaction conditions ensured
maximum catalytic efficiency and product selectivity. The inte-
grated “one-pot” methodology was successfully applied to
mixed PC/PLA waste, achieving full conversion and excellent
monomer recovery, demonstrating the potential of this
approach for sustainable plastic recycling.

Huang et al. synthesised imidazolium-based deep eutectic
solvents (DESs) and demonstrated their efficiency in catalysing
BPA-PC methanolysis.588 The DES [EmimOH]Cl-2Urea exhibited
excellent catalytic activity and reusability, achieving nearly
complete PC conversion with 98–99% BPA yield under opti-
mised conditions (DES : PC mass ratio of 0.1 : 1, CH3OH : PC
molar ratio of 5 : 1, 120 °C, 2 h). Kinetic studies conrmed
a pseudo-rst-order reaction, determining an activation energy
of 133.59 kJ mol−1. The catalyst showed good thermal stability
and was reusable for ve cycles without signicant loss of effi-
ciency. This study provides valuable insights for designing of
efficient DESs for polymer degradation and transesterication
reactions. Despite the advantages of metal-based catalysts, they
present various drawbacks including difficulty in their separa-
tion from the crude product, poor selectivity, and high
economic and environmental cost. Hence, the use of green
solvents, particularly ionic liquids or their combinations with
organocatalysts, has increased in recent studies.

Quaranta et al. used organocatalysts, such as DBU, DABCO
and DMAP, to catalyse alcoholysis of BPA-PC under solvent-free
conditions, enabling selective depolymerisation to BPA and
organic carbonates under mild conditions (22–100 °C).589 Using
MeOH/PC at a molar ratio of 4.6 and DBU concentration of
10 mg mLMeOH

−1, PC was selectively converted into BPA and
DMC with a quantitative yield in 30 min. DBU exhibited supe-
rior catalytic activity compared to DABCO and DMAP. Etha-
nolysis led to selective production of BPA and diethyl carbonate
(DEC), although at a slower rate than methanolysis. In mixed
MeOH/EtOH systems, the process generated BPA along with
DMC, DEC, and methyl ethyl carbonate (MEC), achieving a 60%
MEC yield in a single step. Additionally, DBU was successfully
recycled multiple times without any loss of catalytic activity. In
a study by Do et al. the use of 1,5,7-triazabicyclo [4.4.0]-dec-5-
ene (TBD) as a catalyst for the methanolysis of BPA-PC resul-
ted in high yields (>96%) of BPA and DMC at 75 °C.590 In
addition, depolymerization of polycarbonate in 2-methylte-
trahydrofuran (2-Me-THF) with the addition of small diols
enabled the formation of ve-membered cyclic carbonates with
good yields (89–97% for carbonates and 93–99% for BPA).

In a recent study by Parida et al., methanolysis of PC using
minimal NaOH (#0.05 wt%) was demonstrated as an effective
approach, achieving high BPA yields (93–94%) at moderate
temperatures (125–75 °C).591 Optimised conditions minimised
BPA degradation and simplied purication. Recovery from
end-of-life PC roof panels using 0.004 wt% NaOH reached 93%
© 2025 The Author(s). Published by the Royal Society of Chemistry
in 30 minutes at 175 °C, while end-of-life PC/ABS required
additional processing due to additive contamination, ultimately
yielding ∼94% BPA. The process showed a lower environmental
impact factor compared to existing methods. Krisbiantoro et al.
used sodium aluminate (NaAlO2) as a solid base catalyst for PC
depolymerisation via methanolysis, using THF solvent.592 The
catalyst exhibited high activity, achieving 98.1% PC conversion
with 96.8% BPA yield at 60 °C within 2 h. THF was identied as
the optimal solvent due to its polarity similarity to PC, facili-
tating dissolution. Mechanistic studies indicated a methoxide
pathway, and NaAlO2 showed excellent reusability over four
cycles with minimal deactivation. The reaction exhibited a low
activation energy (75.1 kJ mol−1), the lowest recorded for solid
catalysts in PC methanolysis. Recently, Xu et al. developed
polymeric carbon nitride nanosheets (PCNS) using thermal
polymerisation followed by thermal exfoliation.593 The catalyst
demonstrated broad applicability and high efficiency in the
methanolysis of PC, PET, and PLA. The catalyst exhibited high
activity, achieving 87% BPA yield from PC aer six hours at 130 °
C. PET and PLA were converted to dimethyl terephthalate (DMT)
and methyl lactate (ML) with yields of 85% and 98%,
respectively.

Methanolysis depolymerisation has been reported with
enhanced efficiency when supported by microwave heating,
leading to an excellent rate of depolymerisation with short
reaction time and high turnover frequencies. Excellent results
have been reported for depolymerisation of PLA in the presence
of microwave heating to produce monomers in >99% yield.506

Similarly, depolymerisation of poly(bisphenol A carbonate)
proceeds with an accelerated rate under microwave conditions
to produce BPA and DMC monomers, both of which can be
repurposed and used as monomers to produce new poly(bi-
sphenol A carbonate), creating a closed loop recycling
process.564 Ikenaga et al. depolymerised PC via methanolysis
using pressurised microwave heating without a catalyst, and
obtained BPA in 94% yield at 90 °C and pressure of 3 MPa in 3
hours.566 Similarly, PET was depolymerised by Han et al. via
a methanolysis reaction.524 Hofmann et al. depolymerised end-
of-life PET via methanolysis using Zn(OAc)2 catalyst and ob-
tained dimethyl terephthalate (DMT) and ethylene glycol.594 Use
of microwave heating resulted in excellent yield and selectivity.
The authors also applied this catalytic system for depolymer-
isation of a combination of PET, poly(bisphenol A carbonate),
and poly(lactide) (PLA) producing corresponding monomers in
excellent yield.594 The potential of obtained monomers for
repolymerisation was also investigated to reproduce PET
successfully.

Moreover, some hybrid methods including glycolysis–
hydrolysis, glycolysis–methanolysis, and methanolysis–hydro-
lysis have been developed to take benet of the advantages of
each individual process.62,424 Other less conventional methods
such as acetolysis and biodegradation have also been used for
recycling of plastic waste. Acetolysis, an exchange reaction
between carboxylic acid and ester, has been applied for pro-
cessing of PET waste.595 Among carboxylic acids, acetic acid
turned out to be more effective for PET depolymerisation due to
its strongest acidity. Studies have shown that PET bottle akes
RSC Sustainability, 2025, 3, 3724–3840 | 3783
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can be completely depolymerised at 280 °C via acetolysis in two
hours, yielding 95.8% TPA with purity over 99.7% and 95.3%
EGDA (ethylene glycol diacetate) with purity over 98.0%.
Another interesting way of PET recycling is the process of
biodegradation by enzymes. The process is typically carried out
at temperatures between 30 °C and 63 °C, over a period of 3 to
14 days at atmospheric pressure.596 The enzymes used are
produced from various microorganisms including Micro-
monospora viridis, Thermobida fusca, cutinase, lipase, etc. The
enzymes primarily target the ester bond of PET. The process of
biodegradation by microorganisms as described by Muller is
a heterogeneous process. At the beginning of the process
a biochemical reaction occurs on the polymer surface (PET does
not dissolve in water and has a high molecular weight).597 Aer
partial degradation, intermediate water-soluble compounds are
formed, which further participate in cellular metabolism.
Finally, monomers (N,N0-bis(2-hydroxy)ethyl terephthalate, ter-
ephthalic acid), ethylene glycol, carbon dioxide, water,
methane, and other products are obtained at the end of the
process. Degradation by enzymatic methods is discussed in
Section 13.

Ionic liquids such as [Bmim][BF4] can effectively catalyse
ethanolysis of PET under supercritical conditions, which can
reduce the PET decomposition time from 6 hours to 45 minutes
with 98% conversion of PET.455 Supercritical methanol can be
used to depolymerise PET, requiring temperatures of 270–300 °
C and pressures in the range of 0.1–15 MPa. High-molecular-
weight PET depolymerises more rapidly in this process
compared to PET with a lower molecular weight.519
8.5 Hydrogenolysis

Depolymerisation of polymers by hydrogenolysis reaction is
carried out in the presence of molecular hydrogen and a cata-
lyst. Typically, hydrogenolysis involves breaking of C–C bonds
followed by hydrogenation on a catalyst, and is oen facilitated
by mono-functional metal catalysts.598 This process involves low
energy as there is almost no need of extraction and it has less
environmental impact, hence it is considered as a promising
approach to achieve the circular plastic economy compared to
traditional thermal and catalytic cracking technologies. Both
homogeneous and heterogeneous catalysts have been used in
the hydrogenolysis process for depolymerisation of different
polymers such as PET, polyester, and polycarbonates.598,599

The research groups of Milstein and Robertson were
pioneers in the depolymerisation of polyesters into alcohol
monomers via hydrogenolysis using homogeneous cata-
lysts.600,601 They successfully employed ruthenium-N,N,P-pincer
complexes (ruthenium(II) PNN) to achieve high yields of
monomers through catalytic breakdown of polymers. Polyesters
were depolymerised into diols, whereas polycarbonates under-
went hydrogenolysis to produce glycols and methanol. Inter-
estingly, polyesters containing two CH2 units between ester
groups were found to depolymerise into carboxylic acids instead
of diols when treated with the ruthenium(II) PNN complex.600

Using this strategy, post-consumer PET was completely depo-
lymerised at 160 °C under 54 bar H2 within 24 h, with the
3784 | RSC Sustainability, 2025, 3, 3724–3840
process effectively tolerating impurities such as additives and
pigments. Fuentes et al. developed advanced ruthenium-N,N,P-
pincer complexes to enhance the hydrogenolysis of PET.602

However, the practical application of this method is limited by
high catalyst loading and prolonged reaction durations, making
it challenging for consumer products and engineered polymers.
One ruthenium catalyst from the same family of complexes
produced TPA in 53% yield via hydrogenolysis of PET in THF/
anisole at 110 °C in 48 h.602 However, the resulting ethylene
glycol deactivated the catalyst. Feghali and Cantat explored
a similar strategy to depolymerise polymeric materials such as
polycarbonates, polyethers, and polyesters using hydrosilane as
the reductant in the presence of organocatalysts [B(C6F5)3] or
[Ph3C

+,B(C6F5)4
−].603

Westhaues et al. studied the hydrogenolytic depolymerisa-
tion of PLA, PC and PET wastes using a ruthenium catalyst
([Ru(triphos-xyl)methylallyl]NTf2) with bis(tri-
uoromethanesulfonyl) imide (HNTf2) as a co-catalyst
(Fig. 28A–C).599 Hydrogenolysis of PC resulted in the produc-
tion of 1,6-hexanediol only, and PLA was completely converted
to 1,2-propanediol. However, PET hydrogenolysis proved more
challenging, only 42% PET was converted, with 64% selectivity
for 1,4-benzene dimethanol and EG (Fig. 28B). Fig. 28C shows
the selective hydrogenolysis of PLA and PET polymers using
([Ru(triphos-xyl)methylallyl]NTf2) catalyst. The acid-activated
catalyst also facilitated the successive formation of ether by-
products, which decreased the product selectivity, an effect
particularly pronounced in the hydrogenolysis of polybutylene
terephthalate (PBT). Though PBT was completely depoly-
merised, only 22% of the products were monomeric diols
including 1,4-butanediol, with the remainder being ether by-
products (Fig. 28B). The use of the ruthenium complex,
[Ru(triphos-xyl)tmm], along with HNTf2 as a co-catalyst quan-
titatively depolymerised various PET materials into TPA and EG
at 140 °C and 100 bar H2 pressure in 16 h, and remarkably
tolerated impurities (Fig. 28).599,604 Kumar et al. used a ruthe-
nium pincer catalyst for hydrogenative depolymerisation of
extensively used nylons and polyamides in DMSO at 150 °C and
70 bar H2 pressure.605 The same catalyst was used to hydroge-
nate polyurethane, resulting in the production of diamine, diol,
and methanol.

Single site carbon-supported molybdenum-dioxo catalysts
(MoO2/C) have been used for selective depolymerisation of PET
to TPA and ethylene via hydrogenolysis.606 This solvent-free
depolymerisation was carried out at 260 °C with 1 bar H2

pressure, and PET was completely deconstructed to TPA with
87% yield. This catalyst showed high depolymerisation effi-
ciency for both pure and waste PET due to the active Mo sites
that enabled selective activation and cleavage of PET's ester
groups. Yan et al. carried out PET depolymerisation by hydro-
deoxygenation to recover arenes using a titanium supported
cobalt catalyst (Co/TiO2).607 Initial studies were focused on
a pure TPA monomer, leading to the formation of 75% xylene
and 9% toluene at 340 °C and 30 bar H2 pressure in 4 h. Under
the same conditions, depolymerisation of PET afforded ca. 79%
yield of toluene and xylene aer 24 h. However, catalyst stability
was not satisfactory, and catalytic activity was reduced from
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 28 Depolymerisation of plastic waste feedstocks by catalytic hydrogenolysis. (A–C) PET, PC and PLA at 1400 °C with 190 bar H2 pressure.
Adapted with permission from ref. 599. Copyright 2018, American Association for the Advancement of Science. (D) Hydrogen-free PET
conversion over Ru/Nb2O5: (a) 220 °C, 12 h; (b) 280 °C, 12 h; (c) 280 °C, 16 h. Adapted with permission from ref. 598. Copyright 2021, John Wiley
& Sons.
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90 mol% to 35 mol% aer 2 cycles due to Co leaching and
degradation of the support. Wu et al. developed a bimetallic
catalyst CoMo@NC derived from Mo@ZIF-CoZn at 900 °C.608

Mo@ZIF-CoZn was pyrolysed at high temperatures into a N-
doped graphitic matrix where metals were anchored as Co
nanoparticles and Mo nanoclusters, respectively. The syn-
thesised bimetallic catalyst showed excellent activity in PET
hydrogenolysis, affording TA in 91% yield at 260 °C and 1 atm
H2 pressure. The synergic catalysis between cobalt and molyb-
denum sites within the catalyst promoted hydrogenolysis under
mild conditions. This catalyst exhibited stable activity in six
cycles. Jing et al. reported the upgradation of aromatic plastic
waste to simple arenes through hydrogenolysis using a multi-
functional Ru/Nb2O5 catalyst.609 This catalyst selectively cleaved
C–O and C–C bonds within aromatic plastics, producing arenes
in high yield (75–85%). In addition to converting single-
component aromatic plastics, this catalytic system also
allowed the simultaneous conversion of mixed aromatic plas-
tics into arenes with high selectivity.

Lu and co-workers carried out the hydrogen-free conversion
of PET to BTX by leveraging the inherent hydrogen within the
ethylene glycol segment, using Ru/Nb2O5 and Ru/NiAl2O4 cata-
lysts via simultaneous hydrogenolysis and decarboxylation
reactions (Fig. 28D).598 The Ru/Nb2O5 catalyst showed superior
hydrogenolysis and inferior decarboxylation performance
© 2025 The Author(s). Published by the Royal Society of Chemistry
compared to the Ru/NiAl2O4 catalyst, leading to different
selectivities of alkyl aromatics in BTX. The overall process
occurred in three sequential stages: hydrolysis, reforming, and
C–O/C–C bond cleavage, with the latter identied as the rate
determining step that involved parallel hydrogenolysis and
decarboxylation pathways. This H2-free system was also tested
to convert different common real PET plastic feedstocks into
BTX (Fig. 28D).598 This depolymerisation strategy can be taken
as a new possible solution in the circular economy of PET. Yiang
et al. reported a bimetallic RuFe catalyst (Ru-280/Fe–N–C-800)
for hydrodeoxygenation (HDO) of PET plastics and DMT
(dimethyl terephthalate), achieving yields of para-xylene at
82.6% and 88.9%, respectively.610 The catalyst selectively
cleaved C–O bonds without hydrogenating aromatic rings or
breaking C–C bonds to afford BTX in 96% yield from PET
plastics, and 93.8% BTX yield from DMT in 90 min.

Recently, Leshkov investigated the hydrogenolytic depoly-
merisation of commercial and LDPE waste using carbon sup-
ported Ru nanoparticles at 200 °C without solvents.611,612 Initial
studies were focused on degradation of octadecane using
various catalysts such as Ru/Al2O3, Ru/C, Ru/CeO2, Ru/SiO2, and
Ru/TiO2. However, the Ru/C catalyst gave the highest reactivity
using octadecane as a model template. This methodology was
then extended to LDPE with a Mw of ∼4000 Da, targeting both
commercial and post-consumer LDPE. Hydrogenolysis using
RSC Sustainability, 2025, 3, 3724–3840 | 3785
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Ru/C catalyst (wt%) at 200 °C with 20 bar H2 resulted in 45%
yield of liquid hydrocarbons, with C1–C6 hydrocarbons being
present in the residue. Increasing the temperature to 250 °C
resulted in stoichiometric production of CH4. Hydrogenolysis of
LDPE waste at 200 °C generated C7–C45 alkanes, highlighting
the catalyst's ability for valorising plastic waste.

Román-Leshkov and colleagues later applied this method to
degrade PP and mixed polyolen waste, and achieved iso-
alkanes (C5–C32) under moderate conditions (200–250 °C, 20–50
bar H2).612 Under the same conditions, depolymerisation of
high-molecular-weight PP (∼340 000 Da) resulted in liquid and
gas products. In another study, CeO2-supported ruthenium
catalyst successfully degraded LDPE into liquid hydrocarbons
(C5–C21) and wax (C22–C45) at 202 °C and 2 MPa H2 in excellent
yield (92%).613 Similarly, HDPE and PP were degraded to valu-
able chemicals in high yield (83–90%) using this method.
Scheme 6 (A) Oxidative depolymerisation of PPO at 160 °C, 64 h. (B)
Possible mechanism for PPO depolymerisation. (C) Effect of temper-
ature on product yields. (D) Product yield with time: 26DMBQ (red), AA
(blue) and FA (green). Adaptedwith permission from ref. 615. Copyright
2023, John Wiley & Sons.
8.6 Oxidative depolymerisation

Oxidative depolymerisation involves the breakdown of macro-
molecules by the action of oxygen and requires the presence of
an oxidative agent. Oxidative routes have been investigated to
deconstruct polyolens. Catalysts capable of promoting oxida-
tion reactions can signicantly increase the rate of such depo-
lymerisation reactions. The oxidative depolymerisation of PPO
[poly(2,6-dimethyl-1,4-phenylene oxide)], an engineering
plastic, was rst reported by Saito et al. in 2003 in 2,6-dime-
thylphenol solvent.614 In this work, the CuCl/pyridine catalyst
resulted in depolymerisation of PPO to yield oligomeric prod-
ucts. Shimoyama and Nakajima recently developed a more
advanced oxidative depolymerisation method to recycle PPO,
producing 2,6-dimethylbenzoquionone (26DMBQ) as the only
aromatic product. Using nitronium ions (NO2+), produced from
a mixture of silicotungstic acid and nitrate salts at 120 °C, as
a mild oxidant, they achieved 66% yield of the 26DMBQ product
(Scheme 6).615 Mechanistic investigation indicated that NO2+

oxidised PPO. This was followed by the interaction of NO2+ with
H2O, which cleaved the C–O bonds, leading to 26DMBQ
formation (Scheme 6B). Increasing the temperature led to
a gradual increase of 26DMBQ yield, however the yield of AA
reached the maximum at 80 °C and then reduced (Scheme 6C).
The PPO conversion was about 80% aer 48 h, and the reaction
was saturated with 26DMBQ at 64 h without changing aer
additional reaction time (Scheme 6D). The authors also used
26DMBQ in a polymerisation reaction with a dianiline to
produce a polyimide.

Potassium permanganate (KMnO4) solution has been used
by Kim et al. as an oxidising agent to decompose the cross-
linked epoxy resin of carbon bre reinforced plastic (CFRPs)
for recovering carbon bres.616 Themechanical properties of the
recovered material were found to be comparable to those of
virgin bres. The oxidative depolymerisation strategy has been
effectively applied to depolymerise lignin, a natural polymeric
material. This method is widely used on industrial scale in
paper industry.617–619 The lignin from wood pulp could be effi-
ciently and selectively depolymerised and removed under mild
reaction conditions.620 In another application, Sadaka et al.
3786 | RSC Sustainability, 2025, 3, 3724–3840
used oxidation to depolymerise ground waste tyres using peri-
odic acid as the oxidising agent.621 The process involved the
epoxidation of polyisoprene's double bonds, followed by the
cleavage of resulting oxirane structures. By precisely controlling
the amount of periodic acid, which acted as both an oxidant and
catalyst, the researchers successfully synthesised low molecular
weight telechelic polymers with aldehyde end groups. Luo et al.
developed a method for acid-mediated oxidative decomposition
of PS in solution.622 To facilitate activation by benzyl hydrogen,
they introduced nitric acid as an inexpensive acid along with an
oxidiser. A mixture of 20% nitric acid and PS was heated to 180 °
C in an autoclave in an oil bath. Aer 3 hours, 90 mol% of PS
was successfully converted to benzoic acid. Although the exact
mechanism remains poorly understood, previous studies
suggest that NO2 can catalyse the oxidation of alkanes through
the formation of NOx compounds and superoxides. Probably,
nitric acid promotes the formation of benzyl radicals, while O2

serves as the nal oxidant for cleavage of C–C bonds, forming
benzoic acid. Additionally, the inclusion of radical scavengers
such as 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) sup-
pressed the formation of benzoic acid, conrming that
decomposition occurs by a radical chain mechanism.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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A microwave assisted process was reported by Bäckström
et al. for oxidative depolymerisation of LDPE into valuable
chemicals.623 In this method, they used nitric acid as an oxidant,
and aer 1 hour of microwave heating at 180 °C, the process
produced predominantly water soluble dicarboxylic acids such
as adipic acid, succinic acid, acetic acid, and propionic acid.
The process was also applied to depolymerise LDPE freezer
bags, successfully achieving dicarboxylic acids in 71% yield. The
same group later reported a microwave-assisted process to
convert HDPE waste to well-dened chemicals that include
adipic, glutaric, and succinic acids. These acids were then used
to synthesise plasticisers for polylactide (PLA) lms.624

A novel method of solvent-free mechanocatalytic cracking of
polyethylene (PE) has been developed using the heterogeneous
Fenton process.625 This method involves the accidental oxida-
tion of carbon atoms in the polymer chain, which contributes to
its activation and subsequent fragmentation into oxygenates
with a lower molecular weight. The main reaction pathway
involves hydrolysis of ester intermediates, while decarbon-
ylation and decarboxylation contribute to the formation of
small amounts of alkanes and CO2/CO. The resulting oligomers
can be integrated into existing oil rening processes for further
processing into valuable products.

Recently, CeO2 has been used as a catalyst for converting PE
waste into oxygen-containing compounds that can serve as
suitable substrates for biological processing.626 This process
employs a heterogeneous catalyst, which improves product
separation and minimises the risk of metal contamination in
subsequent biological stages. The process also utilises O2 as an
oxidising agent. The oxidised PE derivatives served as the only
carbon source for cultivating Cupriavidus necator H16, facili-
tating their microbial conversion into the biodegradable poly-
mer poly(3-hydroxybutyrate) (PHB). This integrated process
achieved impressive PHB yields, 0.22 g PHB per g of PE powder,
0.21 g g−1 for LDPE bags and 0.28 g g−1 for HDPE bottles. Wang
et al. developed a low-temperature, hydrogen-free catalytic
process for oxidising PE into valuable aliphatic dicarboxylic
acids using Ru/TiO2 catalyst.627 Under mild conditions (160 °C,
1.5 MPa air, 24 h), LDPE achieved 95% conversion with 85%
yield of liquid products, primarily low molecular weight dicar-
boxylic acids. The method demonstrated high efficiency across
various PE feedstocks and produced minimal volatile by-
products. NMR and IR analyses conrmed that dicarboxylic
acids dominated the product mixture, with only trace amounts
of esters. Notably, the recycled catalyst outperformed the fresh
one, attributed to increased hydrophobicity and enhanced
interaction with molten PE due to surface accumulation of
organic residues. Zhang et al. carried out the direct oxidative
conversion of PE into high-value saturated dicarboxylic acids,
achieving a carbon yield of 85.9%.628 Long-chain dicarboxylic
acids (C10–C20) accounted for 58.9% of the yield, facilitated by
MCM-41 molecular sieves doped with cobalt, without the use of
solvents or precious metal catalysts. By adjusting the cobalt
content in MCM-41 through nanocomposite modication, it is
possible to control the distribution of dicarboxylic acids from
short-chain (C4–C10) to long-chain (C10–C20) products. Chang
et al. developed an innovative low-temperature oxidative
© 2025 The Author(s). Published by the Royal Society of Chemistry
cracking strategy to upcycle polyolen waste into recyclable
elastomers.629 HDPE was oxidatively cleaved at 110 °C to
produce carboxyl-terminated oligomers with tunable molecular
weights (Mn 1500–5500 Da) and broad dispersities (Đ 2.91–3.33).
These crystalline oligomers were directly esteried with oxi-
dised cis-polybutadiene containing epoxy groups to form
a dynamically cross-linked elastomer. The resulting material
exhibited excellent mechanical properties, including a tensile
strength of 16.4 MPa, elongation at break of 600%, and tough-
ness of 46.0 MJ m−3, outperforming commercial polyolen
elastomers. The presence of dynamic ester bonds enables
recyclability, offering a streamlined chemical upcycling route
for polyolens without the need for complex product
separation.

Liu et al. developed a temperature-gradient pyrolysis tech-
nique to convert PE and PP into waxes with controlled chain
lengths, achieving an 80% yield.630 Using a custom reactor with
distinct hot and cold zones, the process prevents complete
breakdown into small molecules, enabling precise control over
depolymerisation. The resulting waxes were subsequently oxi-
dised using a Mn(II) stearate catalyst to produce long chain
organic acids and small amount of esters, which were further
converted into high-value surfactants. This approach eliminates
the need for expensive catalysts and harsh conditions, offering
a cost-effective and scalable solution for plastic waste recycling.

Organocatalysts such as N-hydroxyphthalimide (NHPI) and
its derivatives have been shown to catalyse the oxidative upcy-
cling of PS to carboxylic acids without the need for metal cata-
lysts.631 In a system comprising PS, an organocatalyst (0.01
mmol), nitric acid, and glacial acetic acid, heating the reaction
mixture at 120 °C in air for 24 hours resulted in a mixture
primarily composed of benzoic acid and 4-nitrobenzoic acid.
Among the catalysts evaluated, 4-F-NHPI and N,N0,N00-trihy-
droxyisocyanuric acid (THICA) showed the highest efficiencies,
producing approximately 30 mol% benzoic acid and 10 mol% 4-
nitrobenzoic acid relative to styrene units. Minor byproducts
included formic acid and partially oxidised oligomers, high-
lighting the potential of metal-free organocatalysis for PS val-
orisation. A sustainable oxidative upcycling method was
developed to convert PS waste into benzoic acid using a NiO/
TiO2 catalyst in an aqueous medium, with air as the oxidant.632

Operating at 200 °C and 1 MPa for 18 hours, the process ach-
ieved a carbon yield of up to 51.1% and was successfully applied
to real-world PS waste. Mechanistic studies identied super-
oxide radicals (cO2

−) as the key reactive species, initiating C–H
bond activation in the aliphatic segments of PS, followed by
depolymerisation through successive C]C bond cleavage. This
pathway generates progressively smaller oxygenated fragments,
ultimately forming benzoic acid. The approach offers a green
and efficient route for PS valorisation.

Chen et al. carried out the catalytic oxidation of PET,
producing TPA and glycolic acid (GA) instead of ethylene
glycol.633 Using an Au/NiO catalyst enriched with oxygen
vacancies, they achieved exceptional yields of 99% for TPA and
87.6% for GA. This approach demonstrates a promising strategy
to convert PET waste into valuable chemical raw materials. Yu
et al. developed an oxidative upcycling strategy to convert waste
RSC Sustainability, 2025, 3, 3724–3840 | 3787
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PET into aniline and TPA using Ru/TiO2 as the catalyst and
nitrobenzene as the hydrogen acceptor.634 The process resulted
in complete PET conversion, yielding 94% aniline and 99% TPA
at 220 °C in 10 hours. This high performance is driven by strong
Ru–TiO2 interactions that facilitate electron transfer and
accelerate the dehydrogenation of EG unit, the rate-limiting
step. Additionally, controlled hydrogen release enhances
selectivity towards aniline, while the use of an aqueous medium
allows for energy-efficient product separation. Life cycle and
techno-economic assessments highlight the method's environ-
mental and industrial viability, projecting signicant energy
savings, reduced carbon footprint, and an annual prot of
$36.13 million for processing 100k tonnes of PET waste. This
approach offers a selective, efficient, and scalable solution for
PET upcycling into high-value chemicals.

Sullivan et al. integrated chemical and biological catalysis to
convert mixed plastic waste into valuable compounds.635 A
catalytic system comprising Co(II), Mn(II) and N-hydroxyph-
thalimide was used to oxidise HDPE, PS, and PET, individually
and in mixed streams, under 8 bar O2 with an additional 72 bar
of N2 introduced for safety. Oxidation of HDPE produced
a broad range of dicarboxylic acids (C4–C22) in ∼34 mol% yield
relative to polymer carbon, while PS yielded over 60 mol%
benzoic acid. The oxidised plastic waste was further bio-
converted by Pseudomonas putida strains into b-ketoadipate,
a precursor for polyamide synthesis. Strain AW164 also
produced polyhydroxyalkanoates incorporating 3-hydrox-
ydodecanoic and 3-hydroxydecanoic acid monomers. Recently,
dicarboxylic acids obtained by PE oxidation were further
transformed by Aspergillus nidulans into metabolites with
potential pharmaceutical applications.636
8.7 Reductive depolymerisation

Reductive depolymerisation involves breaking down polymer
chains into their monomeric or oligomeric constituents under
reductive conditions. This efficient methodology holds signi-
cant potential for addressing the global plastic waste challenge
by transforming plastic waste into valuable chemicals over
catalysts such as boron, iridium, and ruthenium in the presence
of reducing agents like H2 or silanes. Unlike oxidative depoly-
merisation, which involves the use of oxidizing agents, reduc-
tive depolymerisation employs hydrogen or hydrogen-donating
compounds to break the polymer bonds. This method is effec-
tive in transforming waste plastic into chemicals such as diols,
tetrahydrofuran, p-xylene, etc. However, one signicant draw-
back is the high cost of the catalyst. For plastic recycling
processes to be sustainably scaled for industrial applications,
the catalysts need to be highly active, affordable, and
stable.599,637 This methodology allows for the selective depoly-
merisation of waste plastics into functional chemicals
including alcohols and phenols at ambient temperature. A
major advantage of reductive depolymerisation is its selectivity
and ability to tolerate additives commonly found in waste
plastics, allowing it to selectively depolymerise mixtures of
polymers.425
3788 | RSC Sustainability, 2025, 3, 3724–3840
During catalytic hydrogenation, PET is converted into 1,4-
cyclohexanedicarboxylate (PECHD), which offers superior
biodegradability and is thermally stable compared to BHET,
owing to the presence of an aliphatic ring.638 Typically, PECHD
is synthesised by hydrogenating dimethyl terephthalate fol-
lowed by polymerisation. However, this process is hindered by
harsh conditions, the high cost associated with noble metal
catalysts, and challenging separation of the intermediate “1,4-
dimethyl cyclohexanedicarboxylate” from the reaction mixture,
making it highly expensive. Therefore, Tan and coworkers
developed a sustainable process for PECHD polyester by selec-
tive hydrogenation of PET in a single step at 50 °C and H2

pressure of 6.89 MPa.639 By this method, PECHD was produced
in 98% yield with 100% PET conversion using a Vulcan sup-
ported Rh–Pt bimetallic catalyst and HFIP solvent. The
remarkable catalytic activity was ascribed to rhodium's excep-
tional ability of strong adsorption to the aromatic ring, along
with platinum's ability to enhance hydrogen spillover. The same
research group further explored the Rh–Pt bimetallic system
supported on SBA-15 (Rh2.5Pt2.5/SBA-15) for PET hydrogenation,
highlighting the synergistic role of Rh and Pt, which promoted
PET hydrogenation in an aqueous medium under moderate
conditions.640

Monsigny et al. investigated the depolymerisation of
oxygenated plastics under moderate conditions using a pincer
complex [Ir(POCOP)H(THF)][B(C6F5)4] (POCOP = 1,3-(tBu2-
PO)2C6H3) as a catalyst, with hydrosilanes as reducing agents.425

The iridium catalyst, with 0.3–1 mol% loading, selectively
produced either silyl ethers or alkanes, based on the reaction
temperature. Moreover, this method successfully depoly-
merised actual plastic waste, including PET bottles and PLA
derived from 3D printers, without interference from dyes or
other plastic additives present in the plastic waste. The Fer-
nandes group has developed a highly effective and selective
method for reductive depolymerisation of different polymers,
such as PET, PLA, polycaprolactone (PCL), etc. They used an
inexpensive and air-stable dioxomolybdenum catalyst, MoO2-
Cl2(H2O)2, along with silanes as reducing agents.641 This process
converted plastic waste into valuable chemicals and fuels such
as 1,6-hexanediol, propane, and xylene. The catalyst showed
excellent stability, maintaining high activity over eight cycles
during the reductive depolymerisation of PCL. Moreover, the
PMHS/MoO2Cl2(H2O)2 system proved highly effective in the
gram scale production of propane from depolymerisation of
PLA, and demonstrated efficiency in selectively reducing mixed
plastic waste, such as PCL, PLA, and PET.641

Fernandes' group used a commercial and stable zinc catalyst
(Zn(OAc)2$2H2O) for reductive depolymerisation of plastic
waste and successfully converted PBT, PCL, PET, and PLA waste
into valuable compounds including THF, p-xylene, 1,6-hex-
anediol, and 1,2-propanediol with realistic yields.599,637 Zinc
catalyst was proved to be effective in 7 catalytic cycles and
selectively reduced PCL with good yields. Moreover, this catalyst
was efficient for depolymerisation of mixed polyester wastes,
such as PCL + PBT and PCL + PET, using (EtO)2MeSiH as the
reducing agent in THF, resulting in 1,6-hexanediol with excel-
lent yields. Marie et al. studied the homogeneous reductive
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Depolymerisation of plastic using various catalystsa

Feedstock Catalyst Reaction conditions Product Reference

PET Co3O4, 1 wt% 260 °C, 60 min, EG 63% BHET 472
Mn3O4, 1 wt% 74% BHET
ZnMn2O4, 1 wt% 92.2% BHET

PET FeIII nanosheet, 0.01 wt% 200 °C, 30 min, EG 100% BHET 475
PET MWCNTs, 5 wt% 190 °C, 120 min, EG 78% BHET 476

Fe2O3-MWCNTs, 5 wt% 100% BHET
PET MnO2/HGO, 0.01 wt% 200 °C, 10 min, EG 100% BHET 479
PET Pd/h-BN, 1 wt% 100 °C, 30 min, EG 92.1% BHET 480
PET ZnAl hydrotalcite (Zn/Al molar

ratio: 1), 1 wt%
196 °C, 85 min, EG 65.6% BHET 490

ZnAl hydrotalcite (Zn/Al molar
ratio: 2), 1 wt%

74.8% BHET

ZnAl hydrotalcite (Zn/Al molar
ratio: 3), 1 wt%

76.4% BHET

PET ZnO/SBA-15, 1 wt% 197 °C, 60 min, EG 91% BHET 483
PET 70% ZnCl2/H2O, 0.5% mass ratio 180 °C, 8 h 98.31% TPA 651
PET Zinc acetate, 0.26 wt% 196 °C, 2 h, EG 70% BHET 652
PET Fe3O4 NPs@h-BNNS, 0.67 wt% 200 °C, 300 min, EG 100% BHET 481
PET [(CH3)3N(C16H33)]3PW12O40,

1 wt%
160 °C, 3 h, water 93% BHET 653

PET K6SiW11ZnO39(H2O), 0.13 wt% 185 °C, 30 min, EG 84% BHET 441
PET K10[Zn4(H2O)2(PW9O34)2]-H2O,

2 wt%
240 °C, 8 min, EG 92% BHET 442

PET Na12[WZn3(H2O)2(ZnW9O34)2],
0.5 wt%

190 °C, 40 min, EG 84.5% BHET 654

PET (Cu(OAc)2-[Bmim] [OAc]),
33.3 wt%

190 °C, 3 h, EG 59.3% BHET 655

(Zn OAc)2-[Bmim] [OAc], 33.3 wt% 45.6% BHET
PET DES: [n(urea)/n(ZnCl2)], 5 wt% 170 °C, EG 83% BHET 458
PET TBD: 1,5,7-triazabicyclo[4.4.0]dec-

5-ene, 3.6 wt%
150 °C, 60 min, dibenzylamine 87% N,N0-

dibenzylterephthalamide
499

110 °C, 60 min, ethylene diamine 89% N,N0-bis(2-
aminoethyl)
terephthalamide

120 °C, 120 min, ethanolamine 93% BHETA
PET NaOAc, 1 wt% 180 °C, MW, 60 min,

ethanolamine
98% BHETA 512

PET [(CH3)3N(C16H33)]3[PW12O40],
1 wt%

145 °C, 14 MPa, 3 h, H2O (acidic) >90% TPA 527

PET SO4
2−/TiO2 (solid super-acid

catalyst), 10 wt%
160 °C, 15 MPa, 12 h, H2O, sCCO2 99.19% TPA 656

PET Tributylhexadecylphosphonium
bromide, 0.07 mol L−1

90 °C, 8.1 MPa, 12 h, H2O, NaOH TPA 657

PET waste Bamboo leaf ash, 22.2 wt% 190 °C, 3.5 h, EG 83% BHET 427
PET Deep eutectic solvent@ZIF-8

composite, 0.4 wt%
195 °C, 25 min, EG 83.2% BHET 466

Polyurethane Stannous octoate, 0.9–2.3 wt% 189 °C, 45 min Polyol 446
LDPE Ru/CeO2, 2.94 wt% 240 °C, 6 MPa H2, 8 h 9.7% gas (C1–C4); 83%

liquid (C5–C21); 6.5% wax
(C22–C45)

613

Ru/ZrO2, 2.94 wt% 240 °C, 6 MPa H2, 4 h 11% gas (C1–C4); 61%
liquid (C5–C21); 12% wax
(C22–C45)

Pt/H-USY, 2.94 wt% 260 °C, 6 MPa H2, 42 h 18% gas (C1–C4); 82%
liquid (C5–C21); <0.1% wax
(C22–C45)

LDPE HNO3, 0.1 g mL−1 180 °C, 1 h, MW 71% dicarboxylic acid 623
PPO CuCl/pyridine= 1 : 100, PPO = 0.2

unit mol per L toluene solution
2,6-Dimethylphenol, RT, 1–70 min Oligomeric products 614

Natural rubber Periodic acid in THF, 5 mol L−1 Up to 50 °C, up to 120 min, THF
solvent

Carbonyl telechelic
oligomers

621

PET Zn(OAC)2, 1 mol% MeOH (46.2 equiv.), 20 min 98% DMT and 96% EG 594
Microwave heating, 160 °C

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2025, 3, 3724–3840 | 3789
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Table 4 (Contd. )

Feedstock Catalyst Reaction conditions Product Reference

PET K2CO3, up to 1 mol% 25 °C, MeOH, 24 h 93.1% DMT 577
Polylactide DMAP, 5 mol% 180 °C, MeOH (23.1 equiv.), MW,

20 min
99% methyl lactate 563

Poly(bisphenol A
carbonate)

KF, 2.5 mol% MeOH (46.3 equiv.), MW, 180 °C,
10 min

99% BPA and 79% DMC 564

Multilayer &
coloured PET waste

NaOH, 5–15 wt% 80 °C, EtOH : H2O (60 : 40 vol%),
20 min

95% TA & EG 523

Poly(bisphenol A
carbonate)

Chlorite, 70 wt% vs. PC 200 °C, THF, 6 h 98% BPA 560

PET Rh2.5Pt2.5/Vulcan XC-72-polyol,
1 wt%

50 °C, H2 (6.89 MPa), 60 min 98% PECHD 639

PET Rh2.5Pt2.5/SBA-15, 20 wt% 90 °C, H2 (1000 psi), 80 min 100% PECHD 640
PET C/MoO2, 5 mol% 260 °C, H2 (1 atm), neat 87% TPA 606
PET waste 260 °C, H2 (1 atm), neat 86% TPA
PET 260 °C, Ar (1 atm), neat 58% TPA
PBT Zn(OAc)2$2H2O, 10 mol% PhSiH3, 160 °C, C6H5Cl, 4 days 67% p-xylene 637

70% THF
PBT (EtO)2MeSiH, 160 °C, C6H5Cl, 4

days
15% p-xylene

PCL (EtO)2MeSiH, 65 °C, THF, 24 h 98% 1,6-hexanediol
PET (EtO)2MeSiH, 160 °C, C6H5Cl, 4

days
30% p-xylene and 55% 1,4-
benzenedimethanol

PLA PhSiH3, 110 °C, toluene, 48 h 65% 1,2-propanediol
PLA (EtO)2MeSiH, 110 °C, toluene,

48 h
60% 1,2-propanediol

a BPA: bisphenol A; DES: beep eutectic solvent; DMAP: 4-dimethylaminopyridine; DMC: dimethyl carbonate; DMT: dimethyl terephthalate; EG:
ethylene glycol; BHET: bis(2-hydroxyethyl) terephthalate; BHETA: bis(2-hydroxyethyl) terephthalamide; sC: supercritical; PPO: poly(2,6-
dimethyl-1,4-phenylene oxide); PEHD: 1,4-cyclohexanedicarboxylate; RT: room temperature; TPA: terephthalic acid.
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depolymerisation of polyesters and polycarbonates using
hydroboranes, catalysed by lanthanum(III) tris(amide).642 This
process efficiently converted the polymers into valuable alco-
hols under moderate conditions, using 1 mol% La[N(SiMe3)2]3
in combination with pinacolborane (HBpin). The reaction
demonstrated high selectivity for producing alcohols and diols
upon hydrolysis. They later developed an efficient zirconium
based catalytic system, Cp2Zr(H)Cl combined with dime-
thylmethylsilane reductant, for hydrosilylation of esters into
alcoholic products.643 Using this catalytic system, the authors
successfully depolymerised a number of polyesters, including
PCL, PLA, and PET wastes, to their corresponding monomeric
diols in high yields.

In metal supported catalysts, the particle size, dispersion,
and content of the active metal play a signicant role in
achieving high product yield.
8.8 Product distribution in depolymerisation

Product distribution depends on the polymer type and the
reaction conditions being used for depolymerisation (Table 4).
PET, most widely recycled plastic all over the world, has ester
functionalities that can be broken down by a range of different
reagents such as alcohols, amines, ammonia, glycols, hydrogen,
and water. Therefore, PET can undergo a variety of chemical
recycling processes, including alcoholysis, aminolysis, ammo-
nolysis, glycolysis, hydrolysis, and others. Depolymerisation
3790 | RSC Sustainability, 2025, 3, 3724–3840
products for PET include monomers, dimers, trimers, and
oligomers, such as BHET, dimethyl terephthalate (DMT), ter-
ephthalic acid (TPA), glycols, chemicals, gases, hydrocarbon
liquids, etc. PET also leads to BTX formation by hydrogenolysis.
These products can be puried by distillation, drying, crystal-
lisation, or further chemical reactions, depending on their
intended use. The reaction conditions for depolymerisation
depend on the catalysts used and process applied for
depolymerisation.

Polycarbonates (PC) can be transformed into monomers
such as bisphenol A (BPA) via aminolysis, glycolysis, hydrolysis,
and methanolysis. The hydrogenolysis route of PC depolymer-
isation leads to hexane diols. Similarly, polyesters can be con-
verted to diols via hydrogenolysis, and polyesters with two CH2

units between ester groups can be depolymerised to carboxylic
acids. Depolymerisation of polylactide via methanolysis and
hydrogenolysis leads to the production of methyl lactate and
1,2-propanediol, respectively. Hydrolysis of PLA results in lactic
acid formation. In the case of LDPE, oxidative depolymerisation
yields water-soluble acids such as succinic acid, adipic acid,
acetic acid, propionic acid, etc. under microwave heating.
Polystyrene produces benzoic acid, benzaldehyde, and aceto-
phenone upon oxidative depolymerisation. Polyurethane on
depolymerisation by glycolysis leads to mainly polyols, and by
hydrogenolysis results in various products such as diol and
diamines. These processes offer multiple routes for recovering
© 2025 The Author(s). Published by the Royal Society of Chemistry
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valuable chemicals and monomers from plastic wastes,
contributing to a more sustainable strategy to plastic recycling.
8.9 Commercial processes

Several companies are investing in chemical depolymerisation
of plastic wastes, especially PET waste, to develop innovative
technologies to enhance recycling efficiency.644 Axens, JEPLAN,
and IFPEN developed and licensed an innovative PET recycling
process, called Rewind® PET, to recycle various PET wastes, and
started their Rewind® PET semi-industrial unit in Kitakyushu,
Japan. The plant operates at a production capacity of 1000
tonnes per annum to produce BHET, which can easily be poly-
merised again in existing (or new) polymerisation plants.645

Ioniqa Technologies has developed ionic liquids and
a unique separation process for coloured PET using glycolysis to
convert polyester into BHET.646 In 2019, Ioniqa Technologies
has built its rst PET plastic up-recycling plant in The Nether-
lands, with a capacity to convert 10 000 tonnes per year of PET
waste into high grade ‘virgin’ raw materials (BHET), for creating
new high end PET through polymerisation. Gr3n, a Swiss
company, has developed a DEMETO (Depolymerisation by
Microwave Technology) process, which focuses on PET waste
depolymerisation. The process only requires water and energy
to hydrolyse PET, operating in continuous mode and using
a microwave technology to produce virgin grade EG and PTA,
with signicantly reduced reaction time from 180 to 10
minutes.647 LOOP industries has developed a PET depolymer-
isation process that operates with zero energy input, in which
PET is chemically depolymerised to form TPA as a salt con-
taining less than 3 wt% of impurities and EG.648 This process
was patented in 2017, which involves simultaneous mixing of
PET waste with a halogenated non-polar solvent (3–5 vol%) and
a solution of a linear alcohol, C1–C4 (95–97 vol%), along with
hydroxide.649 The non-polar solvent to alcohol ratio is from 1 :
10 to 1 : 50 v/v. The method operates at atmospheric pressure
without external heat, and involves continuous admixing for
a sufficient duration, typically less than 5 hours, to depoly-
merise at least a portion of the PET.

GARBO S.r.l. has developed a recycling process called
“ChemPET”, capable of using a heterogeneous mixture of PET
wastes, including dyed PET.650 The process is based on glycol-
ysis, in which PET reacts with EG and it is transformed into
BHET aer various purication steps, including removal of
solids, salts, colour, other polymers, and contaminants. Gabro
has implemented this technology at medium scale, 55–65
tonnes per day of BHET production.
9. Metathesis

Metathesis is a bimolecular reaction in which bonds are
exchanged between two reacting chemical molecules. In
metathesis, two hydrocarbons (alkanes, alkenes, or alkynes) are
transformed into two new hydrocarbons by exchanging carbon–
carbon single, double or triple bonds assisted by a metal cata-
lyst. Alkane metathesis is an innovative catalytic methodology
© 2025 The Author(s). Published by the Royal Society of Chemistry
that converts two alkane compounds into both lower and higher
homologues.

One of the key advantages of metathesis reactions is their
reversibility, which allows the reaction to achieve equilibrium
rapidly, sometimes in seconds, using an appropriate catalyst
system.585 Various categories of metathesis have been reported
such as olenmetathesis, ring opening metathesis, ring closing
metathesis, alkane metathesis, enyne metathesis, and cross-
metathesis. Metathesis processes use catalysts only to chemi-
cally repurpose plastics by deconstruction as compared to
hydroconversion and solvent conversion methods. Metathesis
processes are specically applicable to polyolens and have the
potential to upcycle these materials into more valuable chem-
icals, such as fuels, instead of recycling them back into
monomers.

The chemical inertness of C–H and C–C bonds in alkanes
poses a signicant challenge for their chemical transformation,
as these bonds are relatively unreactive. Similarly, the degra-
dation of polyolens through low energy methods is a daunting
challenge due to the inherent chemical inertness where atoms
are attached through these unreactive bonds.658 Alkane
metathesis introduced a novel concept of alkane reactivity,
enabling the transformation of alkanes into lower and higher
molecular weight hydrocarbons. Alkane metathesis becomes
feasible through a tandem catalytic mechanism that circum-
vents the direct cleavage of inert C–C and C–H bonds by rst
dehydrogenating alkanes to form reactive alkenes. These
alkenes undergo olen metathesis via metal–carbene
complexes, followed by hydrogenation to regenerate alkanes.
Transition metals facilitate bond activation through oxidative
addition, s-bond metathesis, and agostic interactions, which
lower activation energy barriers. Catalyst design, including
bifunctional systems and tailored supports, further enhances
reactivity and selectivity, enabling the transformation of satu-
rated hydrocarbons under milder, energetically accessible
conditions. The metathesis reaction was reported by Basset
et al. in 2010 on silica-supported tantalum hydride.659 The
reaction involved the rearrangement of saturated linear and
branched chains into larger saturated molecules. For example,
n-propane was successfully converted into a range of paraffins
such as C1, C2, C4, C5, etc., under relatively mild conditions. This
development was a breakthrough considering the inert sp3 C–H
or C–C bonds. Basset's group developed highly efficient single-
site heterogeneous tantalum and tungsten–alkylidene
complexes with siloxy ligands for alkane metathesis.659 The
Chevron company in 1970s achieved butane metathesis using
Pt/Al2O3 at 400 °C.659 Since then numerous catalysts have been
developed for alkane metathesis.659–663

Cross-metathesis is also a powerful methodology where two
different olens with similar reactivities can react to produce
a dynamic mixture of metathesis products in equilibrium. In
Alkane Cross-Metathesis (ACM), two different alkanes can be
upgraded to more valuable products in the presence of a cata-
lyst.664 The process is cost-effective compared to other processes
as it proceeds in a single step with a single catalyst. Alkane
cross-metathesis can lead to the production of saturated
hydrocarbons via dehydrogenation of alkanes followed by olen
RSC Sustainability, 2025, 3, 3724–3840 | 3791
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metathesis. Basset's research group studied ACM between light
and heavy paraffins (n-propane and n-decane) using silica-
supported catalysts, i.e., [(^SiO)W(CH3)2(H)3], and reported
products with distribution from C4 to C19 saturated paraffinic
compounds.664 Moreover, alkane metathesis reactions, which
involve an alkane dehydrogenation reaction followed by an
olen metathesis reaction, have also been studied by various
research groups.659,665,666 The in situ generated ruthenium
hydride species from Grubbs catalysts have been reported for
dehydrogenation of alcohols coupled with cross-metathesis
reactions.666 In an investigation of the selectivity of Grubbs'
rst generation catalyst for dehydrogenative alcohol coupling
with alkane metathesis, the introduction of tricyclohex-
ylphosphine improved the efficiency of the Hoveyda–Grubbs
2nd generation catalyst (HG2) towards the selective synthesis of
ester derivatives. By using allyl alcohol as both self and cross-
metathesis substrates, HG2 catalysed the quantitative forma-
tion of g-butyrolactone and long-chain esters.666 Various cata-
lysts have been reported for cross-alkane metathesis
reactions.659,664,667,668

The degradation and conversion of polymer waste into
useful chemicals such as fuel is an important area of research
due to the large volume of polymeric materials produced all
over the world. With other chemical recycling methods,
metathesis reactions are also being studied for breaking down
Fig. 29 Alkane metathesis and cross alkane metathesis. (A) Catalyst used
CAM with n-hexane. (C–E) The distribution of degradation products afte

3792 | RSC Sustainability, 2025, 3, 3724–3840
polymers into useful fuel. The metathesis reaction can effi-
ciently degrade polymeric chains by converting them into small
alkane molecules. In the literature, signicant work has focused
on the depolymerisation of polyolens (e.g., polyethylene,
polypropylene) and rubbers using metathesis to produce
hydrocarbons and monomers.669–671
9.1 Polyolen degradation via metathesis reactions

Almost two-thirds of world's plastics consist of polyolens,
mainly polyethylene (PE) and isotactic polypropylene (i-PP),
with an annual market value of about $200 billion globally.672

However, their degradation through low energy methods is
a daunting challenge due to the inherent chemical inertness
where atoms are attached through C–C and C–H bonds.658 The
immiscible PE and i-PP are usually recycled together by melt
processing to low value brittle materials, due to the high cost
associated with separating them from each other.673 Poly-
ethylene, which is synthesised by polymerisation of ethylene,
produces various types of materials such as LDPE, LLDPE,
HDPE, UHDPE and other cross-linked types, which complicates
recycling efforts.62 PE recycling by metathesis has been mostly
studied as an alternative to pyrolysis.

Hydroconversion of polyolens can yield products comprising
linear and branched alkanes, as well as aromatics. In contrast,
cross-alkane metathesis (CAM) has been shown to selectively
for PE depolymerisation. (B) PE degradation pathway through catalytic
r 4 days at 175 °C. Adapted from ref. 674.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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produce linear alkanes without the need for hydrogen. In this
methodology, polyolens and short alkanes rst dehydrogenate
to produce olens. The resulting unsaturated species then
participate in cross-metathesis, generating two new olens.
Subsequent hydrogenation of resulting olens leads to the
formation of saturated alkanes, completing the transformation
process (Fig. 29B).674–676 Jia et al. in 2016 developed a mild cross-
alkane metathesis process to selectively degrade polyethylenes
into liquid fuels and waxes (Fig. 29).674 Iridium based pincer type
alkane dehydrogenation catalysts, such as (t-BuPOCOP)IrH2 and
[(MeOiPrPOCOP)Ir(C2H4)] supported on g-Al2O3, were used for
dehydrogenation to eliminate hydrogen from PE, and Re2O7/g-
Al2O3 was used for olen metathesis which assisted the break-
down of PE (Fig. 29A).674,677 By using low-value alkanes as co-
reactants in cross-metathesis, numerous polyethylene materials
of a wide range of molecular weights could be transformed into
valuable oils and lowmolecular weight waxes as major andminor
products, respectively. The formation of alkenes or aromatic
products was not evident, and the process showed high selectivity
for linear alkanes.

Particularly, HDPEwith aMw of 3350 and PDI of 1.6 underwent
cross-metathesis with excess n-hexane at 150 °C under an inert
atmosphere to produce a liquid n-alkane oil in 56 wt% yield, with
almost half of the fractions in the diesel range (Fig. 29C).674 There
was a substantial decrease in the molecular weight of wax prod-
ucts compared to the original PE (Mw = 680). Olen metathesis
must take place at internal C]C double bonds, formed during
the dehydrogenation of polyolens, to achieve signicant
molecular weight (MW) reduction. The alumina supported (t-
BuPOCOP)Ir catalyst was found to form internal C]C bonds and
the oil yield was increased to 98%. This catalyst system success-
fully degraded a wide range of polyolens (with MW range:
thousands to million and PDI up to 13) except LDPE, which
produced wax products with MW < 1000 and PDI of 1.3 (Fig. 29D
and E). The cascade catalytic systems efficiently degraded various
waste polyethylene products, including bags, bottles, and lms,
converting them into high value liquid fuels and waxes. The
product distribution can be nely tuned by modifying catalyst
structures and reaction times to produce liquid fuels. The system
was also found to be efficient in the presence of polymer stabil-
isers and plasticisers such as zinc stearate and polyphenol present
in commercial polyolens. The recycling of iridium and ruthe-
nium catalysts supported on alumina exhibited reduced activity
for both olen metathesis and alkane dehydrogenation.

Ellis et al. used SnPt/g-Al2O3 and Re2O7/g-Al2O3 catalysts for
depolymerisation of PE via olen mediated CAM with n-
pentane.671 SnPt/g-Al2O3 catalyst was synthesised with 1.7% (g
g−1) Sn and 0.8% (g g−1) Pt loading through sequential depo-
sition, whereas Re2O7/g-Al2O3 catalyst with 8% (g g−1) loading
(Re basis) was synthesised using 75–80% perrhenic acid. This
catalyst system generated a broad spectrum of n-alkanes from
a model linear C20 alkane as well as linear PE feedstock. The PE
substrate resulted in 73% reduction in molecular weight at
200 °C in 15 h, achieving 99 wt% yield of liquid alkanes.671

Zhang et al. used platinum supported on g-Al2O3 for converting
PE (Mn = 1.85 g mol−1) into liquid linear dialkylbenzenes via
a tandem catalytic hydrogenolysis/aromatisation in the absence
© 2025 The Author(s). Published by the Royal Society of Chemistry
of external H2 at 250–330 °C.678 Overall, hydrogenolysis of low
molecular weight PE produced organic soluble hydrocarbons,
insoluble hydrocarbons, and gaseous products in 75 wt%,
12 wt%, and 9 wt% yields, respectively. The reaction mecha-
nism suggests that H2 is produced in situ during depolymer-
isation, which is subsequently used in simultaneous reactions
for hydrogenating aromatic rings and hydrogenolysing the PE
substrate. This mechanism also involves ring closure, resulting
in the formation of alkylated aromatics and cyclic
hydrocarbons.
9.2 Rubber degradation via metathesis reactions

Rubber degradation via metathesis reactions is a chemical
process that involves breaking down rubber polymers into
smaller, more useful molecules through the action of catalysts.
This method leverages the principles of olen metathesis,
a reaction in which C]C bonds of olens are cleaved and
reformed in different arrangements, effectively “shuffling” the
molecular components.

The alkane metathesis methods have been widely investi-
gated for depolymerisation of polydienes. Partial depolymer-
isation of 1,4-polybutadiene (Mw = 1800–500,000 g mol−1) was
accomplished via a tandem ring-opening ring-closing metath-
esis method using ruthenium homogeneous catalysts.669

Macrocyclic oligo(butadiene) compounds (C16–C44) were
produced in high yield (up to 90%) from 1,4-polybutadiene. The
type of ligand structure in the ruthenium catalyst strongly
inuenced the distribution of cyclic compounds. Particularly,
rst-generation ruthenium catalysts favoured the selective
formation of C16–C44 oligomers, whereas 2nd generation
ruthenium catalysts containing N-heterocyclic carbene ligands
favoured the formation of undesired t,t,t-cyclododecatriene
(CDT). When 1st generation Ru complexes containing tricyclo-
hexylphosphine ligands were used, the process resulted in
highly selective (up to 98%) mixtures of C16 to C44 macrocyclic
oligobutadienes withmoderate conversions (59–88%).669Michel
et al. carried out depolymerisation of commercial polydienes
and polybutadienes via cross-metathesis (CM) reactions,
employing a ruthenium catalyst in combination with an acyclic
bis(trialkoxysilyl) chain-transfer agent. They selectively depoly-
merised polybutadienes and poly(butadiene-co-isoprene)
differing in their end functionalisation, producing low viscosity
hydrocarbon a,u-bis(trialkoxysilyl) telechelic (co)polydienes
with exceptional chemoselectivity. The process demonstrated
notable catalytic efficiency, with turnover numbers reaching up
to 24 000, though this gure was non-optimised.679 A controlled
degradation process to depolymerise poly(cis-1,4-isoprene) was
reported by Mouawia et al. via olen metathesis using trihexyl-
(tetradecyl)phosphonium chloride and N,N-dioctylimidazolium
bromide with 2nd generation Grubbs catalyst.680 They success-
fully produced acetoxy telechelic polyisoprenic oligomers in
high yield (99%). Furthermore, the methodology was success-
fully applied to waste tire depolymerisation, producing tele-
chelic oligomers with high efficiency.680 These oligomers are key
intermediates for synthesis of block copolymer compatibilisers
and thermoplastic elastomers.
RSC Sustainability, 2025, 3, 3724–3840 | 3793
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Olen cross-metathesis has been utilised for degradation of
carboxylated nitrile butadiene rubber to carboxyl content, using
acrylonitrile as the chain transfer agent.681 The reaction was
performed at 60 °C using 2% acrylonitrile and 0.2% catalyst
under an inert atmosphere. The weight-average molecular
weight of the degraded polymer was signicantly reduced to
0.98 × 104. Herman et al. developed a novel approach to
depolymerise cross-linked polybutadiene via alkene metathesis.
They used HeatMet, Ru catalyst, and 2nd generation Hoveyda–
Grubbs catalyst for metathesis depolymerisation of PB and
compared their activity.670 HeatMet demonstrated excellent
stability and minimal activity towards PB under standard
atmospheric conditions. However, when the catalyst was used
in low concentrations (0.004–0.024 mol%), at 100 °C the
cross-linked PB network rapidly depolymerised to oil. This in
situ depolymerisation using latent catalysis provides an efficient
pathway for recycling cross-linked PB waste, offering a potential
solution for polymer waste management.

Hu et al. in 2021 studied the metathesis degradation and
functionalisation of natural rubber (NR) using Grubbs 2nd
generation catalyst, incorporating both asymmetric and
symmetric olens as chain transfer agents (CTAs).682 They used
different CTAs such as 1-hexene, 1-decene, 1-dodecene,
1-octene, 4,40-dibromo-trans-stilbene, and trans-stilbene to
produce natural rubber based telechelic oligomers. Oligomers
with low Mn were formed when terminal olens with longer
chain length were introduced. However, the incorporation of
symmetrical stilbene derivatives, exhibiting signicant phenyl
steric hindrance, led to the generation of oligomers with slightly
increased molecular weights (Mn above 10 kg mol−1). Recently,
Burelo et al. successfully depolymerised industrial-grade poly-
butadiene and poly(styrene–butadiene–styrene) via metathesis,
achieving excellent yields (>94%) with the 2nd generation
Grubbs–Hoveyda catalyst, using 10-undecen-1-ol as the chain
transfer agent. This approach led to synthesis of hydroxyl-
terminated polybutadiene (HTPB).683 The molar ratio of
rubber to chain transfer agent and the catalyst loading were
critical factors in determining the molecular weight and
tailoring the characteristics of resulting oligomers from PB
degradation. The catalyst loadings of [C]C]/Ru = 5000 : 1 were
found to be optimum, producing oligomers with Mn in the
range of 583–6580 g mol−1.
9.3 Product distribution via metathesis

Degradation of various polymers has been reported via cross-
alkane metathesis reactions leading to the formation of prod-
ucts ranging from C2 to C40 depending upon the type and
molecular weight of polymers. For example, Jia et al. depoly-
merised various types of polyolens with different molecular
weights to produce oils in the range of C3 to C42.674 They also
investigated degradation of different commercial wastes, and
found that distribution of degradation products was strongly
inuenced by dehydrogenation catalysts and reaction time.
Their strategy uses a system with two catalysts: one for alkane
dehydrogenation and the other for olenmetathesis. At the rst
stage, an iridium-based dehydrogenation catalyst removes
3794 | RSC Sustainability, 2025, 3, 3724–3840
hydrogen from both polyethylene and a light alkane in a closed
system, forming unsaturated intermediates along with Ir–H2.
Subsequently, the olen metathesis catalyst promotes the
cleavage of alkenes, which leads to the fragmentation of poly-
ethylene chains. The newly formed alkenes are then hydroge-
nated with Ir–H2, yielding saturated alkanes. This process of
metathesis gradually reduces the molecular weight of PE as the
internal double bonds in polyethylene-derived alkenes (PEAs)
interact with the double bonds in light alkenes. With an excess
of light alkanes, the intermediates undergo additional CAM
cycles, continuously decomposing into shorter-sized hydrocar-
bons. Repeated repetitions of this process eventually convert
polyethylene into short-chain hydrocarbons suitable for use as
a transport fuel. For example, depolymerising commercial
HDPE pellets produced 81% of waxes with a relatively high
molecular weight (4390 g mol−1) aer 2 hours, however, the
same process resulted in 48% of waxes of lowMW (1060 gmol−1)
aer 24 hours. Moreover, the choice of iridium catalyst also
played a crucial role in regulating the yields of oils and waxes.
The use of (MeO-i-PrPOCOP)Ir(C2H4)/g-Al2O3 dehydrogenation
catalyst for degradation of various PEs constantly resulted in
higher wax yields compared to the use of (t-Bu2PO-t-BuPOCOP)
Ir(C2H4)/g-Al2O3. Moreover, the molecular weight of PE waxes,
obtained by using (MeO-i-PrPOCOP)Ir(C2H4)/g-Al2O3, was almost
double that obtained with (t-Bu2PO-t-BuPOCOP)Ir(C2H4)/g-
Al2O3.674 A range of liquid n-alkane products were produced
from PE degradation.674 In addition, all types of plastics
predominantly produced alkanes within the diesel range as the
primary products. Using the iridium catalyst (MeO-i-PrPOCOP)
Ir(C2H4)/g-Al2O3, all polymers except LDPE, degraded into wax
products with a narrow molecular weight distribution and
comparatively lower molecular weights. However, changing the
iridium catalyst from (MeO-i-PrPOCOP)Ir(C2H4)/g-Al2O3 to (t-
Bu2PO-

t-BuPOCOP)Ir(C2H4)/g-Al2O3, the resulting polyethylene
wax products consistently exhibited broader molecular weight
distributions (Fig. 29). The choice of iridium catalyst was critical
to control the MW distribution of degradation products. More-
over, when this degradation process was applied to waste
plastics with these catalysts, both the pincer Ir dehydrogenation
and the Re metathesis catalysts demonstrated tolerance to the
stabilisers typically found in commercial polyethylenes.

Beckham's research group reported depolymerisation of PE
feedstocks to a mixture of alkane products in the range of C3–

C30.674 Polybutadiene's degradation has also been reported by
some researchers in the recent literature.669,670,683 Depolymerisa-
tion of natural rubber using Grubbs 2nd generation catalyst with
various chain transfer solvents resulted in telechelic oligomers.682

PB and SBS depolymerise to unsaturated diols and polyols via
metathesis.683 Signicant advancements led to enhanced effi-
ciency and selectivity of various metathesis reactions, particularly
with the development of next generation catalysts. These catalysts
have improved the stability of catalysts but also afforded high
selectivity for products. Plastic waste can be depolymerised using
metathesis reactions, but there are certain thermodynamic and
kinetic challenges to address. For example, latent catalysis has
been used to recycle crosslinked PB rubbers, but it must be
applied at relatively low temperatures to avoid catalyst
© 2025 The Author(s). Published by the Royal Society of Chemistry
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deactivation and depolymerisation. Latent catalysis is an active
area of research and the latest metathesis catalysts discovered,
such as HeatMet will provide many prospects for in situ depoly-
merisation of cross-linked polymers. Tandem catalysis has been
successfully applied for depolymerisation of polyolens (PE,
HDPE, LDPE) in different forms such as lms, bottles, etc.,
however, the process is still at the lab scale. The tandem catalytic
strategy enables high efficiency and selective conversion under
relatively mild conditions and provides distinct advantages over
traditional pyrolysis processes. However, further research is
necessary in this area to fully understand the reaction mecha-
nism, kinetics, optimum process parameters, and efficient cata-
lysts to provide the best depolymerisation rates and tune product
distribution. Noble metal catalysts and high loadings have been
used in most of the studies; therefore, efforts must be focused on
reducing catalyst loadings, catalyst regeneration and reusability,
explore cheap metals to reduce the catalyst costs to translate this
method for large scale applications.

Unfortunately, polyester plastics such as PET cannot be
directly modied using metathesis due to the absence of reactive
double bonds, the presence of polar ester groups, and the
incompatibility of these groups withmetathesis catalysts. Instead,
alternative chemical recycling strategies have been developed,
integrating multiple processes to overcome these challenges. For
example, Foster et al. demonstrated an effective strategy for the
decomposition of PET into various a,u-dialkenyl terephthalates
by organocatalysed transesterication using u-unsaturated alco-
hols.684 These monomers were subsequently polymerised into
long cycle polyesters through acyclic diene metathesis polymeri-
sation (ADMET) under mild reaction conditions. The resulting
semi-aromatic polyester materials possessed mechanical proper-
ties intermediate between polyethylene and polyethylene tere-
phthalate, with their characteristics highly dependent on the
monomer structure and the choice of a Ru-based catalyst. These
polymers were derived from dialkenyl terephthalate monomers,
obtained by organocatalytic deconstruction of PET.

Metathesis offers signicant potential for industrial appli-
cations due to its use of cost effective paraffins as feedstock and
its ability to generate stoichiometric hydrogen as a byproduct.
However, the challenge involves the scaling up of the process to
achieve pure chemicals at a low cost, while avoiding contami-
nation by metals and ensuring high selectivity towards the
desired products. Achieving these goals is crucial for making
metathesis a viable and efficient option for large-scale indus-
trial production.

10. Photocatalytic plastic recycling

Photocatalysis is a cost-efficient, highly promising and
sustainable methodology to convert plastic waste under
ambient conditions using renewable energy sources.685 Photo-
catalysis, utilising either limitless solar energy or low-energy
articial light sources like LEDs, is a key focus for green catal-
ysis and sustainable development due to its mild operational
conditions, cost-effectiveness, and environmental benets. A
photocatalytic reaction performed under mild conditions is
expected to selectively and precisely activate specic chemical
© 2025 The Author(s). Published by the Royal Society of Chemistry
bonds, without affecting other functional groups, therefore
achieving high selectivity of the desired products.686

In traditional photocatalysis, most photodegradation reac-
tions of polymers primarily produce CO2 and H2O.687 However,
CO2 is a major greenhouse gas signicantly contributing to
global warming, making it an undesirable primary product, and
the resulting H2O is oen contaminated. Over time, researchers
have been developing photocatalytic methods aimed at
producing valuable products like H2 and carbon-based fuels
from the photocatalytic upcycling of plastic waste. These inno-
vative and efficient photocatalytic techniques add value to
plastic waste upcycling and should remain a focus due to their
importance and the urgent need to establish a circular
economy.
10.1 Metal oxide catalysts

Various metal oxides including Ga2O3, Nb2O5 and TiO2 have
been used for photocatalytic conversion of plastic.686,688 These
catalysts have strong oxidation abilities and can convert poly-
olens with robust C–C bonds including PE (HDPE, LDPE), PP
and PVC. The activation of the photocatalyst depends on several
important parameters, including specic energy and light
intensity. Higher light energy results in a larger number of
available photons, thereby accelerating the excitation of the
photocatalyst and enhancing the generation of reactive parti-
cles. This photothermal synergy played a key role in lowering
the energy barrier, facilitating the adsorption and activation of
molecules.689 When exposed to light, these catalysts create
highly oxidative photo-generated holes, which lead to the
formation of hydroxyl radicals (cOH). When used in an air or
oxygen environment, photo-excited electrons in the conduction
band typically react with O2, generating various reactive oxygen
species including cOH, cO2 and cHO2. These reactive species
initially oxidise polyolens, forming carbonyl, hydroxyl, and
carboxyl functionalities. Consequently, C–C and C–H bonds in
polyolens become polarised and considerably weakened,
facilitating easier cleavage of these bonds and transforming
these polymers into valuable chemicals and fuels.

Gazi et al. synthesised a vanadium-based photocatalyst
capable of converting polymers with hydroxyl terminals such as
polyethylene glycol (PEG), polycaprolactone copolymers, and
polyethylene into chemical building blocks and fuels, including
formic acid and methyl formate.690 Under visible light, the
catalyst facilitated the selective oxygenation of C–C bonds,
enabling the efficient transformation of unactivated alcohols
through a light driven cascade process. The hydroxyl polymer
PEG 400 was completely converted in 2.5 days leading to formic
acid as the major product, along with methyl formate and
oligomeric products as minor products. The authors success-
fully achieved the selective cleavage of the aliphatic C–C bond
under mild conditions with visible light for the environmental
remediation of plastic pollutants. They converted the block
polymer of PE and PEG (PE–PEG) and PE–monoalcohol to yield
formic acid as the main product. Peng et al. fabricated nano-
ber lm Ni5P4/TiO2/C photocatalysts through electrospinning,
hydrothermal treatment, and phosphating.691 The Ni5P4
RSC Sustainability, 2025, 3, 3724–3840 | 3795
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addition onto TiO2/C NFs enhanced the light absorption effi-
ciency of nanobers and also improved their photocatalytic
activity. This photocatalyst resulted in the degradation of PET
microbers into H2 which reached 76.66 mmol H2 per g sub in
12 h (3 times compared to TiO2/C NFs). Kang et al. developed
a MoS2/g-C3N4 photocatalyst for upcycling of PET into high
value chemicals, and the PET conversion mechanism was found
to be concentration-dependent.692 The main product was
acetate at an ethylene glycol (EG) concentration of 7.96 mM,
whereas formate was obtained as the main product by
increasing EG concentration to 300 mM. Interestingly, the
hydrolysate from PET water bottles containing only 7.96 mM of
EG produced 704.59 nmol of acetate, which is four times higher
than the 174.50 nmol obtained by converting 300 mM of EG.
However, increasing the EG concentration to 300 mM, which is
40 times higher, resulted in only approximately a threefold
increase in formate production (179 nmol).

The Reisner group used a well-established Pt/TiO2 and
cyanamide-functionalised carbon nitride powder (NCNCNx/Pt) as
photocatalysts to convert ∼40% of PE to valuable chemicals.686

The major products from PE degradation were succinic acid
(44%) and glutaric acid (22%), along with acetic acid, adipic
acid, and propanoic acid with 21%, 12% and 4% yields,
respectively, in the presence of HNO3 (6 wt%) as the oxidant at
180 °C under an inert atmosphere. The authors performed the
photocatalytic experiments in a batch reactor using pure suc-
cinic acid obtained from oxidative PE treatment with a standard
AM1.5G light source at pH 4 for 24 h. The major product was
ethane for both Pt/TiO2 and NCNCNx/Pt, produced at rates of
56.3 and 7.2 mmol g−1 h−1, respectively.686 However, both Pt/
TiO2 and NCNCNx/Pt gave propanoic acid as the intermediate
product at 964.7 and 176.7 mmol g−1 h−1, and adipic acid as the
minor product at 23.5 and 25.2 mmol g−1 h−1, respectively, as
determined by HPLC. They also performed a photocatalysis
reaction in a ow setup using a photocatalyst pane and ob-
tained a constant production of ethane, ethylene, propane and
propylene at 77.9 mmol m−2, 38.5 mmol m−2, 40.7 mmol m−2,
and 19.1 mmol m−2, respectively, using NCNCNx/Pt over a period
of 72 h.

A plasma treatment approach has been reported for
pretreatment of polyolens for partially breaking down C–C and
C–H bonds, and generating oxygen functionalities in the
backbone of polymers before light irradiation.693 The high
energy plasma induced –OH, O–C]O, and C]O functionalities
in the backbone of polyethylene were conrmed by FTIR and
XPS spectra. Contact angle of plasma treated PE was gradually
decreased by exposing it to water, indicating increased hydro-
philicity. This enhanced hydrophilicity improves the dispersion
of pretreated PE in aqueous solutions and enhances the pho-
tocatalytic activity. Pt nanoparticles (5–15 nm size) uniformly
distributed on the P25–TiO2 catalyst was used as the co-catalyst
to increase the activity for photocatalytic experiments.693 The H2

evolution initially increased and then decreased as the plasma
treatment time on PE was extended. For pristine PE, the H2

production was 33.2 mmol g−1 h−1, which increased to 58.6
mmol g−1 h−1 for PE-10 and further to 108.95 mmol g−1 h−1 for
PE-30. However, H2 production reduced signicantly for longer
3796 | RSC Sustainability, 2025, 3, 3724–3840
pretreatment times due to excessive oxidation of PE, generating
high amount of carbonyl and carboxyl functionalities. This
approach was also applied for pretreatment of PP and PVC,
producing H2 at 56.32 mmol g−1 h−1 and 69.64 mmol g−1 h−1,
respectively.693 Hence, plasma treatment is considered an
excellent strategy to enhance the depolymerisation rates of
highly inert polyolenic plastic waste. When the same photo-
catalyst (Pt/P25-TiO2) was subjected to hydrothermal pretreat-
ment, the evolution rates of H2, C2H4, and C2H6 were
signicantly higher compared to plasma treatment. This
increase is attributed to the fact that hydrothermal treatment
converts most of the PE into C2–C6 carboxylic acids, which can
be easily transformed into small molecules. In contrast, plasma
treatment primarily introduces oxygen-containing functional-
ities, such as –OH, O–C]O, and C]O, to polyethylene without
signicantly breaking down the polymer backbones into
smaller molecules.

Jiao et al. pioneered the highly selective approach for the
photocatalytic conversion of polyolens and PVC into CH3-
COOH without the need for a pre-treatment step.688 The study
involved a sequential photoinduced C–C bond cleavage to
produce CO2 followed by a coupling pathway to generate C2

fuels over the Nb2O5 photocatalyst. The selection of a photo-
catalyst is based on its suitable valence band (VB) and
conduction band (CB) that should satisfy the redox potentials
involved in the photocatalytic conversion reaction. Nb2O5 has
a VB position at +2.5 V vs.NHE and its CB is positioned at−0.9 V
vs. SHE at pH 7.694 Hence, Nb2O5 is capable of generating highly
oxidative cOH radicals (+2.32 V) for plastic degradation, while
simultaneously using photo-generated electrons to reduce CO2

(−0.6 V at pH 7). The photocatalytic reactions were conducted
by dispersing plastic waste and catalyst in a 50 : 1 ratio in water,
using a 300 W Xe lamp equipped with a AM 1.5G lter.688 An
AgNO3 electron scavenger was used to detect the photooxida-
tion products. By adding AgNO3 solution, only CO2 was identi-
ed which suggested the photooxidative C–C bond cleavage of
polymers to produce CO2. The photocatalytic experiments
established that Nb2O5 atomic layers degraded PE, PP and PVC
in 40, 60 and 90 hours, respectively (Fig. 30a and b). The amount
of carbon in the produced CO2 was nearly equivalent to the total
carbon present in pure PE, PP or PVC. Moreover, the generation
of CO2 gradually increased with time. Fig. 30c shows the
CH3CO2H production from various plastics and its increase
with time. The average CH3CO2H production from PE, PP, and
PVC was analysed to be 47.4, 40.6, and 39.5 mg g−1 h−1,
respectively (Fig. 30d). Electron spin resonance (ESR) spectro-
scopic studies revealed the formation of cOH and cO2 radicals
during photoconversion of polyethylene as shown in Fig. 30e
and f. Simultaneously, O2 underwent stepwise reduction to
O2c

−, H2O2, and H2O. The produced CO2 upon photocatalytic
C–C coupling resulted in the formation of CH3COOH as shown
in Fig. 30e. In another study, Jiaqi et al. used Co–Ga2O3 nano-
sheets to convert plastics into syngas under ambient condi-
tions.695 They crushed PET bottles, PE bags, and PP boxes into
powders, and utilised Co–Ga2O3 or Ga2O3 catalysts to convert
these powders using solar light under standard conditions. GC
analysis revealed the presence of H2, CO and CO2, however
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 30 (a) Schematic representation of various plastics into C2 fuels; (b) CO2 production from pure PE, PP, and PVC using Nb2O5 atomic layers;
(c) amount of CH3CO2H production; (d) CH3CO2H and CO generation rate from photoconversion of pure PE, PP, and PVC; (e) VB and CB
potential of Nb2O5 and potential for CO2, H2O, H2O2, and O2; (f) possible two-step mechanism for C–C bond cleavage and C–C bond coupling
to produce CH3CO2H. Adapted with permission from ref. 688. Copyright 2020, John Wiley & Sons.

Tutorial Review RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

1.
01

.2
02

6 
17

:2
0:

38
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
a liquid product was not detected. The Co–Ga2O3 catalyst
demonstrated excellent activity with H2 and CO generation rates
at 647.8 mmol g−1 h−1 and 158.3 mmol g−1 h−1, respectively
from PE conversion. These rates were almost 1.6 and 1.9 times
more compared to those obtained using Ga2O3 alone. Addi-
tionally, the PE bags experienced a weight loss of 81% aer 48
hours. H2 generation was found to originate from H2O rather
than plastics.

Tofa et al. utilised ZnO nanorods as photocatalysts for
degradation of LDPE microplastic residues and observed
a signicant increase in the carbonyl index (30%) of residues,
along with the formation of cracks and surface wrinkles.696 ZnO
nanorods provided a greater surface area to produce cOH, and
consequently enhanced the photocatalytic degradation activity.
The presence of peroxides, unsaturated groups, carbonyl, and
hydroperoxide was detected by time dependent FTIR studies
that conrmed the degradation and oxidation of photocatalysed
LDPE. The probable mechanism involved the initiation of the
degradation process at the weak chromophoric groups by the
cOH and O2 radicals leading to shorter PE alkyl radicals. This is
followed by chain cleavage, oxidation, and cross-linking of
LDPE. Next, removal of hydrogen atoms from polymer chains
generates hydroperoxide groups. Finally, the catalyst generates
ethanol and formaldehyde, which are eventually converted to
CO2 and H2O.696 Jiao et al. in 2022 synthesised a charge asym-
metrical dual active metallic site catalyst, Zr-doped CoFe2O4

quantum dots for direct photoreforming of PE into valuable C2

liquid fuels, particularly CH3COOH.697 This catalyst improved
the adsorption and activation of the *CH2CH2 intermediate,
and consequently increased the direct transformation of PE into
C2 fuels under standard conditions. The doping of Zr atoms can
shi their charge density to adjacent Fe or Co atoms, leading to
the formation of asymmetrical Zr–Fe and Zr–Co sites for the
© 2025 The Author(s). Published by the Royal Society of Chemistry
*CH2CH2 adsorption. The Raman and X-ray photoelectron
spectra of Zr-doped CoFe2O4 QDs revealed the incorporation of
Zr atom, resulting in lattice distortion of CoFe2O4.697 The effect
of H2O2 was also investigated, the CH3COOH production and
weight loss of PE was signicantly increased by increasing the
H2O2 amount from 3% to 30%. When the reaction was per-
formed under Ar, a similar amount of CH3COOH was produced
with CoFe2O4 and Zr–CoFe2O4 catalysts, demonstrating the role
of H2O2 as an oxidant.697

Qin et al. investigated the upcycling of PEG using Ag2O/Fe-
MOF photocatalysts and produced formic acid coupled with
hydrogen.698 The synthesised Ag2O/Fe-MOF heterojunction fol-
lowed a type II charge transfer mechanism; the CB and VB of
Ag2O were positioned above the CB and VB of Fe-MOF, which
facilitated the transfer of electrons from the CB of Ag2O to the
CB of Fe-MOF, and holes from the VB of Fe-MOF to the VB of
Ag2O, thus reducing the charge recombination and increasing
the photocatalytic activity. The Ag2O/Fe-MOF catalyst contain-
ing 0.2 wt% Ag2O showed the highest production of H2

(6.2 mmol g−1) from PEG microplastics. For PE and PET, the H2

production was 1.7 mmol g−1, 1.9 mmol g−1, respectively. Ag2O/
Fe-MOF proved to be an exceptional photocatalyst compared to
Ag2O, Fe-MOF, and TiO2.698 Pichler et al. used a similar
approach for the photo-oxidative conversion of PE to fuels using
Pt/TiO2 and NCN-functionalised GCN/Pt (NCNGCN/Pt) as pho-
tocatalysts.686 PE was initially transformed into dicarboxylic
acids including glutaric acid (22%) and succinic acid (44%),
with smaller amounts of adipic acid, acetic acid, and propanoic
acid. Miao et al. used Ru/TiO2 catalyst for photothermal
conversion of PE into hydrocarbons under concentrated
sunlight or a Xe lamp.699 The Ru/TiO2 catalyst was heated in the
presence of polyolen plastics at 200–300 °C under the light
irradiation which facilitated the melting of the polymer as well
RSC Sustainability, 2025, 3, 3724–3840 | 3797
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View Article Online
as cleavage of C–C and C–H bonds in the polymer backbone.
The Ru/TiO2 catalyst absorbs light across UV, visible and near-
IR ranges, and allows full-spectrum photothermal heating.
Experimental investigation was performed using 80 mg of LDPE
(Mw: 68.7 kDa) and 20 mg of catalyst in a reactor with photo-
thermal heating at 250–300 °C and 1 bar H2/Ar atmosphere (30 :
70). The degradation of LDPE increased to 95% at 300 °C aer
20 h, and the MW reduction was conrmed by gel permeation
chromatography (GPC). Similarly, HDPE and PP were also
degraded effectively by 87.8% and 93.9%, respectively. All the
plastics gave gaseous products in 3–17% yield and liquid
products in 91–97% yield. Moreover, CH4 selectivity was
increased to 100% in the gaseous products by increasing the
reaction time to 40 h at 300 °C.699

Li and Zhang used a tandem depolymerisation and photo-
reforming approach for conversion of PET to valuable chem-
icals, and achieved TPA monomers using a binuclear zinc
catalyst through intramolecular hydrolysis under mild reaction
conditions (COH− # 0.1 M, # 60 °C).700 They employed an
ultrasmall carbon nitride nanosphere photocatalyst for
reforming of PET to produce formic acid and H2 at the rate of
2000 mmol gca

−1 h−1, which is approximately 5 times greater
compared to the corresponding strong alkali pre-treatment
system.
10.2 Metal sulphide based photocatalysts

The majority of metal sulphide-based photocatalysts used for
plastic conversion are cadmium based catalysts due to their
excellent light absorption, resulting from their suitable band
gap and favourable conduction band (CB) positions, which
allow for outstanding reduction abilities.701 The Reisner group
Fig. 31 (a) Elemental mapping of the MoS2/CdS photocatalyst, (b) ph
photoreforming of KOH (10 M) treated PLA using various MoS2 loadin
concentration during 5 h duration, (f) H2 generation from pre-treated P
duration. Adapted with permission from ref. 704. Copyright 2022, Amer

3798 | RSC Sustainability, 2025, 3, 3724–3840
introduced a novel approach utilising CdS/CdOx quantum dot
(QD) photocatalysts to transform plastic waste to produce H2

and value-added organic building blocks using sunlight. They
discovered that addition of CdS QDs to aq. NaOH formed a thin
layer of cadmium oxide/hydroxide (CdOx), which helped prevent
photo-corrosion of the catalyst. Ligand-free QDs have exposed
surfaces hence they work with most substrates. Oleic acid-
capped quantum dots (QDs) were effective only with PET,
likely due to the hydrophobic effect enhancing the QD–
substrate interaction. The authors utilised inexpensive CdS/
CdOx quantum dots for photoreforming of polylactic acid, PET
and polyurethane in aqueous alkaline solution under a nitrogen
atmosphere.701 The process, conducted under ambient condi-
tions, generated pure H2 and converted plastic waste into
organic compounds including acetate, formate, and pyruvate.
The CdS/CdOx quantum dots demonstrated H2 evolution rates
of 0.85, 3.42 and 64.3 mmol g−1 h−1 for PUR, PET, and PLA,
respectively. In comparison, 5% Pt/TiO2 exhibited much lower
H2 generation rates, with only 0.011 and 0.074 mmol g−1 h−1

under the same conditions. However, only TiO2 showed no H2

production. Nagakawa et al. investigated the photocatalytic H2

generation from biomass waste and plastic waste including
isoprene rubber (IR), PE, and PS, using a CdOx/CdS/SiC photo-
catalyst irradiating with a 300 W Xe lamp.702 The visible light
successfully raised the reaction temperature. Moreover, there
was reduction in charge recombination due to electron transfer
between CdS and SiC, hence photocatalytic activity was
increased. Biomass waste produced a higher amount of H2 due
to the better hydrolysis rate, however for plastic waste, isoprene
rubber exhibited the highest H2 generation. Furthermore, the
rates of hydrolysis and H2 formation were observed to increase
proportionally with both temperature and base concentration.
otoreforming of pre-treated PLA in various KOH concentrations; (c)
gs; (d) H2 generation from pre-treated PLA; (e) formate and lactate
ET and PET bottles, (g) formate and lactate concentration during 5 h
ican Chemical Society.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Recently, Miao et al. reported a direct photoreforming
process for PLA plastic using the Pd–CdS photocatalyst under
visible light, and effectively produced H2 at the rate of 49.8 mmol
gca

−1 h−1 that continued for 100 h.703 The process showed
excellent selectivity to pyruvic acid, achieving 95.9% in liquid
products. In another study, Du et al. focused on photoreforming
of PE, PET, and PLA to obtain valuable chemicals along with H2

production using MoS2/CdS photocatalyst (Fig. 31).704 PE has an
inert and stable C–C linkage without any functional group and
it is very difficult to induce some functionalisation or activation.
Hence, the photoreforming of PE requires C–C cleavage into
a short chain carboxylic acid. HNO3 was used as an oxidant to
convert PE into a variety of carboxylic acids at 180 °C.704 Aer
oxidation with HNO3, photocatalytic conversion of PET using
the MoS2/CdS catalyst with 21.8 wt% MoS2 under solar irradi-
ation resulted in evolution of signicant amount of H2 gas
(1.13 mmol g−1 h−1), even aer 200 h (0.99 mmol g−1 h−1).704

Photoreforming of PLA in aqueous NaOH solution (10 M) using
the MoS2/CdS catalyst showed the highest H2 evolution of 6.68
± 0.10 mmol g−1 h−1 (Fig. 31b). Fig. 31c shows the effect of the
amount of MoS2 loading on CdS; the highest H2 production was
achieved with 21.8 wt% MoS2 loading, and it was achieved
during the rst 5 hours of the reaction (Fig. 31d). To further
demonstrate the advantage of the MoS2/CdS structure, MoS2
sheets were selectively loaded on CdS nanorods with 21.1 wt%
loading for use as the control model, represented as
CdS@MoS2. However, this control sample showed a signi-
cantly lower photocatalytic H2 production rate. Fig. 31e shows
the generation of the formate product at concentrations of 5.37
± 0.67 mmol L−1 in 5 h photoreforming, along with reduction
in lactate feedstock. The authors also investigated the photo-
reforming of PET with MoS2/CdS, which showed constant H2

production during the 25-hour period, achieving a rate of
3.90 mmol g−1 h−1. Moreover, pretreated PET produced higher
amount of H2 compared to the PET bottle due to their small size
(Fig. 31f). In addition to H2 evolution, formate, acetate, and
glycolate were detected as photoreforming products, by 1H NMR
analysis. Quantitative analysis using HPLC revealed that, aer 5
hours of irradiation, formate and acetate accumulated to
concentrations of 5.96 ± 0.02 mmol L−1 and 0.95 ± 0.01 mmol
L−1, respectively (Fig. 31g). Similarly, Li et al. synthesised MoS2/
Cd0.5Zn0.5S with 4.3 wt% MoS2 by combining the strategies of
cocatalyst loading and band structure engineering.705 Raman
and XPS spectra conrmed the strong electronic coupling
between MoS2 and Cd0.5Zn0.5S. Control experiments showed
that PET degradation and H2 production cannot occur without
light, a photocatalyst, or NaOH. The 4.3 wt% MoS2 coupled
Cd0.5Zn0.5S showed the highest H2 production rate (15.9 mmol
g−1 h−1) compared to other CdxZn1−xS catalysts (x = 0.2, 0.4,
0.8, and 1). Excellent H2 production was achieved with 4.3 wt%
MoS2/Cd0.5Zn0.5S using PET bottles. The pre-treated PET solu-
tion comprised EG, PTA and glycolate, which was conrmed by
1H-NMR spectroscopy analysis. Aer the reaction, the treated
PET was nally oxidised to produce acetate, ethanol, formate,
and methanol.

Zhang et al. demonstrated the photoconversion of PET and
PLA using a defect-rich chalcogenide photocatalyst, d-NiPS3/
© 2025 The Author(s). Published by the Royal Society of Chemistry
CdS.706 The catalyst was highly efficient in producing hydrogen
in excellent yield and high stability for up to 100 h. Spectro-
scopic investigations revealed that the reaction was facilitated
by the charge transfer mechanism, which involved the extrac-
tion of electrons from CdS by d-NiPS3, enabling the oxidation of
PET and PLA to value added products. The photoreforming of
PLA by d-NiPS3/CdS resulted in the formation of acetates and
pyruvate-based compounds under alkaline conditions.706 The
organic acid was produced in 78.1 mmol yield with H2 genera-
tion of ∼40 mmol gcat

−1 h−1 in 9 h, proving the efficiency of d-
NiPS3/CdS for photoreforming of plastic waste. PET photo-
reforming led to the formation of acetate, formate, and glyco-
late. These studies highlight the remarkable potential of metal
sulde-based photocatalysts for recycling pre-treated plastics
into value-added chemicals and fuels. However, their toxicity,
limited stability, and insufficient oxidation capacity pose
serious limitations for large-scale applications.
10.3 Carbon nitride-based photocatalysts

Carbon nitride-based (CxNy) photocatalysts offer various
advantages such as non-toxicity or low toxicity, earth abun-
dance, cost-effectiveness, suitable band gap width for good light
absorption, strong redox abilities, and excellent chemical
stability.707,708 However, the moderate oxidation potential of
CxNy makes the direct conversion of plastics into chemicals and
fuels particularly challenging under ambient and anaerobic
conditions. To overcome this challenge, Uekert et al. developed
a highly efficient carbon nitride/nickel phosphide (CNxjNi2P)
catalyst for converting PET and PLA to hydrogen fuel and
different organic compounds under alkaline conditions without
producing CO2 or even CO3

2−.707 The oxidation process was
proposed to be driven by direct transfer of photogenerated
holes from the photocatalyst to the plastic substrate, resulting
in the formation of useful organic chemicals such as acetate
and formate. Ni2P, synthesised on cyanamide-functionalised
carbon nitride, proved to be highly efficient and maintained
photostability for 5 days. The photoreforming catalysts were
further evaluated for microplastics and food-contaminated
plastics, generating H2 as the major product. PET and PLA
were initially pre-treated in aq. KOH solution at 40 °C to obtain
the related monomers (EG and TPA for PET; lactate for PLA).
Pre-treatment resulted in the release of 72% lactate from PLA,
and 62% EG and 51% TPA from PET. Following this, the authors
optimised the reaction conditions including Ni2P loading and
KOH concentration to achieve the highest photocatalytic H2

generation. Pre-treated PET and PLA upon solar light irradia-
tion on H2NCNxjNi2P led to H2 generation of 82.5 ± 7.3 and 178
± 12 mmol g−1. Furthermore, CNxjNi2P can transform the pre-
treated PLA into acetate and formate, and this photocatalyst
also shows the possibility of photoreforming postconsumer
polyester microber, PET bottles into H2 and a series of
chemicals.

In addition to H2 production, formic acid and acetic acid
production in signicant amounts has been reported by Han
et al. using CPDs-CN for the photocatalytic conversion of PET.709

The study primarily focused on evaluating the yields of various
RSC Sustainability, 2025, 3, 3724–3840 | 3799
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photocatalytic products derived from ethylene glycol, one of the
PET monomers. Initially, PET was transformed into TPA, EG,
and small amounts of isophthalic acid. Upon extended irradi-
ation with a 300 W Xe lamp, EG was converted into various
products including acetic acid, formic acid, glycolic acid etc.
CPDs-CN-7 performed better than other CPD-CN-x catalysts,
producing acetic acid, glycolic acid, and formic acid in 554, 383,
139 mmol yields, respectively, along with ethanol (128 mmol),
glycolaldehyde (110 mmol) and acetaldehyde (43 mmol) aer 8
days of irradiation.709 Glycolic and acetic acids were obtained
with the highest selectivity, whereas some variations were
observed in the intermediate selectivity of other products.

Although photoreforming of untreated plastics using CxNy is
very challenging at room temperature, Cao et al. successfully
applied C3N4 for the photocatalytic conversion of PS into
aromatic oxygenated products, such as acetophenone, benzal-
dehyde, and benzoic acid, at 80–150 °C via oxidative C–H acti-
vation followed by C–C bond scission using light irradiation.710

Authors have used various known photocatalysts such as TiO2,
ZnO, ZnS and C3N4 to transform PS into oxygen containing
aromatics at 80 °C using light under air, achieving conversions
of 13%, 21%, 12%, and 46%, respectively. The selectivities for
Fig. 32 (a) Schematic diagram illustrating the synthesis of ZnO/UiO66
elemental mapping; (e) acetic acid yield; (f) acetic acid generation at vario
for generation of H2 in PLA conversion; (i and j) yield of H2 generated in
John Wiley & Sons.

3800 | RSC Sustainability, 2025, 3, 3724–3840
aromatic compounds were 15% (TiO2), 55% (ZnO), 64% (ZnS),
and 60% (C3N4). Therefore, C3N4 based catalysts were syn-
thesised by loading various metals, including Au (0.1%, 0.5%),
Fe (0.5%), Pt (0.5%) and Cu (0.5%), onto C3N4. Although these
metal loadings increased the conversion rates, they reduced
selectivity. Subsequently, authors used g-C3N4 for the photo-
catalytic conversion of PS, achieving conversion rates of over
90% at 150 °C. The main products formed in the liquid fraction
were acetophenone, benzaldehyde, and benzoic acid. The
formation of different products occurred during a 3 to 24 hours
period, with the rst 3 hours serving as the induction period.
Additionally, they demonstrated a stable production rate of
different organic compounds (10 mg g−1 h−1) from oxidative
photoreforming of PET pellets (500 mg), maintaining a selec-
tivity of 76% in 18 cycles.
10.4 Composite photocatalysts

Composite photocatalysts designed for plastic recycling utilise
two photon absorbers capable of capturing photons and
generating photo-induced electrons and holes for plastic
degradation. Qin et al. synthesised a zinc oxide composite, ZnO/
-NH2; (b) SEM image; (c) TEM image; (d) HAADF-STEM image and
us reaction times; (g) selectivity of different reaction products; (h) TOF
PVC systems. Adapted with permission from ref. 711. Copyright 2023,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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UiO66-NH2, where ZnO nanoparticles (NPs) are encapsulated
within the UiO66-NH2 framework, specically targeting the
photocatalytic conversion of PLA and PVC plastic waste
(Fig. 32a).711 As shown in Fig. 32b, ZnO/UiO-66-NH2 exhibited
a well-dispersed rhombic octahedral structure with a smooth
surface. TEM analysis revealed a uniform particle size and even
elemental distribution (Fig. 32c and d). In the valorisation of
PLA, ZnO/UiO66-NH2 catalyst produced acetic acid in signi-
cantly higher yield (14.4%) compared to individual components
ZnO (3.3%) and UiO66-NH2 (4.7%) (Fig. 32e). The acetic acid
formation was low in the initial stage, hindered by the large
particle size and low hydrophilicity of PLA, but gradually
increased over time (Fig. 32f). However, as the reaction pro-
gressed, the large PLA particles were broken down into smaller,
more hydrophilic particles, increasing the surface area and
catalytic activity, which led to a steady rise in acetic acid
production over time. The ZnO/UiO66-NH2 composite achieved
an impressive 91.6% selectivity for acetic acid production
during PLA conversion (Fig. 32g). In control experiments, acetic
acid production was signicantly lower with manually mixed
ZnO/UiO66-NH2 (2.0%) and was negligible in the absence of
a catalyst, light or PLA (Fig. 32h), highlighting the critical
importance of the strong interaction between ZnO and UiO66-
NH2. When photocatalytic PLA conversion was performed
under a N2 atmosphere, no acetic acid was formed, emphasis-
ing the importance of O2 in the photocatalytic conversion
process. Moreover, ZnO/UiO66-NH2 also demonstrated excep-
tional stability in the photocatalytic valorisation of PLA,
successfully generating H2 with TON and TOF of 26.36 and 0.75
h−1, respectively (Fig. 32h). ZnO/UiO66-NH2 was also used for
photocatalytic valorisation of PVC, producing acetic acid in
9.2% yield (Fig. 32i), with a TOF of 0.95 h−1 and TON of 33.13 for
H2 production (Fig. 32j). The improved photocatalytic activity of
ZnO/UiO66-NH2 compared to ZnO and UiO66-NH2 is attributed
to its broad-spectrum absorption, effective charge separation
and transfer, and the presence of highly accessible active
sites.704 Moreover, the authors demonstrated the catalyst's
performance in the photocatalytic valorisation of LDPE, PET,
and commercial PLA bags and straws. In another study, the
same research group embedded Ag2O nanoparticles in Fe-
MOF.698 Initially, they synthesised an Fe-MOF, which was then
subjected to post-synthetic modication to produce an Fe–Ag
bimetallic MOF. Upon exposure to a light source, this resulted
in the formation of Ag2O nanoparticle encapsulated Fe-MOF,
represented as Ag2O/Fe-MOF. The framework of MOF effi-
ciently restricted the growth of Ag2O nanoparticles, ensuring
better dispersion and preventing agglomeration. The porous
Ag2O/Fe-MOF exhibited a high surface area and more active
sites, thereby expanding its light absorption range and
improving photocatalytic performance. The Ag2O/Fe-MOF
catalyst incorporating 0.2 wt% Ag2O achieved the highest pho-
tocatalytic degradation of PET microplastics, resulting in
a weight loss of 27.5 mg within 3 h and generating 6.2 mmol g−1

of H2 in 2.5 h, whereas the catalyst with 0.05 wt% and 1 wt%
Ag2O incorporation showed lower weight loss and H2 genera-
tion in photocatalytic PET microplastic transformation.698 This
indicates that the optimal incorporation of Ag2O is critical to
© 2025 The Author(s). Published by the Royal Society of Chemistry
enhance the catalytic activity, whereas excessive amount may
damage the Fe-MOF structure and reduce the active centres. In
comparison, both Fe-MOF and bare Ag2O showed lower effi-
ciency for PEG transformation due to unsuitable band gaps and
limited light absorption. Moreover, Ag2O didn't generate H2 due
to its lower conduction band (0.12 V vs. NHE) compared to H2

production (0 V vs. NHE). When Ag2O and Fe-MOF were physi-
cally mixed, the PEG conversion was minimal (6.1 mg) with low
H2 generation (2.3 mmol g−1). The incorporation of small Ag2O
nanoparticles into the Fe-MOF pores exposes more active sites,
enhancing microplastic conversion. Acetic acid formation was
also observed. Furthermore, Ag2O/Fe-MOF demonstrated
enhanced photocatalytic H2 generation rates, achieving
1.7 mmol g−1 h−1 for PE and 1.9 mmol g−1 h−1 for PET
microplastics.

Polyoxometalates (POMs) have been widely used in photo-/
electrocatalysis due to their reversible multi-electron redox
conversions. Xing et al. developed a heterostructure photo-
catalyst consisting of V-substituted phosphomolybdic acid
clusters and g-C3N4 nanosheets (VPOM/CNNS) to convert plastic
waste into formic acid by visible light.712 The VPOM/CNNS
composite cluster preserved the robust redox potentials of
both electrons and holes, enhancing its photocatalytic effi-
ciency. Consequently, the VPOM/CNNS showed outstanding
photocatalytic formic acid production from PE at the rate of
24.66 mmol h−1 g−1, which is nearly 262 times greater compared
to pristine CNNS. Furthermore, the VPOM-CNNS composite
demonstrated superior performance compared to mechanically
mixed VPOM and CNNS. This composite was also effective in
photocatalytic conversion of other plastic types, including
polyacrylamide (PAM), PEG, PP, and PVC into formic acid. The
formic acid production rate from photocatalytic upcycling of
PAM and PEG was signicantly higher than that from PP and
PVC due to the polar groups in PEG and PAM, which facilitated
their dissolution in polar solvents and the easier activation of
C–O bonds. Furthermore, VPOM/CNNS was capable of selec-
tively transforming real plastic waste, including polyethylene
bags and polypropylene masks, into formic acid. Photoinduced
holes (h+) and superoxide radicals (O2c

−) were identied as the
primary reactive species for photocatalytic plastic conversion.712

In another study, Gong et al. synthesised a metal-free photo-
catalyst (CPD-CN) by combining carbonized polymer dots
(CPDs) with graphitic carbon nitride (CN) for photoreforming of
PET.713 Remarkably, carbon photodots (CPDs) played a crucial
role in broad light absorbance, photoinduced electron transfer,
and storage. The photocatalytic conversion of pretreated PET
solution using CPD-CN resulted in the production of ethylene
glycol derived chemical building blocks such as acetaldehyde,
acetic acid, glycolic acid, etc. aer 8 days of irradiation. The
authors also explored the photocatalytic H2 generation in
conjunction with hydrolysis of PET and PLA. Remarkably, even
without the of use of a co-catalyst (Pt), CPDs-CN achieved
a notable H2 generation of 298 ± 58 mmol g−1 h−1 with pre-
treated PET. However, when Pt was loaded onto CPDs-CN, the
H2 generation rates increased to 1034± 134 for pre-treated PET,
and 1326 ± 181 mmol g−1 h−1 for pre-treated PLA. Mehta and
co-workers synthesised a plastic waste derived uorescent
RSC Sustainability, 2025, 3, 3724–3840 | 3801
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Table 5 Various catalysts for the photocatalytic conversion of plastics to fuels and other valuable chemicals

Feedstock Catalyst Reaction conditions Products Reference

PE (nitric acid treated) Pt/TiO2 (1 wt%) Simulated solar light, pH = 4,
catalyst (4 mg), N2 atmosphere,
25 °C, 4 h

H2 (6.3 mmol gcat
−1), C2H6

(0.25 mmol gcat
−1), C3H8

(0.14 mmol gcat
−1),

CO2 (5.9 mmol gcat
−1)

686

Commercial PE Pt–P25–TiO2 AM1.5 G, 100 mW cm−2, catalyst
(30 mg), N2 atmosphere, 25 °C, 4 h

H2 (132.89 mmol gcat
−1 h−1) in 4 h 693

H2 (521.72 mmol gcat
−1 h−1) in 24 h

Commercial PE-10 (plasma
treated)

H2 (58.46 mmol gcat
−1 h−1)

Commercial PE-20 (plasma
treated)

H2 (73.36 mmol gcat
−1 h−1)

Commercial PE-30 (plasma
treated)

H2 (435.80 mmol gcat
−1 h−1)

PP (plasma treated) H2 (225.27 mmol gcat
−1 h−1)

PV (plasma treated) H2 (278.56 mmol gcat
−1 h−1)

PE Nb2O5 300 W xenon lamp, AM1.5G, 100
mW cm−2, catalyst (50 mg), 25 °C,
40, 60, and 90 hours

CH3CO2H (47.4 mg gcat
−1 h−1) 688

Polymer: PE (150 mg), PP (150
mg), PVC (300 mg)

PP CH3CO2H (40.6 mg gcat
−1 h−1)

PVC CH3CO2H (39.5 mg gcat
−1 h−1)

PLA pretreated in 10 M
NaOH solution

5% Pt/TiO2 Simulated solar light, N2

atmosphere, catalyst (10 mg),
25 °C, 4 h

H2 (0.011 mmol gcat
−1 h−1) 701

PET pretreated in 10 M
NaOH solution

H2 (0.074 mmol gcat
−1 h−1)

PET pretreated in 10 M
NaOH solution

CdS/CdOx quantum
dots

H2 (12.4 mmol gcat
−1 h−1), acetate,

ethanol, formate, glycolate, and
lactate formed

PLA pretreated in 10 M
NaOH solution

H2 (62.1 mmol gcat
−1 h−1),

pyruvate formed
PUR pretreated in 10 M
NaOH solution

H2 (3.22 � 0.13 mmol g−1 h−1)
pyruvate, acetate, and formate
formed

PET pretreated in 10 M
NaOH solution

MoS2–Cd0.5Zn0.5S 300 W xenon light, catalyst
(10 mg), 4 h

H2 (15.90 mmol gcat
−1 h−1),

acetate, formate, CH3OH, and
C2H5OH formed

705

PET pretreated in 10 M
aqueous KOH

CNx/Ni2P Solar light, catalyst (1.6 mg mL−1),
N2 atmosphere, 25 °C, 20 h

H2 (111 mmol gsub
−1 h−1), 50 h

duration, acetate (190 nmol),
formate (190 nmol), glyoxal (9.30
mmol), 5 days duration

707

PLA pretreated in 10 M
aqueous KOH

H2 (211 mmol gsub
−1 h−1), acetate

(100 nmol), formate (95 nmol)
PET in 10 M aqueous KOH CNx/Pt H2 (104 mmol gsub

−1 h−1), acetate
(190 nmol), formate (190 nmol),
glyoxal (9300 nmol)

PLA in 10 M aqueous KOH H2 (314 mmol gsub
−1 h−1), acetate

(100 nmol), formate (95 nmol)
PET pretreated in 0.2 M
aqueous KOH

CNx/Ni2P Solar light, ow rate (2 mLmin−1),
25 cm2 catalyst panel, 25 °C, N2

atmosphere, 20 h

H2 (52 mmol m−2 h−1) 708

PET treated in 5 M KOH at
70 °C

CN-CNT-NiMo 500 W Xe lamp (95 mW cm−2),
catalyst (10 mg), Ar atmosphere,
4 h

H2 (90 mmol gcat
−1 h−1) 713

PS g-C3N4 300 W xenon lamp, catalyst
(50 mg), PS (20 mg)

C6H5COOH (39%), acetophenone
(7%), C6H5CHO (2%)

710

1 bar air, 150 °C, 24 h
PET Pt-cocatalyst-CPDs-

CN-7
300 W xenon lamp, catalyst
(20 mg), 40 °C, 22 h

HCOOH (139 mmol), CH3COOH
(554 mmol), glycolaldehyde (110
mmol), glycolic acid (383 mmol),
C2H5OH (128 mmol)

709

PET powder TPA (304.7 � 17.2 mmol)
PET lm TPA (201.1 � 19.2 mmol)

3802 | RSC Sustainability, 2025, 3, 3724–3840 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 (Contd. )

Feedstock Catalyst Reaction conditions Products Reference

PET pretreated in 5 M KOH CPD-CN 300 W xenon lamp, catalyst (20
mg), 40 °C, under vacuum, 22 h

H2 (1034 mmol g−1 h−1); C2H5OH
(37%), glycolaldehyde (4%),
glycolic acid (21%), HCOOH
(12%), CH3CHO (12%), CH3COOH
(14%)

709

PLA pretreated in 5 M KOH H2 (1326 mmol g−1 h−1)
PET MPs Ag2O/Fe-MOF 300 W Xe lamp, catalyst (0.1 g),

25 °C, in air
H2 (1.9 mmol g−1 h−1) 698

PEG MPs H2 (3.6 mmol g−1), 2.5 h, acetic
acid (11.7 mg L−1), 5 h duration

PE MPs H2 (1.7 mmol g−1 h−1)
PLA ZnO/UiO66-NH2 300 W Xe lamp, catalyst (0.1 g),

1.0 g PLA, in air, 25 °C
CH3COOH (91.6% selectivity;
14.4% yield; TON = 17.92; TOF =

0.51 h−1). H2 evolution (TON =
26.36; TOF = 0.75 h−1)

711

PVC CH3COOH (9.2% yield; TON =

0.90; TOF = 0.03 h−1). H2

generation (TON = 33.13; TOF =
0.95 h−1)

PE VPOM/CNNS 300 W Xe lamp, catalyst (10 mg),
O2 atmosphere, 20–40 °C, 36 h

HCOOH (24.66 mmol g−1 h−1) 712
PEG HCOOH (208.65 mmol g−1 h−1)
PP HCOOH (208.65 mmol g−1 h−1)
PVC HCOOH (29.85 mmol g−1 h−1)
PAA (156.57 mmol g−1 h−1)
PE 0.5 wt% Pt-CdOx/

CdS/SiC
300 W Xe lamp, catalyst (50 mg),
70 °C, Ar atmosphere, 3 h

H2 (25.0 mmol g−1 h−1) 702
PS H2 (19.0 mmol g−1 h−1)
IR H2 (36.7 mmol g−1 h−1)
PLA d-NiPS3/CdS 300W Xe lamp, catalyst (1 mg), 9 h Acetates (13.6 mmol)

Pyruvates (64.5 mmol) 706
PET Formate (23.6 mmol)

Acetate (13.8 mmol)
Glycolate (25.0 mmol)

PS PSA-TiO2 370 nm LED, catalyst (10 mg), 1
bar O2, 4 h

Benzoic acid (43.5 mol%),
acetophenone (1 mol%)

719

PS DTSPA-TiO2 Benzoic acid (40.5 mol%),
acetophenone (0.8 mol%)

PEG-400 Vanadium complex White LED, catalyst (5 mol%),
ambient temperature

Methyl formate (75 � 4%) 690
PE–PEG HCOOH (6 � 1%)
PCL–PEG–PCL HCOOH (70 � 4%)
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carbon (FC) based photocatalyst, FCs/CuO/TiO2, for H2

production.714 FC was synthesised from LDPE by treating it with
sulphuric acid and nitric acid at 180 °C for 10 h. The photo-
catalytic reactions were performed using a 1.5 AM solar simu-
lator, with both FCs and CuO being activated by visible light,
leading to electronic excitations. Furthermore, FCs/CuO/TiO2

exhibited the highest H2 generation compared to other photo-
catalysts, such as FC, CuO, TiO2, and CuO@TiO2, demon-
strating high stability for at least three reaction cycles. This
investigation highlighted a compelling strategy to utilise plastic
waste for synthesising a ternary photocatalyst with excellent
performance in photocatalytic H2 production. Gogoi et al. syn-
thesised polypyrrole using a template-free method, revealing
the presence of residual a-Fe2O3 in the polymer matrix for
photoreforming of PLA.715 The UV-vis spectrum of nPpy@Fe2O3

conrmed the p–p* transitions within the polypyrrole ring.
Photoreforming involved alkaline conditions under a nitrogen
atmosphere with lamp irradiation generating hydrogen at
65 mmol g−1 h−1 aer 48 h. The hydrogen generation was found
© 2025 The Author(s). Published by the Royal Society of Chemistry
to be 77.5 and 78.6 mmol g−1 h−1 aer 120 h and 168 h,
respectively. CO2 is released as a by-product in the photo-
reforming of polycarbonate-based PLA, however the
nPpy@Fe2O3 (1 : 5) photocatalyst didn't show CO2 formation,
thereby increasing its advantage.716

Liu et al. in 2022 compared the glycolysis of PET to BHET by
photothermal and conventional thermal catalysis.717 They
modied the commercially available multiwalled carbon
nanotubes (CNTs) with polydopamine (PDA) to enhance the
catalyst dispersion in EG as compared to pure CNTs. PDA
facilitated strong interaction between CNTs and EG, creating
a bridging layer that improved dispersion compared to pure
CNTs. These modied CNTs were used as light absorbers which
showed an excellent solar thermal effect. Using 0.5 wt% CNTs,
the temperature boosted to 180 °C within 30 min under a light
intensity of 600 mW cm−2. Cholinium phosphate ([Ch]3[PO]4)
ionic liquid was used as a photocatalyst with modied CNTs.
[Ch]3[PO]4 increases the PET glycolysis by activating EG through
intramolecular H-bonding. The nucleophilic oxygen in EG
RSC Sustainability, 2025, 3, 3724–3840 | 3803
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attacks the carbon of ester C]O, which has been previously
activated by [Ch]+ ions. The BHET formation reached 80% in
2.5 h via a photothermal method compared to 32% with the
conventional thermal method, demonstrating the importance
of a localised solar heating effect in photothermal catalysis.717

The same catalytic system converted PC to bisphenol A within
1 h under a light intensity of 400 mW cm−2. Furthermore, the
scalability of the process was analysed using sunlight, and the
authors created a solar ux by constructing a Fresnel lens as the
optical concentrator. Upon light irradiation, the temperature
reached 197 °C within 1 min and all the PET akes were con-
verted aer 45 min producing 50 g of BHET. This demonstrates
the potential for an industrialisation opportunity of this
process. The same group later used an unsaturated Co single
site catalyst (Co SSC) for photothermal glycolysis of polyester
with improved catalytic activity and light absorption properties
due to the high atomic utilisation, unique coordination state,
and their local electronic structure.718 Co atoms were dispersed
on the surface of PDA modied CNTs using a wet chemical
impregnation method to synthesise Co SSC which was used for
photothermal glycolysis of PET waste to form BHET. The reac-
tion temperature reached 180 °C in 30 min with 0.75 wt% Co
SSC loading in EG under a light intensity of 0.74 W cm−2. The
solar power density was found to be directly proportional to PET
conversion and BHET yield; increasing the solar power density
from 0.52 to 0.74 W cm−2 increased PET conversion to 100%
producing BHET in 82.6% yield. This catalyst system gave
conversion and yield that were 5.4 and 6.6 times better than the
same reaction performed in a thermal catalytic system, showing
the higher performance of the photothermal system. Large-
scale outdoor experiments under natural sunlight conrmed
the industrial viability of Co SSC-catalysed photothermal PET
glycolysis, achieving complete conversion within 40 minutes
and yielding ∼8.5 g BHET per batch. Various photocatalysts
investigated for recycling of different plastic feedstocks and
their product distribution are summarised in Table 5.

11. Electrocatalytic plastic recycling

The electrocatalytic approach shows signicant promise for
recycling plastic waste and offers an eco-friendly solution for
removing primary environmental contaminants due to its
minimal operational requirements such as electricity derived
from non-renewable resources. Despite its potential, this
method has rarely been applied to plastic upcycling, with most
applications focusing on the natural polymer lignin.720 Some
reports have highlighted the transformation of synthetic plastic
wastes into carbon-based materials for use in electrodes.721

Although this does not directly address plastic transformation,
these materials are valuable for generating hydrogen fuel via
electrocatalytic water splitting.722 This section will explore the
latest studies on the electrocatalytic approach for plastic
conversion.

For electrochemical transformation of plastic waste, it is vital
to develop a system that can effectively deliver charges to bulk
solid plastics. To ensure the efficient diffusion of large molec-
ular weight polymer molecules into the anode, highly porous
3804 | RSC Sustainability, 2025, 3, 3724–3840
materials are selected. Previously reported anodes for lignin
upcycling can be adapted with necessary modications to
enhance conversion rates and efficiency. In classical electro-
catalytic water splitting systems, hydrogen is generated at the
cathode by the reduction of H+ ions, and oxygen is generated at
the anode via the oxygen evolution reaction. The hydrogen
evolution reaction (HER) is oen limited by the thermody-
namically less favourable oxygen evolution reaction (OER). To
enhance the HER, researchers have been exploring replacement
of the slow OER with simpler organic transformation reactions.
One effective method is to replace the OER with plastic recycling
processes, enabling the simultaneous production of hydrogen
gas and valuable chemicals. This green approach not only
provides an economical and sustainable solution to the growing
plastic waste issue but also offers solution to meet the energy
demands of industry. Additionally, this method eliminates the
potential risk of generating a highly explosive H2/O2 mixture.
Moreover, research efforts have begun to further increase
energy efficiency, coupling a photoanode with the cathode to
construct photoelectrochemical cells (PECs). This approach
requires signicantly less energy compared to conventional
electrocatalytic systems, making the process more efficient and
sustainable.
11.1 Electrocatalysts for polyester recycling

Chemical hydrolysis in alkaline solutions can readily extract
terephthalic acid (TPA-K) and EG monomers from PET.
However, the commercial use of this method is limited due to
its complex nature and high energy consumption of the puri-
cation process. To enhance the purication process and
obtain further advantages, electrochemical upcycling has been
suggested as an additional approach. Zhou et al. successfully
synthesised a series of cobalt and nickel phosphides on nickel
foam (CoNixP/NF) as bifunctional catalysts for electrocatalytic
transformation of PET, producing terephthalic acid (TPA),
potassium diformate, and hydrogen fuel by water reduction.723

In this process, ethylene glycol is oxidised at the anode while H2

is evolved at the cathode. A three-electrode system was used
with a saturated calomel reference electrode, and nickel foam as
the working electrode as well the counter electrodes for elec-
trodeposition. Among the catalysts, CoNi0.25P/NF exhibited the
highest activity, upcycling PET to formate and hydrogen fuel
with a current density of 500 mA cm−2, achieving over 80%
faradaic efficiency and formate selectivity. In the electro-
chemical procedure, formic acid produced by the ethylene
glycol oxidation reaction (EGOR) is neutralised in a potassium
hydroxide electrolyte, leading to the precipitation of TPA with
94% yield. Further reduction of the electrolyte pH resulted in
the formation of solid formate or potassium diformate. Behera
et al. investigated the electrocatalytic upcycling of PET, focusing
on the electrochemical oxidation of PET and its oligomer BHET
using a cobalt-containing polymer with open metal sites as an
electrocatalyst.724 During the electrocatalytic reforming process,
the formic acid produced by the electrochemical oxidation of
ethylene glycol (EGOR) is neutralised in a KOH electrolyte,
causing terephthalic acid (TPA) to precipitate with 94% yield.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Lowering the pH of the electrolyte further resulted in the
formation of solid formate or potassium diformate (KDF). This
study presented an effective and economical strategy for
producing TPA, potassium diformate, and hydrogen fuel.

Shi et al. pioneered an innovative electroreforming strategy
to transform PET waste into terephthalate and carbonate using
a palladium modied nickel foam catalyst.725 They synthesised
various Pd/NF catalysts via a displacement reaction involving Ni
foam in an H2PdCl4 aqueous solution, with Pd particles
depositing onto the Ni foam. The Pd/NF-10 catalyst demon-
strated the largest electrochemically active surface area, attrib-
uted to its porous network structure that provided more
catalytic sites. The faradaic efficiency (FE) for H2 fuel generation
was 98% at a cell voltage of 1.01 V. The efficiency of the
hydrogen evolution reaction (HER) remained stable despite
varying the concentration of EG. For EG oxidation, a peak
current density of ∼880 mA cm−2 was recorded in 1 M KOH,
which increased by increasing the KOH concentration up to
10 M, indicating the necessity of a highly alkaline environment
for efficient EG oxidation. For PET electroreforming, a current
density of approximately 400 mA cm−2 at 0.7 V vs. RHE was
derived from cyclic voltammetry (CV) curves, with nearly
complete PET conversion aer 20 hours. The process predom-
inantly produced terephthalate and carbonate, along with
minor amounts of glyoxal. The catalyst demonstrated high
stability, retaining 97% of its initial current density aer four
cycles. This electroreforming approach was also tested on real-
world PET, achieving a current of 100 mA cm−2 at 1.01 V.
Overall, the catalytic system demonstrated high activity for
carbonate production with 95% selectivity, and 93% faradaic
efficiency.725

Chen and colleagues recently reported the conversion of EG
from PET waste into formate using a defective and anion–cation
doped nickel sulde.726 The oxidation of PET hydrolysate was
Fig. 33 (a) Schematic process for Ni3N/W5N4 electrocatalyst synthesis;
structure with and without plastic in deionized water; (d) rate of HCOO
densities at different potentials. Adapted with permission from ref. 728.

© 2025 The Author(s). Published by the Royal Society of Chemistry
performed in an H-type cell, simultaneously producing
hydrogen. It was discovered that B and Co-doped Ni3S2 (B, Co–
NiS) exhibited superior EGOR activity compared to samples
doped with either Co or B alone. While B–NiS and Co–NiS
required potentials of 1.364 V and 1.384 V, respectively, to
achieve 100 mA cm−2, B,Co–NiS required only 1.341 V for EG
oxidation. Moreover, the bifunctional B, Co–NiS catalyst facili-
tated the electrolysis of real PET waste hydrolysate, producing
15.24 mmol h−1 of formate. It also achieved a hydrogen
production efficiency more than 70 times greater than that of
conventional water electrolysis.

Wang et al. synthesised ultrathin CoNi0.2P nanosheets on Ni
foam [CoNi0.2P-uNS/NF], an efficient and cost-effective electro-
catalyst, using a template-post-phosphatisationmethodology.727

These nanosheets demonstrated exceptional electroactivity for
the HER, EG oxidation, and the oxidation of other biomass such
as furfural and glycerol in alkaline environments. The CoNi0.2P-
uNS/NF catalyst showed excellent HER activity and required
only 43 mV to achieve 10 mA cm−2, outperforming other cata-
lysts such as CoP-uNS/NF, CoNi0.1P-uNS/NF, and Ni2P-uNS/NF,
which required 98 mV, 65 mV, and 124 mV potential, respec-
tively. For practical applications, the authors assembled
a CoNi0.2P-uNS/NF‖CoNi0.2P-uNS/NF electrolyser to oxidise PET
hydrolysate into formate while co-producing hydrogen. Among
all the tested catalysts, CoNi0.2P-uNS/NF showed the highest
electroactivity due to the optimal inclusion of Ni, which posi-
tively inuenced the Co active centre for EG oxidation. The
reaction kinetics were assessed using Tafel plots, with CoNi0.2P-
uNS/NF displaying the fastest EG oxidation kinetics and the
lowest Tafel slope (39.9 mV dec−1) among the tested catalysts.

Ma et al. developed a bifunctional electrocatalyst, Ni3N/
W5N4, directly grown on nickel foam (Fig. 33a), and used it for
successful upcycling of prevalent PET microplastics (MPs),
integrated with a counter cathodic HER.728 The Ni3N/W5N4
(b) SEM image of Ni3N/W5N4. (c) LSV curves of the Ni3N/W5N4 Janus
H formation and FA at different potentials. (e) The respective current
Copyright 2022, Elsevier.
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electrode demonstrated platinum-like hydrogen evolution
reaction performance and remarkable stability, lasting 300
hours under current industrial conditions. The catalyst showed
high selectivity for producing formic acid (HCOOH) with
a faradaic efficiency of approx. 85% at a potential of 1.40–1.60 V
vs. RHE (Fig. 33d). The current density at 1.60 V reached 120 mA
cm−2, producing formate at 1.2 mmol cm−2 h−1. For PET
oxidation, it attained a current density of 10 mA cm−2 at 1.33 V,
which is signicantly lower than the potential required for the
OER, indicating that PET oxidation is an energy-efficient
process (Fig. 33c). As shown in Fig. 33d, there was selective
production of HCOOH during the PET upgradation, achieving
a high Faradaic efficiency of∼85% for Ni3N/W5N4 at 1.4–1.6 V to
generate HCOOH. Moreover, the oxidation process at various
potentials was found to be 3–5 times more efficient than the
OER, enhancing the HER process at the cathode (Fig. 33e).
Formic acid was identied as the primary product during PET
upcycling, with its production increasing with the increase in
voltage. Additionally, the catalyst demonstrated excellent recy-
clability, maintaining its activity without signicant loss even
aer ve cycles. In seawater containing PET hydrolysate, the
current density increased sharply with potential, outperforming
bare seawater due to the replacement of the energy-intensive
chlorine evolution reaction (CER) with the plastic oxidation
process. While the catalyst experienced severe corrosion in bare
seawater aer the anodic reaction, it exhibited minimal corro-
sion in the presence of PET hydrolysate. Overall, this electro-
catalyst exhibited outstanding catalytic performance in harsh
marine environments, showing great promise for practical
electrocatalytic plastic upcycling under real-world conditions.
Wang and co-workers developed an ordered macroporous
superstructure using a Ni-modied CoP electrocatalyst (OMS-
Ni1-CoP) for PET electrocatalytic upcycling.729 This catalyst was
derived from Ni(II)/MSC-ZIF-67 which was synthesised from
microporous ZIF-67 single-crystals. A three-electrode cell with
1 M KOH electrolyte was used to evaluate HER activity, per-
forming comparative study using CoP, Ni1–CoP, and OMS-CoP
catalysts. The electrocatalyst demonstrated a remarkable fara-
daic efficiency of up to 96% for formate synthesis in the
ethylene glycol oxidation reaction. Using this electrocatalyst for
simultaneous production of hydrogen and valuable chemicals,
the researchers explored an integrated electrolysis system
combining the HER and EGOR in PET plastic hydrolysate.

Liu and co-workers harnessed the synergy between palla-
dium (Pd) and nickel (Ni) to develop selective electrocatalysts
for the electrochemical oxidation of ethylene glycol (EGOR),
aiming to synthesise glycolate from PET-derived ethylene
glycol.730 In this system, Ni(OH)2 efficiently oxidised –OH to
*OH species on the Pd surface at a low potential. The resulting
*OH species promoted the cleavage of EG bonds for a faster
dehydrogenation process and facilitated the conversion of
poisonous carbonyl intermediates, maintaining the catalyst's
stability and effectiveness. The initial step involved the basic
hydrolysis of PET pieces to form TPA and EG. For EG oxidation
analysis, the Pd–Ni(OH)2/NF catalyst displayed a Tafel slope of
189 mV dec−1, signicantly lower than the OER at 259 mV
dec−1, conrming the kinetic favourability of EG oxidation over
3806 | RSC Sustainability, 2025, 3, 3724–3840
the OER. As electrolysis proceeds, glycolic acid production
increases linearly with EG consumption. The Pd–Ni(OH)2/NF
catalyst exhibited excellent performance, achieving faradaic
efficiency (FE) greater than 85% at various voltages, glycolic acid
selectivity of 91.6%, and EG conversion rate of 93.2%. This
performance was signicantly superior to that of Pd/NF (55%)
and Pd/C (16%), highlighting the higher stability of the catalyst
in the EGOR. The faradaic efficiency for glycolate exceeded 90%
across a wide potential range (0.7–1.2 V vs. RHE). For hydrogen
evolution, the catalyst showed outstanding activity, producing
hydrogen at 0.93 V, signicantly lower than the conventional
1.88 V required for water splitting in a KOH and EG electrolyte
solution. Wang et al. used a unique approach for simultaneous
upcycling of PET and CO2 reduction, producing formic acid
(HCOOH) at both the cathode and anode using a NiCo2O4

electrocatalyst.731 In the context of CO2 reduction reactions, they
reduced energy consumption and enhanced the formation of
valuable products at the anode by utilising small molecular
organic reactions to substitute the sluggish OER. The electro-
catalyst demonstrated 90% faradaic efficiency for formic acid
production, showcasing its outstanding selectivity for the
oxidation of PET hydrolysate. By combining PET hydrolysate
oxidation with the CO2 reduction reaction, the electrolyser
operated at 1.55 V to facilitate the combined half-reactions.
Moreover, when operating at 1.90 V, Faraday efficiency of up
to 155% could be achieved for formic acid production, indi-
cating a highly efficient process for converting both PET and
CO2 into valuable chemicals. A similar strategy was also inves-
tigated by Kilaparthi et al. who also coupled the CO2 reduction
process with PET recycling.732 The authors used reduced gra-
phene oxide (rGO) loaded with bismuth oxide carbonate (BOC)
and CuCoO as the anode and cathode, respectively. Formate
was concurrently produced at both electrodes. The
CuCoO@rGO catalyst demonstrated higher electroactivity,
achieving a signicant FE of 85.7% at 1.5 V. In contrast,
BOC@rGO catalyst demonstrated an impressive FE of 97.4% at
−0.8 V, effectively driving formate production via the CO2

reduction reaction. Using this system in an electrolyser, the
system was able to produce formic acid at a low voltage of 1.9 V
and current density of 10 mA cm−2, achieving a remarkable FE
of 151.8% for formate production.

Mao et al. introduced a Mn0.1Ni0.9Co2O4−d rod-shaped bre
electrocatalyst for transformation of PET microplastics (MPs)
into formate, terephthalic acid (TPA), and potassium sulfate
(K2SO4).733 The catalyst preparation involved electrospinning,
vacuum drying, and calcination process. The introduction of
manganese (Mn) into the NiCo2O4 structure was believed to
enhance its electrocatalytic performance by altering its elec-
tronic structure. Initially, 2 M KOH solution was used to
hydrolyse PET into TPA and EG, which served as the electrolyte
for formate production at the anode. The Mn0.1Ni0.9Co2O4−d

electrocatalyst achieved an FE of 95% at 1.42 V vs. RHE for
oxidation of PET hydrolysate. The oxidation of EG to formate
and carbonate involved a two-electron transfer process and
proceeded by two pathways: (i) EG conversion to glycolaldehyde
and its oxidation to glycolic acid, which then underwent C–C
bond cleavage to produce formate and carbonate; (ii)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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glycolaldehyde oxidation to glyoxal, followed by C–C bond
cleavage to generate formate.

Ren et al. recently developed a process coupling the nitrate
reduction reaction (NO3RR) with the oxidation of PET hydroly-
sate.734 In this process, PET hydrolysate was converted into
formate while concurrently producing ammonia from nitrate
wastewater. They used a bifunctional catalyst, (CoRuMOF/NF),
developed by growing Ru-incorporated Co-based MOF (CoRu-
MOF) on nickel foam. Excitingly, upon applying the external
potential CoRuMOF/NF underwent in situ transformation,
forming Ru–Co(OH)2/NF and Ru–CoOOH/NF at the cathode and
anode, respectively. These reconstructed catalysts proved highly
active for the NO3RR and oxidation of PET hydrolysate.734 In
evaluating the NO3RR activity, linear sweep voltammetry curves
showed a high current density in 1 M KOH solution with
200 ppm of KNO3–N compared to pure 1 M KOH solution,
conrming the catalyst's efficiency in driving nitrate reduc-
tion.734 For PET hydrolysate oxidation, Ru–CoOOH/NF showed
signicant advantages, lowering the required potential by
220 mV at 100 mA cm−2, revealing the easier oxidation of PET
hydrolysate than the OER. Additionally, the system achieved
a higher current density of 50 mA cm−2 at 1.5 V, enabling effi-
cient co-production of NH3 and formate.

Noble metal-based catalysts are known for their good selec-
tivity in preserving C–C bonds during the electrooxidation of
alcohols.735 In a study by Li et al., gold particles were electro-
deposited on Ni(OH)2 for 600 seconds at−1 V vs. Ag/AgCl, using
Fig. 34 (a) Diagram showing the preparation of T-NF via the electro-c
electro-reforming of PBT to TPA and succinate; (d) LSV curves for long te
1.0 M KOH; (f) 1H NMR spectra of products of PBT conversion. Adapted

© 2025 The Author(s). Published by the Royal Society of Chemistry
Ag/AgCl, Pt foil, and nickel foam-supported Ni(OH)2 nanosheets
as the reference electrode, counter electrode, and working
electrode, respectively.735 Using Au/Ni(OH)2, glycolic acid was
produced from ethylene glycol at the rate of 2.24 mmol−2 h−1

with 91% selectivity at 1.15 V. The transformation of ethylene
glycol into glycolic acid (GA) was found to involve an initial
electrooxidation of EG to glycolaldehyde and its subsequent
conversion to an enol form, followed by nucleophilic dehydro-
genation to produce GA. It was found that EG molecules with
adjacent hydroxyl (OH) groups were more prone to form
alkoxides, thus enhancing the catalytic activity. These EG
alkoxides were concentrated on the surface of an Au/Ni(OH)2
catalyst through s interactions between the alkoxides and Au,
while H-bonding between the adjacent OH groups and Ni(OH)2
further increased local concentrations and current densities.
The optimised electrolyser yielded 36.8 mmol h−1 of glycolic
acid with 94% selectivity and faradaic efficiency of 96%, along
with hydrogen production. To improve the process's applica-
bility to consumer plastic waste, a membrane-free ow elec-
trolyser using PET bottles produced 81.6% glycolic acid and 9.4
Litres of H2.736

Liu et al. recently applied an ultrafast electro-corrosion
approach, utilising chloride ions (Cl−), to activate Ni foam
into a highly effective electrocatalyst for converting poly-
butylene terephthalate (PBT).737 Chloride ions are known for
their corrosion acceleration properties due to their strong
penetration and depassivation potential, which increase the
orrosion method; (b) SEM image of T-NF; (c) schematic illustration of
rm stability of T-NF; (e) LSV curves for the T-NF in PBT hydrolysate and
with permission from ref. 737. Copyright 2023, Elsevier.
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corrosion process.738 The corrosion process can create active
layers on the surface of metal substrates, which act as catalytic
species. The electro-corrosion reaction resulted in the increase
of catalytic activity of Ni foam by 150 times. First, PBT under
basic conditions resulted in the formation of TPA and 1,4-
butanediol monomers. Fig. 34a shows the electro-corrosion
method of treated Ni foam (T-NF), and Fig. 34c illustrates the
schematic process of PBT electro-reforming into TPA and
succinate. The treated Ni foam maintained its 3D skeletal
structure even aer undergoing electro-corrosion treatment
with NaCl (Fig. 34b). A long-term electrolysis test was performed
to access the durability of T-NF (Fig. 34d). The electrolysis
current showed only a slight decrease, possibly due to reagent
depletion. Furthermore, the LSV curve exhibited minimal vari-
ation aer electrolysis, indicating stable performance. The T-NF
demonstrated excellent catalytic activity in the oxidation of 1,4-
butanediol (BDO) and achieved a current density of 50 mA cm−2

at 1.36 V potential, as TPA did not involve in the oxidation
process (Fig. 34e).737 Moreover, BDO was converted into succi-
nate with an FE of 93% at 1.45 V. This reaction involved
different intermediates including 4-hydroxybutanal, succi-
naldehyde, and 4-hydroxybutanoic acid. Fig. 34f shows the 1H
NMR spectra of PBT before and aer upcycling, with the
succinate peak observable in the spectrum aer upcycling.
Recently, Du et al. used a similar corrosion strategy to prepare
Pt/g-NiOOH/NF electrocatalyst comprising Pt nanoparticles
hybridised with g-NiOOH nanosheets supported on Ni foam,
specically for the transformation of real-world PET hydroly-
sate.739 This catalyst achieved over 90% selectivity and faradaic
efficiency for glycolate across a wide range of reactant (ethylene
glycol) concentrations under a voltage of 0.55 V, while simul-
taneously producing hydrogen as fuel.
11.2 Electrocatalysts for other plastics

Although electrocatalysis has mainly been studied for poly-
ethylene terephthalate plastics, there are a number of studies
currently focused on the electrocatalytic decomposition of other
plastics. These studies are aimed at solving problems related to
the variety of chemical structure and stability of various poly-
mers. Electrocatalysts offer a promising approach to recycle
these materials into valuable chemical raw materials or less
harmful by-products, using electrochemical processes to ach-
ieve selective bond cleavage under mild conditions.

Bifunctional electrocatalysts, which function efficiently as
both cathode and anode, are key materials in electrocatalysis. Li
and coworkers have reported a novel bifunctional CoSe2/NF
electrocatalyst, developed through a hydrothermal process fol-
lowed by post-selenisation treatment.740 They synthesised
CoSe2/NF catalysts with different amounts of selenium (0.02,
0.1, and 0.5 g) and used them in the reforming of PLA to acetic
acid, coupled with H2 gas evolution. The CoSe2 electrocatalyst
revealed a large surface area, high conductivity, and ample
active sites. Linear sweep voltammetry (LSV) curves indicated
that CoSe2/NF showed excellent activity for the HER in 1 M
KOH. Particularly, the 0.1-CoSe2/NF catalyst demonstrated
a potential of 76 mV, indicating good HER activity.740 For the
3808 | RSC Sustainability, 2025, 3, 3724–3840
PLA oxidation reaction, the 0.1-CoSe2/NF catalyst needed only
288mV of overpotential, which was lower than the overpotential
required for water-splitting (361 mV). The oxidation of PLA at
a potential of 1.5 V over 30 hours resulted in the production of
80.73 mM acetic acid, translating to an 87% conversion rate.
Moreover, PLA oxidation required a relatively lower potential
(1.37 V) compared to water splitting (1.63 V), underscoring the
superior performance of the 0.1-CoSe2/NF catalyst over its
pristine counterpart. This research highlights CoSe2/NF as an
exceptional bifunctional electrocatalyst for transforming PLA
into value-added chemicals and hydrogen production. Li et al.
developed a highly efficient bifunctional electrocatalyst, Co–
Ni2P/NF, using a hydrothermal and phosphidation process, for
the oxidation of PET hydrolysate and hydrogen evolution reac-
tion.741 Initially, they produced cobalt-modied nickel
hydroxide nanosheets on nickel foam [CoNi(OH)2/NF] followed
by phosphidation of these arrays using NaH2PO2$H2O to form
the nal Co–Ni2P/NF catalyst. SEM images revealed the uniform
distribution of nanosheets across the 3D porous nickel foam.
The catalyst demonstrated remarkable performance, requiring
only 148 mV of overpotential to achieve 50 mA cm−2 for the
HER. When coupled with PET oxidation, the electrolyser, uti-
lising Co–Ni2P/NF as the catalyst, required just 1.43 V to achieve
10 mA cm−2, signicantly lower than the 1.55 V needed for pure
water splitting. The Co0.6Ni2P/NF variant showed the highest
HER activity, achieving 10 mA cm−2 at 69 mV. For EG oxidation,
the catalyst required just 90 mV to reach 50 mA cm−2. CV curves
indicated that the Co0.6Ni2P/NF attained an electro-oxidation
current density of 183 mA cm−2 at 1.5 V vs. RHE for PET
hydrolysate, compared to 46 mA cm−2 for the OER.741 This
demonstrates the favourable thermodynamics for EG oxidation
compared to the OER. The study identied Co0.6Ni2P/NF as an
outstanding bifunctional catalyst, achieving 85% faradaic effi-
ciency (FE) and 80% TPA recovery in a 1 M NaOH electrolyte.741

Liu et al. reported a novel Ni foam-based electrocatalyst that
employed a straightforward strategy for upcycling polyester
plastic wastes (PET, PBT, PLA, and polytrimethylene tere-
phthalate (PTT)) into value-added chemicals.742 This study
involved a wide range of polyester-based plastics as model
substrates for electrocatalytic plastic upcycling, thereby
expanding the substrate scope in electrocatalysis. The authors
synthesised earth-abundant CuCo2O4 spinel oxide nanowire
arrays grown on Ni foam using the hydrothermal method.
Morphological analysis revealed uniform distribution of
CuCo2O4 nanowires on the Ni foam surface. PET was efficiently
converted into terephthalate and formate, demonstrating
excellent efficiency and selectivity of over 86%.742 The CuCo2O4

catalyst showed remarkable activity for upcycling of different
polyester plastics including PBT, PET, PLA, and PTT, with
working potentials of 1.23 V, 1.29 V, 1.34 V, and 1.16 V at 10 mA
cm−2, respectively. This strategy led to the conversion of PBT
into terephthalic acid (TPA) and 4-hydroxybutyraldehyde, PLA
into pyruvic acid, and PTT into TPA and 3-hydrox-
ypropionaldehyde (HPA). These chemicals have various appli-
cations, for example, pyruvic acid is commonly used in cosmetic
applications and for synthesis of alanine, HPA is a food
preservative and precursor for chemicals, and 4-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Various catalysts used for the electrocatalytic recycling of plastics

Catalyst Feedstock Electrolyte Product Reference

CoNi0.25P/NF PET 1 M KOH Formate (FE: >80%; selectivity: >80%) 723
Co-based 1D coordination polymer PET 1 M KOH Potassium diformate (77%; selectivity: ∼80%) 724

BHET (100%)
Pd/Ni PET 10 M KOH Carbonate (FE: 93%; selectivity: 95%) 725

H2 (FE: 98%)
CoSe2/NF PLA 1 M KOH Acetic acid (FE: 97%) 740
Co0.6Ni2P/NF PET 1 M NaOH Formate (FE: 85%) 741

TPA recovery: 80%
CoNi0.2P-uNS/NF PET 1 M KOH Formate (FE: >90%) 727
Ni3N/W5N4 PET 1 M KOH Formate (FE: 85%) 728
Atomic Ni-modied OMS-Ni1-CoP PET 1 M KOH Formate (FE: 96%) 729
Pd–Ni(OH)2 PET 1 M KOH Glycolic acid (FE: >85%) 730

H2 (FE: 98%)
NiCo2O4 PET 1 M NaOH Formic acid (FE: 90%) 731
CuCoO@rGO PET 1 M KOH Formate (FE: 87.5%) 732
Mn0.1Ni0.9Co2O4−d RSF spinel PET 2 M KOH Formic acid (FE: >95%) 733

H2 (0.226 kg per ton PET)
Cl− activated-NF PBT 1 M KOH Succinate (FE: >93%) 737
(Pt/g-NiOOH/NF) PET 1 M KOH Glycolate (FE: >90%) 739
CuCo2O4/Ni PET 5 M KOH Formate (FE: >93%) 742

H2 (1.89 L: 5 g PET)
Au/Ni(OH)2 PET 5 M KOH Glycolic acid (81.6% yield) 736

H2 (9.4 L: 70 g PET)
Ru–CoOOH/NF PET 1 M KOH Formate (FE: 95.53%) 734
Cu or Ni foil LDPE CuSO4 or NiSO4 solution Oxidized LDPE or depolymerisation 743
B, Co–NiS PET PET in 1 M KOH Formate (FE: >93%; selectivity: >92%) 726
NiCo2O4 PEF 1 M KOH Formic acid (FE: 98%; selectivity: 85.8%) 745
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hydroxybutyraldehyde is used for the synthesis of deoxyketoses,
acetonides, etc. Yan et al. further advanced the research by
employing a gold electrocatalyst supported on Ni(OH)2 [Au/
Ni(OH)2] to convert ethylene glycol, derived from the basic
hydrolysis of PET, into glycolic acid while simultaneously
producing hydrogen.736

Botte et al. introduced an innovative electrochemical method
to modify LDPE surfaces in a water-based solution under
ambient conditions.743 In this process, LDPE particles were
placed between two metal electrodes (such as Cu, Ni, or stain-
less steel), which were immersed in electrolytes containing the
respective metal ions. The LDPE surface underwent oxidation
by changing the voltage from 1 V to −1 V, particularly with
copper electrode/Cu2+ and nickel electrode/Ni2+. The oxidation
of the polymer surface was conrmed by the presence of C–O
and C]O bonds. The most prominent changes were observed
when copper electrodes were used, as evidenced by the forma-
tion of new absorption peaks at 1150 and 1230 cm−1 in FTIR
spectra, corresponding to the formation of C–O bonds in ester
and ether groups. Electrolysis using nickel broadened the peak
at 1080 cm−1, which corresponds to alcohol and peroxide
functionalities. Signicantly, the peak at 1735 cm−1 only
appeared for the LDPE sample treated with copper, revealing
the presence of the C]O bond. GC-MS analyses further
revealed the presence of fatty acids and hydrocarbons in LDPE
samples treated with copper and nickel, indicating the chain
scission.743 Moreover, the presence of Cu and Ni nanoparticles
in the treated LDPE indicated that metal–polymer interaction
contributed to the electrooxidation process. Brantley et al.
© 2025 The Author(s). Published by the Royal Society of Chemistry
developed an electrochemical method for degradation and
modication of polymer backbones.744 They used a dichloro-
methane solution containing 0.2 MN(Bu)4BF4 as the supporting
electrolyte to incorporate polymers into the electrocatalytic
reaction. They opted for a graphite/zinc (anode/cathode)
combination instead of the RVC/Pt setup due to its cost-
effectiveness, ease of cleaning, and effective control over
degradation reactions. A constant potential was applied to
detect the oxidation of polynorbornene at different intervals.
Gel Permeation Chromatography analysis revealed a signicant
reduction conrming the degradation and shi to lower
molecular weights in samples. The number average molecular
weight (Mn) was found to be −207 kDa aer 16 hours, and the
polynorbornene was further reduced to 805 kDa by prolonging
the reaction duration to 36 hours.744 The authors suggested that
the formation of radical cations produced during the anodic
process could be suppressed by introducing a hydrogen atom
transfer (HAT) reagent, thereby reducing chain scission.
Consequently, the addition of excess 9,10-dihydroanthracene
considerably reduced the degradation rate of the polymer. They
degraded polynorbornene by this electrochemical approach and
successfully appended an azide group. This azide group was
then further reacted with ethynyl pyrene through click chem-
istry, resulting in the addition of a strong UV-absorbing group.
These ndings concluded that coupling of polymer degradation
with functionalisation (e.g., azidation) could afford new chem-
ical structures with potential to serve as macromonomers.744

Despite the numerous advantages of using electrocatalysts
for plastic waste recycling, there are signicant challenges
RSC Sustainability, 2025, 3, 3724–3840 | 3809
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hindering their practical application. One of the main chal-
lenges in global plastic treatment methods is the economic
feasibility of these processes. Applying these methods on an
industrial scale faces challenges due to the high costs associ-
ated with substantial energy requirements and the necessity for
effective sorting of plastic waste.

From a plastic recycling perspective, it is crucial to develop
electrocatalysts that can facilitate the production of valuable
chemicals through partial oxidation reactions. Therefore,
advancing electrocatalysts that can selectively oxidise EG without
generating CO2 is essential for efficient and environmentally
friendly plastic upcycling. Table 6 provides a summary of various
studies on electrocatalytic conversion of plastic wastes.

12. Biocatalytic plastic recycling

The use of biocatalysts in plastic recycling has attracted
considerable attraction in recent years due to its potential for
highly selective reactions under mild conditions, without
generating toxic waste. Biocatalysis relies on enzymes derived
from renewable sources that are biodegradable, making the
process more environmentally friendly and cost-effective than
traditional chemical methods.746 Some reviews have highlighted
the biological recycling and valorisation of plastic waste using
microorganisms and enzymes.747–749 The physicochemical
properties of polymers such as crystallinity, hydrophilicity,
molecular weight, and availability of functional groups, signif-
icantly inuence the biodegradation process.750 For instance,
plastics with an amorphous structure are more susceptible to
enzymes, whereas highly crystalline polymers are resistant to
biodegradation. The exibility of amorphous polymer chains
enhances enzyme accessibility, particularly at temperatures
above 65 °C (Tg of PET), where the material's slight water
absorbency (0.1–1.0%) facilitates the process. However, a study
found that aging PET at 70 °C leads to reorganisation of its
amorphous regions into more ordered microstructures, making
them less vulnerable to hydrolysis.751 The lower crystallinity in
PET also improves depolymerisation activity, with crystallinity
levels varying across different products: 20–30% in bottles, up to
40% in textiles, and about 8% in packaging.752 Additionally,
reducing PET to micron-sized particles signicantly enhances
the reaction rate by maximising the surface area available to
enzymes.750 Consequently, pretreatment units designed to
reduce crystallinity and particle size may be required in bio-
catalytic recycling facilities to optimise the efficiency of the
recycling process.

Polymers featuring hydrolysable functional groups, such as
ester linkages in PET and PUR, are more appropriate for enzy-
matic depolymerisation, whereas, polymers with C–C bond
backbones, including PE, PP, and PS, are more resistant to
enzymatic breakdown.753 Enzymes generally do not tolerate
harsh reaction conditions and perform best under aqueous
environments, where an interfacial mechanism is required for
deconstruction of water-insoluble polymers. Current efforts are
focused on improving enzyme stability and increasing the
polymer's accessible surface area to improve the efficiency of
enzymatic depolymerisation. The success of biocatalytic
3810 | RSC Sustainability, 2025, 3, 3724–3840
recycling depends on processing conditions and intrinsic
properties of the polymer substrate, such as molecular weight,
glass transition temperature, and melting temperature.

Two main methods of using enzymes are described in the
literature, the rst involves the surface modication for
increasing the hydrophilicity of the polymer without signi-
cantly changing its morphology, while the second involves
deeper degradation, resulting in substantial changes in the
morphology of the polymer.754 A change in the surface proper-
ties of PET-fabrics was achieved using single and double T. fusca
cutinases. One of the enzymes created an accessible space
around the active centre and the other increased the hydro-
phobic properties in the binding area, improving substrate
attachment. This use of enzyme combination increased the rate
of decomposition, resulting in higher yields of TPA in the
reaction mixture.755

Nearly ve decades ago, Aureobasidium pullulans was the rst
microorganism identied with the ability to degrade synthetic
polymers, specically polycaprolactone.756 However, signicant
research in this area remained limited until 2000.756 In the past
two decades, driven by fossil fuel constraints and the plastic
pollution crisis, there is signicant increase in interest for
enzymes and microorganisms that can degrade synthetic poly-
mers. Enzyme-mediated depolymerisation is now considered
a promising and sustainable approach for plastic recycling,757

though its current application is primarily limited to certain
polyesters such as PET and PLA.748 Identifying microorganisms
capable of degrading plastics is essential for discovering depoly-
merases and other enzymes critical to plastic decomposition.758–761

However, nding effective enzymes for the breakdown of more
resistant plastics, such as PA, PE, PP, and PVC, remains a signi-
cant challenge that needs to be addressed. This section covers
methods for polymer depolymerisation and controlled degrada-
tion using various classes of enzymes, including serine hydrolases
(cutinases, lipases, and carboxyl ester hydrolases) and oxidases
(laccases and peroxidases), tailored to the specic polymers and
catalytic reactions involved.
12.1 Polyethylene terephthalate

PET was considered non-degradable until 1977 when lipase
enzymes were discovered for breaking down aliphatic esters.762

Similarly, aromatic esters were initially believed to resist enzy-
matic degradation, however, this perception changed with the
identication of various lipases capable of modifying the
surface of PET or degrading the polymer bulk.763 A signicant
breakthrough in enzymatic PET depolymerisation came with
the discovery of cutinase TfH from the bacterium actinomycete
Thermobida fusca.764 This enzyme hydrolysed PET bottle lms
at 55 °C, achieving 40–50% weight loss of the polyester within
three weeks. Since then, T. fusca has become a benchmark
organism for discovering active enzymes.765 Consequently,
several enzymatic catalysts capable of depolymerising PET have
been identied.750,751,766–768 Among the new enzyme catalysts,
TfCut2 catalyst demonstrated 50% weight loss in post-consumer
PET packaging degradation at 70 °C in 96 h.751 Addition of Ca2+

and Mg2+ increased the enzyme's thermal stability by 10 °C,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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allowing a range of enzymes useable at or above the Tg of PET.769

Another cutinase enzyme “HiC”, performed better than T. fusca-
based enzymes for low-crystallinity PET and achieved almost
complete degradation under similar conditions.770 However,
PET bottles having higher crystallinity didn't degrade, high-
lighting the method's sensitivity to PET's structural properties.

Wei et al. demonstrated that Thermobida fusca cutinase
could degrade low crystallinity PET lms (up to 7%) and achieve
weight losses up to 97%.751 Moreover, the enzyme was able to
degrade two samples from post-consumer PET with low crys-
tallinity (5% and 6%), achieving 50.5% and 56.6% weight loss,
respectively, at 70 °C within 120 hours. LCC and PES-H1 (PHL7),
as well as HiC from the thermophilic fungus Thermomyces
insolens can effectively decompose PET at 70 °C. Leaf branch
compost cutinase (LCC) is a thermally stable protein composed
of 259 amino acids with an a/b-hydrolase fold, capable of
decomposing 40% of low-crystalline PET within 24 hours at 70 °
C, whereas IsPETase decomposes only 1% at 30 °C.771 Wei et al.
utilised a thermostable hydrolase, expressed in Bacillus subtilis,
to degrade post-consumer PET food packaging containers.772

Their results showed that PET lost more than 50% of its weight
aer 96 hours of incubation at 70 °C using TfCut2 from Ther-
mobida fusca. Xue et al. also employed LCC for the enzymatic
degradation of PET waste, achieving approximately 84%
conversion into solid hydrated calcium terephthalate
(CaTP$3H2O), which was then used for producing battery elec-
trodes.773 Tarazona et al. investigated the enzymatic degrada-
tion of amorphous PET nanolms using a thermally stabilised
IsPETase triple mutant (Tm = 56.6 °C).774 The nanolms, with
a porous structure and reduced glass transition temperatures
(Tg = 40–44 °C), exhibited Tg values over 20 °C lower than bulk
amorphous PET. Using a dual-enzyme system, composed of
thermostabilised variants of IsPETase and MHETase, they ach-
ieved up to 70% depolymerisation within 1 hour at 50 °C. The
study highlights how increased surface area, reduced Tg, and
enhanced amorphisation collectively accelerate PET hydrolysis
and lower the onset of degradation-induced crystallisation.

Tourneir et al. reported the degradation of post-consumer
PET using LCC enzyme and achieved 85% conversion at 72 °C
in 15 hours.765 This LCC enzyme showed superior performance
compared to benchmark enzymes for depolymerising amor-
phous PET at 65 °C, however, it was deactivated in three days
when used with bottle-grade PET. To improve the enzyme's
performance and thermal stability, a disulde bridge was
incorporated in wild-type LCC that improved the thermal
stability by 9–14 °C. In addition, two mutations were introduced
to enhance the active site's specic activity. The combined
modications resulted in the production of two variant strains,
ICCG and WCCG. The LCCICCG variant successfully depoly-
merised 90% of PET solution (200 g L−1) within 10 hours, an
optimal timeframe to prevent PET recrystallisation. However,
when the depolymerisation was conducted at 75 °C, the depo-
lymerisation yield was capped at 55%, as recrystallisation rate
outpaced depolymerisation. Within 6 hours, the crystallinity
exceeded 40%, halting the reaction before reaching high
conversion levels. Kim and coworkers reported the rst effort
© 2025 The Author(s). Published by the Royal Society of Chemistry
towards microbial renery transforming PET waste into
aromatic compounds.775

Polymer molecules typically exhibit a non-uniform packing,
comprising both ordered crystalline regions and disordered
amorphous domains. In amorphous domains, the polymer
chains are loosely packed compared to denser crystalline
domains, making low-crystallinity PET (lcPET), with its higher
proportion of amorphous regions, more vulnerable to enzy-
matic degradation. Enzymatic hydrolysis of PET is more likely to
occur near its glass transition temperature (65–75 °C).750 Kawai
et al. categorised PET hydrolases into two groups: thermophilic
cutinases and mesophilic cutinases, with IsPETase from
a mesophilic bacterium as a key example.776 PET hydrolysis is
most efficient near its Tg, rendering mesophilic cutinases less
effective for PET recycling due to their signicantly lower
degradation, typically 1–3 times lower thermophilic cutinases.
Therefore, a comparative evaluation of thermophilic and mes-
ophilic cutinases is essential to determine their activity. The
biological pretreatment of PET-bres in combination with
hydrolysis has also demonstrated good results. PET oligomers
produced during hydrolysis were further hydrolysed to diso-
dium terephthalate and EG using wild type Humicola insolens
cutinase. The results showed a TPA yield of 97%, which was
signicantly higher than neutral hydrolysis without enzymes.777

Clostridium thermocellum bacteria were engineered to achieve
high-level secretory expressions of LC-cutinase. This modied
bacterium effectively expressed LCC and degraded commercial
PET lms at 60 °C, achieving more than 60% conversion into
soluble monomers, aer 14 days of incubation.778 Moreover, C.
thermocellum exhibited the additional ability to hydrolyse
cellulose at 60 °C, making it highly effective to process textiles
consisting of both PET and cellulose.746

Kawai et al. discovered that surface modication of PET with
enzymes led to hydrolysis of ester bonds on the polymer's
surface, producing hydroxyl and carboxy groups, while leaving
the inner bulk intact.750,779 In a review on PET biodegradation,
Kawai and colleagues categorised hydrolases with moderate
activity that act on the surface of PET as surface-modifying
enzymes.750 Conversely, enzymes capable of extensively hydro-
lysing PET's inner bulk were named PET hydrolases.750 Yoshida
et al. isolated an Ideonella sakaiensis 201-F6 bacterium that
could degrade PET lms of low-crystallinity (1.9%) at room
temperature.780 They identied IsPETase, a PET-hydrolysing
enzyme, from this bacterium. IsPETase demonstrated higher
PET degradation activity at 30 °C compared to other PET
hydrolases.768 This bacterium produces enzymes that break
down both PET and the intermediate mono(2-hydroxyethyl)
terephthalic acid (MHET) when grown on PET. However, IsPE-
Tase demonstrated a limited degradation efficiency, achieving
only 1% weight loss of low-crystallinity PET (lcPET) at 30 °C over
24 hours, signicantly lower than the degradation achieved by
other PET hydrolases at 50–70 °C.768 MHET was identied as the
predominant product, with a minor amount of TPA. However,
these PET hydrolases could degrade lcPET but not high-
crystallinity PET (hcPET).781 Though their properties are
similar to lipases and cutinases, PETase has successfully
RSC Sustainability, 2025, 3, 3724–3840 | 3811
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Fig. 35 (a) Crystal structure of IsPETase; (b) active site of IsPETase; (c) structural comparison of IsPETase and TfCut2; (d) PETase activity of
IsPETase proteins using the PET film as a substrate. Adapted from ref. 783. Copyright 2018, Springer Nature.

RSC Sustainability Tutorial Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

1.
01

.2
02

6 
17

:2
0:

38
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
resulted in creation of a new family of PET-hydrolysing enzymes
that are currently gaining signicant interest.

Different research groups have investigated the structure of
PETase, providing valuable insights for enhancing its perfor-
mance.782 Han et al. found the S185 amino acid residue as a key
feature of PETase.782 In another study, Kim and coworkers re-
ported the structure of IsPETase (Fig. 35a), and proposed that
PETase's substrate-binding site consists of two subsites: subsite
I, which binds a single MHET moiety, and subsite II, which
accommodates three MHET moieties (Fig. 35b).783 They attrib-
uted PETase's superior performance to structural variations in
subsite II and the formation of the disulde bond (Fig. 35c and
d). Additionally, they suggested that modifying a residue
located 23 Å from the catalyst site could enhance the enzyme's
ability for PET substrate's accommodation in the active site.
3812 | RSC Sustainability, 2025, 3, 3724–3840
This led to the synthesis of a modied PETase with enhanced
efficiency. They also predicted similar PET-degrading activities
for other type IIb enzymes. The structural analysis of PETase
showed that it retained the a/b-hydrolase bend but with more
exposed active sites.784 Introducing mutations in two active site
residues signicantly enhanced the degradation efficiency of
bottle-grade PET, resulting in a marked increase in MHET
production.

Ideonella sakaiensis produces two key enzymes, PETase and
MHETase, which are capable of breaking down PET into its
monomers. At rst, PETase hydrolyses the PET polymer into
MHET and then MHETase hydrolyses it into TPA and EG.755 The
bacterium later uses these products as a food source. It was
demonstrated that a consortium of ve bacteria (two Bacillus
and three Pseudomonas species) can cooperatively decompose
© 2025 The Author(s). Published by the Royal Society of Chemistry
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PET.785 Orange peel ash catalysed the glycolysis of PET using EG
as the solvent, and resulted in BHET formation with 90.21%
yield, achieving complete PET depolymerisation.786 The result-
ing glycolysis products were further biodegraded by 62.63%
within two weeks by the bacterial consortium. Bell et al. engi-
neered a thermostable version of PETase, known as HotPETase
(Tm 82.5 °C), which can more rapidly depolymerise semi-
crystalline PET compared to other PETases.787 This enzyme
efficiently degrades commercial grade PET bottles selectively
into PET/PE laminated packaging materials. Additionally, the
esterase enzyme family, such as p-nitrobenzylesterase from
Bacillus subtilis, has demonstrated effective hydrolysis of PET
into TPA and MHET.755 Lipases are highly versatile enzymes
available from animal, plant, and microbial sources. They can
hydrolyse long-chain triglycerides into fatty acids, and are also
active in transesterication, esterication, aminolysis, and
alcoholysis processes.788 Lipases have been reported to degrade
PET bres, enhancing their wettability, dyeability, and absor-
bency.755 Carniel et al.789 and de Castro et al.790 combinedly used
lipase from Candida antarctica and HiC, which signicantly
improved the hydrolysis of PET into TPA. Zhou et al. developed
an efficient PET hydrolysis strategy using a dual-function
hydrolase, IsPETasePA, which exhibits balanced activity toward
both PET and its intermediate, MHET.791 They observed that the
accumulation of TPA during the reaction lowered the pH,
impairing the enzyme's ability to convert MHET to TPA.
Mechanistic analysis revealed that protonation of His208 in the
catalytic triad under acidic conditions disrupted the enzyme–
substrate interaction. By implementing a pH control strategy,
the single-enzyme system delivered enhanced performance,
enabling the recovery of high-purity TPA (>99%).

Sales et al. investigated the use of watermelon peels as
a supplement to enhance the production of lipase and esterase
enzymes by Yarrowia lipolytica during solid-state fermentation,
with the aim of applying these enzymes in PET depolymerisa-
tion reactions.792 Yarrowia lipolytica can produce numerous
metabolites, including lipases and esterases, which serve as
crucial industrial biocatalysts. The study compared enzyme
production using soybean bran alone versus soybean bran
supplemented with varying amounts of watermelon peels. The
enzyme extracts were then tested for PET hydrolysis. The results
showed that supplementing the culture media with the lowest
content of watermelon peels increased lipase activity by nearly
31%. Esterase production increased by 1.5 times by adding
20 wt% of watermelon peels. The study revealed that peak lipase
activity occurred at 14 hours, while esterase activity remained
high at both 14 and 20 hours of fermentation. This research
highlights the potential for generating enzymes using inex-
pensive fermentationmedia, making them effective biocatalysts
for PET hydrolysis reactions.792
12.2 Polystyrene

Mealworms have been reported to rapidly digest polystyrene
foam, achieving up to 50% weight loss within 24 hours. This
degradation was conrmed by noticeable changes in the
chemical composition and reduced molecular weight aer the
© 2025 The Author(s). Published by the Royal Society of Chemistry
polymer foam passed through their intestinal tract.793 Yang
et al. replicated these results using mealworms from 22 loca-
tions globally, all of which exhibited efficient PS degradation
using the same experimental protocol.794 Similarly, Peng et al.
studied other insect species such as dark mealworms for PS
degradation, and found that PS degraded at a faster rate within
the gut of T. obscurus than dark mealworms (T. molitor).795

Yang's group reported that superworms were also capable of
degrading PS.796 Superworms consumed Styrofoam at the rate of
0.58 mg per day per superworm, 4 times higher compared to
mealworms. The swallowed long-chain PS molecules were
broken down into low molecular-weight products aer passing
through their guts. Greater wax moths (Galleria mellonella) and
superworm (Zophobas atratus) have demonstrated the highest
PS consumption capacity, survival rate, and capability to
convert PS into lower molecular weight constituents. Yellow
mealworms were particularly effective in depolymerising PS by
breaking down the benzene ring. Aer PS ingestion, the
microbial diversity in superworms and yellow mealworms was
decreased, but greater wax moths exhibited increased diversity.
The Mw andMn of the PS in frass was found to decrease by 26%
and 34%, respectively, compared to the initial PS foam (Styro-
foam). Mechanical action such as mastication likely contrib-
uted to the reduction in the molecular weight of PS, although
enzyme involvement remains uncertain. Similar ndings were
reported by Song et al. in the feces of the snail Achatina fulica,
showing a 31% PS mass loss with reduced molecular weight of
PS.797 However, despite the promising degradation results, PS
feeding in superworms also caused decline in gut microbial
diversity and the emergence of opportunistic pathogens.798

Recently, Liberto et al. studied the biodegradation of PS using
Tenebrio molitor and Zophobas morio larvae, applying
a pretreatment with H2O2 to facilitate the degradation.799 Over
30 days, the Mw and Mn of PS in the frass of both enzymes
reduced, demonstrating effective PS biodegradation.

Recent genome mining efforts have identied potential PS-
degrading microorganisms, particularly highlighting enzymes
like cytochrome P450s, and monooxygenases due to their
capability to break C–C bonds.792 However, these genomic
studies could not conrm whether these enzymes have the
ability to degrade insoluble substrates like PS outside the cell.
Kim et al. investigated the degradation of PS beads (Mw: 371,
1500 mm diameter) using a bacterial Pseudomonas aeruginosa
strain DSM 50071, isolated from superworm's gut.800 The strain
reduced the PS weight by 2.6% reduction over 15 days, with
increased carbonyl and hydroxyl groups, indicating successful
degradation. The study revealed that serine hydrolase and S-
formylglutathione hydrolase enzymes were upregulated during
PS degradation, while other enzymes were downregulated,
possibly to conserve energy. Inhibition of SH completely
blocked PS biodegradation, indicating its critical role in the
degradation process.
12.3 Polyethylene

Although various enzymes capable of degrading polyolens
(PO) have been investigated, the evidence supporting their
RSC Sustainability, 2025, 3, 3724–3840 | 3813
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effective degradation is oen inconclusive. For example, some
studies include additional carbon sources besides the plastic or
lack evidence of monomer formation during degradation. In
many cases, abiotic pretreatments such as UV irradiation
oxidation are employed to introduce reactive groups like
carbonyl, hydroxyl, or double bonds into the polymer structure
before attempting enzymatic or microbial degradation. It is
critical to recognise that the presence of enzymes or microbes
colonizing PO-based plastics does not necessarily conrm
polymer degradation, as biodegradable additives in these
plastics might be preferentially consumed.748,757 Thus, the
enzymatic breakdown of petroleum-based polymers remains
a signicant challenge. While there are efforts to produce
ethylene and propylene from bio derived sources with the aim
to lessen the environmental impact, these approaches do not
improve their biodegradability.

Several studies have been focused on microbial degradation
of polyethylene, with most experiments involving PE lms or
powders. A study demonstrated that LDPE lms experienced
signicant biodegradation by two Aspergillus strains within 10
days, with SEM revealing surface damage in the form of holes
and cracks. CO2 assays suggested around 80% biodegradation,
however, this conversion efficiency might be inated since only
surface modications were visible under SEM. Similarly,
another study found a 46% weight reduction in PE lms aer
six months of exposure to Streptomyces strain.801 Furthermore,
a consortium of Bacillus cereus, Bacillus pumilus, and Arthro-
bacter sp. achieved a 22% weight reduction in both LDPE and
HDPE aer a two-week incubation period.802

Long-chain polyethylene (PE), with a molecular weight
greater than 2000 Da, has shown to be degradable by naturally
occurring microbial organisms. Several strains capable of
breaking down untreated PE have been isolated from diverse
environments, such as marine water, sewage sludge, and
landlls. For instance, Azeko et al. observed a 36% weight loss
in PE degraded by Serratia marcescens strain over a period of 70
days.803 Similarly, Phormidium lucidum and Oscillatoria subbrevis
species were found to degrade 30% of polyethylene within 42
days.804 Studies have also reported that waxworms, which
naturally digest beeswax, can consume PE lms.805,806 In
particular, the biodegradation of PE has been observed in the
presence of the waxworm Galleria mellonella807 and the wax-
worm Achroia grisella.805 Moreover, Enterobacter asburiae YT1
and Bacillus sp. bacterial strains, from Plodia interpunctella,
were shown to degrade PE over 60 days incubation.808 These
results indicate that bacteria associated with waxworms hold
promise for identifying more PE-degrading microorganisms.
Streptomyces sp. exhibited 47%weight reduction of LDPE pellets
aer six months incubation.809 The fungus Zalerion maritimum
achieved a remarkable 57% weight reduction of PE pellets
within 14 days.810 Muhonja et al. studied various bacterial
strains belonging to Bacillus, Cellulosimicrobium, Brevibacillus, ,
Pseudomonas, and Aspergillus for degradation of LDPE lm, and
achieved 36% weight loss aer three months with Aspergillus
oryzae.811 DSouza et al. used a fungal consortium consisting of
Aspergillus niger, A. avus, and A. oryzae for degradation of LDPE
bags, resulting in 26% weight loss aer 55 days, which was
3814 | RSC Sustainability, 2025, 3, 3724–3840
higher than the loss observed with individual species.812 When
only LDPE was used as the carbon source, the weight loss was
15%, indicating that the availability of additional carbon sour-
ces can enhance degradation. Dang et al. studied the degrada-
tion of three types of plastic bags, HL (with nano-additives),
VHL (contains LLDPE > 70% and HDPE < 30%), and VN1, using
Bacillus sp. BCBT21 at 55 °C for 30 days.813 The weight losses
were 61%, 11%, and 4%, respectively. The molecular weight
(Mv) of pretreated plastic waste was also considerably reduced
by 43%, from 205 kg mol−1 to 116.8 kg mol−1. Additionally,
notable changes were observed in the morphology and
properties.

The gut microbiome of some wax worms uses plastic
substrates as the only carbon source. Thus, microorganisms of
Lumbricus terrestris signicantly decreased the particle size of
LDPE microplastics. Ceres and Demetra enzymes present in the
gut microbiota and saliva of Galleria mellonella wax worms have
been found to oxidise and depolymerise polyethylene, at neutral
pH and room temperature.814,815 A consortium of Pseudomonas
aeruginosa and Enterobacter cloacae, formulated from cow dung,
was able to depolymerise polyethylene and polypropylene by
64.25% and 63%, respectively, in 160 days.816 HDPE lm upon
colonization with Achromobacter xylosoxidans resulted in 9%
weight reduction.817 Notably, Penicillium oxalicum and Penicil-
lium chrysogenum fungal strains demonstrated more effective
degradation of HDPE than LDPE, although specic details on
the thickness or molecular weight of the lms were not
provided.818 Penicillium oxalicum caused a weight loss of 55% in
HDPE and 37% in LDPE aer a 90 days incubation period.
Similarly, Penicillium chrysogenum resulted in weight losses of
59% for HDPE and 34% for LDPE under the same conditions.
Microbial enzymes such as manganese peroxidase and soybean
peroxidase have been reported to reduce the molecular weight
and tensile strength of polyethylene lms.761,819 Jeon et al.
identied alkB, alkB1, and alkB2 genes which play a critical role
in the degradation of low molecular-weight PE.819 Furthermore,
a study by Xu et al. suggested that oxidases or oxygenases could
enzymatically cleave C–C bonds in polyolens.820

Sullivan et al. developed an innovative hybrid process that
converts mixed plastic waste into various platforms and
specialty chemicals by integrating chemical recycling and
engineered bacteria.635,821 This method, designed for mixed
plastics (HDPE, PS, and PET), is particularly promising for
industrial applications as it eliminates the need for a costly
sorting step. The process begins with the chemical oxidation of
polymer blends using a Co–Mn–Br catalytic system under
ambient air, breaking down the plastics into oxygenated
compounds, such as benzoic acid from PS and dicarboxylic
acids from HDPE. These oxidised products are then processed
by genetically engineered Pseudomonas putida bacteria. The
authors used advanced genetic engineering for processing
carboxylic acid mixtures. One strain was engineered to produce
poly(hydroxyalkanoates), while the other converts carboxylic
acids into b-ketoadipate, a key precursor for high performance
nylons. This tandem approach of chemical oxidation followed
by biocatalytic conversion shows potential for recycling multi-
layered packaging and textile materials. Although the process
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Summary of polymer degrading enzymes and their efficiency for the biodegradation process and products formeda

Enzyme Feedstock Reaction conditions Product Conversion Reference

TfCut2 from Thermobida
fusca

PET 70 °C, 96 h, K2HPO4/Cl Terephthalic acid 92.3% 751

Hydrolase from
Thermobida fusca

PET 55 °C, 21 days,
phosphate buffer

— 50% 764

Leaf-branch carbon
cutinase

PET 65 °C, 10 h, phosphate
buffer pH, 7

Terephthalic acid,
ethylene glycol

90% 765

Ca2+/Mg2+ sites on
hydrolase from T. fusca

PET 65 °C, 48 h, tris buffer — 12.90% weight loss 769

LC-cutinase Waste PET 80 °C, 12 h, pH 8 Calcium terephthalate
(CaTP$3H2O)

88% 773

p-Hydroxybenzoate
hydroxylase (PobA
mutated)

PET hydrosylate 30 °C, 72 h Gallic acid 74.3% 775

Cutinase from Humicola
insolens

PET 50 °C, 24 h, Tris–HCl
buffer, pH 8

Terephthalic acid 97% 777

PETase from
Ideonellasakaiensis

PET 30 °C, pH 7, 45 days Terephthalic acid 60% 780

PETase from
Ideonellasakaiensis

PET 30 °C, 36 h Terephthalic acid,
mono(hydroxyethyl)
terephthalate, ethylene
glycol

— 783

Consortia of ve bacteria (3
species of Pseudomonas
and 2 species of Bacillus)

PET 30 °C, 14 days BHET, terephthalic acid BHET (92.21%).
Final TPA (62.63%)

786

Lipase from Candida
antarctica

PET lm 60 °C, 21 days,
phosphate buffer, pH 7

Terephthalic acid 40% weight loss
(max 956 mM TPA)

789

p-Nitrobenzylesterase from
Bacillus subtilis

PET 40–45 °C, 72 h, pH 7 Terephthalic acid,
benzoic acid, MHET

— 845

Yellow mealworms PS foam 25–26 °C, 34 days — Up to 46% weight
loss

794

Tenebrio obscurus PS 25 °C, 70% humidity, 31
days

— Up to 26% weight
loss

795

Achatina fulica snails PS foam 28 days — 30.7% weight loss 797
Bacillus species (P1 to P16) PP and polylactide

blends
37 °C, 360 h — 10–12% weight loss 822

Tenebrio molitor and
Zophobasatratus

PP foam 25 °C, 840 h — 32% weight loss 823

Phanerochaete
chrysosporium

Blend of LDPE/SCB 35 °C, 768 h, phosphate
buffer, pH 7

— 16% weight loss 846

Brevibacillus sp. and
Aneurinibacillus sp

HDPE 50 °C, 3360 h Methyl and aldehyde
groups

46.6% 847
LDPE 58.21%
PP pellets and lm 56.3%

Bacillus sp. strain 27 PP microplastic 29 °C, 672 h, nutrient
agar (NA) plates

— 4% weight loss 825
Rhodococcus sp. strain 36 6.4% weight loss
Fungal lignin peroxidase Plasticised PVC 25 °C, pH 5, 28 days — 31% weight loss 827
Pseudomonas citronellolis
and Bacillus exus

Plasticised PVC 45 °C under aerobic
conditions

— 19% weight loss 829

Tenebrio molitor PVC microplastic 25 °C, 6 days — Mw reduced by 33.4
� 2.6%

834

Esterase (E3576) Waterborne
polyester
polyurethane
dispersion

37 °C, phosphate
buffer, 51 days

— 33% weight loss 834

Laccase from Trametes
versicolor

Polyether-based PU
foam

37 °C, sodium acetate
buffer, pH 4.5, 18 days

— 25% weight loss 839

Pseudonocardia sp. RM423 PLA lm 30 °C, 28 days — 71% weight loss 848
Amycolatopsis PLA 30 °C, 30 days — 36% weight loss 844
Ideonellasakaiensis PETase
and MHETase

PET nanolm 50 °C, 1 h 70% weight loss 774

a MHET: mono-(2-hydroxyethyl) terephthalate; SCB: sugarcane bagasse.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2025, 3, 3724–3840 | 3815
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offers a novel solution for complex plastic waste, its economic
feasibility for large-scale industrial application still requires
detailed investigation.

12.4 Polypropylene

Although polypropylene is more susceptible to oxidation than
polyethylene, its higher crystallinity and melting temperature
(Tm) have resulted in fewer studies on its biodegradation. When
Rhodococcus sp. and Bacillus sp. were used to degrade poly-
propylene microplastics, they caused slight weight losses of 6%
and 4%, respectively, aer 40 days of incubation.39 Jain et al.
demonstrated the degradation of polypropylene (PP) and poly-L-
lactide blends (PLLA) using Bacillus species isolated from
compost samples, providing promising evidence for the envi-
ronmental breakdown of these materials.822 The isolates P8 and
P6 achieved biodegradation rates of 12% and 10%, respectively.
Yang et al. investigated the use of Tenebrio molitor and Zophobas
atratus for degradation of PP foam over a 35-day incubation
period.823 Pires et al. used an enzymatic additive to explore the
degradation of PP in soil over six months, comparing its effect
with organic additives. The enzymatic additive signicantly
enhanced the degradation process, resulting in a substantial
increase in the carbonyl index (3693%), changes in crystallinity
(18.7%), and structural characteristics.824 The study indicated the
great inuence of enzymatic additives on the degradation. Auta
et al. reported that Bacillus sp. strain 27 and Rhodococcus sp. strain
36 achieved a 4.0–6.4% weight loss in PP microplastics aer 40
days, when grown in aqueous synthetic medium with PP micro-
plastics.825 Another study identied a mesophilic strain, Steno-
trophomonas panacihumi PA3-2, which was capable of degrading
both low molecular weight PP (Mw = 2800–3600 Da) and high
molecular weight PP (Mw = 44 000 Da).819 This strain achieved
degradation rates of 12.7–20.3% based on CO2 release aer 90
days of incubation. Skariyachan et al. reported a consortium of
Pseudomonas aeruginosa and Enterobacter cloacae bacterial strains,
degrading PP with 63% weight reduction aer 160 days.816 FTIR
and SEM analyses revealed the formation of new functional
groups, and cracks on the polymer surface, respectively. These
studies highlighted the potential of various microorganisms in
the biodegradation of PP.

12.5 Polyvinyl chloride

PVC plastic is formulated with higher plasticiser content
compared to other synthetic plastics which makes it difficult for
degradation. However, many microorganisms such as bacteria
and fungi can utilise plasticisers as a nutrient source, making
plasticised PVC prone to bacterial or fungal degradation.
Various fungal species isolated from different environmental
samples, such as plasticised PVC lms buried in the grassland
soil826 and plastic waste disposal sites,827 have exhibited the
ability to degrade the plasticised PVC. Ali and coworkers iden-
tied various fungal strains on PVC lms buried in soil for 10
months.826 They identied P. chrysosporium PV1, L. tigrinus PV2,
A. niger PV3, and A. sydowii PV4 strains through 18rRNA gene
sequencing, morphology, and phylogenetic analysis. The
authors also evaluated the biodegradability of these strains for
3816 | RSC Sustainability, 2025, 3, 3724–3840
thin PVC lms in shake ask experiments, where signicant
colour change, and surface deterioration of PVC lms were
observed visually and further conrmed by Scanning Electron
Microscopy. Zhang et al. recently reported the ability of
a bacterial strain Klebsiella sp. EMBL-1, from the insect Spo-
doptera frugiperda, to efficiently decompose PVC.828

Various bacterial strains, isolated from marine atmospheres
and waste disposal sites, have shown potential as effective
agents for degrading plasticised PVC.827,829,830 However, it has
been observed that these PVC-degrading microorganisms
primarily degrade components of the plasticiser, such as bis(2-
ethylhexyl) phthalate (DEHP) or surface of PVC, rather than
breaking down the PVC polymer backbone.829–832 For example,
Micrococcus luteus was able to achieve only 9%mineralisation of
PVC aer 70 days. Additionally, PVC concentrations above 5 g
L−1 inhibit microbial growth. An important report revealed that
employing a microbial consortium reduced PVC's molecular
weight from 70 kg mol−1 to 16 kg mol−1 over a period of 9
months.833 Alternatively, a study by Peng et al. found the larvae
of Tenebrio molitor exhibited efficient depolymerisation of PVC
and frass contained only 35% residual PVC.834 To date, no
microorganism has been discovered that can effectively degrade
both PVC and its plasticisers. Therefore, the specic enzymes
responsible for PVC degradation remain unidentied, repre-
senting a key hurdle in advancing microbial strategies for
complete PVC recycling.
12.6 Polyurethane

Aer the rst report of polyurethane degradation in 1968 using
fungi, various enzymes that decompose or reduce the weight of
polyurethane have been identied and characterised, such as
promiscuous esterase, urease, protease, amidase, cutinases,
proteases, amidases, and oxidases.761,835 Esterases are known to
hydrolyse ester bonds and can destroy liquid dispersion as well
as bulk polyester polyurethanes, but their ability to degrade
urethane bonds is not evident.836 Schmidt et al. isolated four
polyester hydrolases: LC cutinase, Tcur0390, Tcur1278, and
TfCut2, capable of degrading emulsied PUR.836 Among these
enzymes, LC cutinase showed the highest activity, leading to
weight reductions of 4.9% and 4.1% in two commercial PUR
polyesters (Elastollan B85A-10 and C85A-10) aer 200 hours at
70 °C. Proteases and amylases are able to hydrolyse both
urethane and ester bonds, but the degradation rate on PUR
lms or granules remains very low. Using a complex of esterase
and amidase enzymes, 33% of polyurethane was decomposed
within 51 days.837 It is known that Tenebrio molitor larvae are
able to consume polyurethane foams with a 65% weight loss of
the initial polymer aer 35 days. Alternaria sp. strain PURDK2
and Cladosporium fungal strains degraded polyurethane poly-
mers by 27.5% and 65%, respectively.835

Pellis' group in 2022 reported the use of Humicola insolens
cutinase (HiC), specically Novozym 51 032, to investigate the
hydrolytic degradation of polyurethane–polyester (PU–PE)
copolymer.838 The polyester–PU lm was incubated with HiC at
50 °C for 7 days, resulting in substantial weight reduction aer 3
days. The number-average molecular weight (Mn) was decreased
© 2025 The Author(s). Published by the Royal Society of Chemistry
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by 84%, from 22 to 3.4 kg mol−1, whereas the weight-average
molecular weight (Mw) decreased by 42%, from 108 to 63 kg
mol−1. FTIR and NMR analyses conrmed the hydrolysis of
ester bonds, and SEM images identied cracks on the PU lms
due to enzymatic erosion.838 GCMS analysis identied 3,30-
methylendianiline (MDA) in the degradation products,
providing evidence that the enzyme was capable of cleaving
urethane bonds in addition to ester bonds. Magnin et al. syn-
thesised four PUs with different molar masses and investigated
their degradation using laccase, with HBT as a mediator.839 The
TDI-based PU foam resulted in the highest weight loss of 25%
aer 24 h at 37 °C, compared to only 3% in the control. These
results marked a signicant milestone as the rst complete
degradation of an entire PU component, producing 6-hydrox-
ycaproic acid and a small chain acid-terminated diurethane.
Furthermore, the authors studied the feasibility of recycling the
degraded monomers. By combining 50% recycled monomers
and building blocks with 50% 6-hydroxycaproic acid, they syn-
thesised a highmolecular weight polymer (74 kg mol−1) without
using toxic polyisocyanates. However, using only recycled
building blocks proved ineffective due to the presence of tri-
methylolpropane, a byproduct from the hydrolysis of PCL triol
segments, leading to undesired crosslinking.

In addition to the hydrolysis of PET and polystyrene,
research on the hydrolysis of polycaprolactone,840 polyethylene
furanoate,841 polybutylene succinate,842 and polylactic acid843

has also been explored. For example, a PLA lm (PLA 2002D)
experienced a 71% weight loss by incubating with Pseudono-
cardia sp. RM423 at 30 °C for 4 weeks. Another Amycolatopsis
strain, isolated from soil, signicantly degraded the PLA poly-
mer resulting in a 36% weight loss in 30 days under mesophilic
conditions at 30 °C.844 Despite promising development in the
eld of plastic biodegradation, most enzymes do not have
properties that enable them for direct use in industrial
processes due to low yields of monomers and the longer
degradation times. The diversity of enzymes in nature is vast,
and the biocatalysts studied for plastic processing represent
only a small part of this diversity. It follows that success in
industrial applications will depend on identifying stable and
highly active enzyme catalysts. Various microorganisms tested
for degradation of polymers are listed in Table 7.
13. Conclusion, challenges and future
perspectives

Establishing a plastic circular economy is crucial for achieving
environmental sustainability and fostering sustainable energy
markets. Despite extensive global efforts, the plastics economy
remains mostly linear, with only 9% of global plastic waste
being recycled. Various catalytic approaches, including pyrol-
ysis, hydrocracking, chemolysis, metathesis, hydrogenolysis,
photo-, electro and biocatalysis, offer unique advantages in
converting plastic waste into value-added chemicals and fuels,
thus promoting a more sustainable energy paradigm. However,
all recycling processes contribute only 10–20% of plastic waste
management. Consequently, the current situation of the plastic
© 2025 The Author(s). Published by the Royal Society of Chemistry
economy is quite far from circularity. The development and
optimisation of catalytic processes highlight the potential for
transforming plastic waste management from a linear to
a circular economy, where waste becomes a resource for
sustainable energy production. Although feedstock recycling
processes have signicant potential to transform plastic waste
into non-plastic products, their large-scale deployment is
hindered due to high economic costs. Industrial-scale imple-
mentation of various processes incurs substantial costs,
primarily due to high energy requirements and the need for
efficient sorting of plastic waste. Moreover, the presence of
contaminants and other materials in the waste stream further
complicates the recycling process as these must be removed
before the plastics can undergo catalytic processing. There are
several challenges that must be addressed to enable these
processes for large scale deployment, as summarised below.
13.1 Pyrolysis

Catalytic pyrolysis technology has substantial potential for
practical applications and offers a sustainable and clean solu-
tion to address the plastic waste problem. It offers a exible
pathway to convert plastic waste to products with required
selectivity and good quality by careful tuning of the process
parameters. Based on the catalyst type, petroleum components
can be achieved in good quality and selectivity, which can serve
as fuel or feedstock for making chemicals and plastics. Typi-
cally, high olenic fractions are present in the pyrolytic oil,
therefore, it is mostly subjected to hydrogenation to enhance
the quality of resultant petroleum fractions. The reactor design
and process conguration are important factors that inuence
the pyrolysis efficiency. Among various type of reactors, ui-
dised bed reactors have proven to be the most suitable reactors
for catalytic pyrolysis due to their ability to facilitate better
interaction between catalysts and feed, ensure uniform
temperature distribution, and minimise coke formation on the
catalyst. It is crucial to select the reaction temperature carefully
as it signicantly affects the quality and quantity of liquid fuel.
The selection of plastic feedstock is also critical as it has strong
inuence on the liquid oil output. Plastics such as LDPE, HDPE,
PS, and PP are the most suitable plastics for pyrolysis because
PET and PVC have been found to produce low liquid yields. PVC
is usually unsuitable for the pyrolysis process because it
generates harmful byproducts, such as HCl and chlorinated
organic compounds, which are detrimental both for the envi-
ronment and the oil quality.

Catalyst selection plays an important role in catalytic pyrol-
ysis as it can signicantly improve the process efficiency by
increasing the quality of liquid oils while reducing the activa-
tion energy, reaction time, and temperature. It is essential to
evaluate catalyst stability, deactivation, long-term reusability,
and the type of catalyst supports for optimal catalyst selection.
Commonly used catalysts for plastic pyrolysis include activated
carbon, FCC catalysts, amorphous silica, and zeolites. Among
these, zeolite catalysts are known for producing high-quality
fuel with good conversion rates. Particularly, zeolite Y is
widely utilised and has been reported to generate oil yields of
RSC Sustainability, 2025, 3, 3724–3840 | 3817
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<70 wt%, with a higher proportion of gasoline-range hydrocar-
bons and signicant aromatic content. The relay catalysis
method, which leverages the highly acidic nature of ZSM-5, has
also proven effective in producing naphtha-range oil. However,
highly active zeolite catalysts typically result in high gas yields.
To address this issue, combinations of FCC, zeolite, and silica
catalysts have been explored, successfully producing high-
quality oil with good yields. Activated carbon catalysts have
also reported to deliver better results. Recently, composite
catalysts with micro- and mesoporous structures have gained
interest due to their superior cracking abilities and capacity to
achieve higher oil yields.

Plastic pyrolysis oil has been identied as more suitable for
use in compression ignition engines than spark ignition
engines, demonstrating improved engine performance. With
the increasing research interests in producing sustainable jet
fuel, the development of more advanced catalyst systems has
the potential to enhance catalytic pyrolysis processes for effi-
cient production of aviation fuel. The following investigation
should be performed for commercial applications:

� Development of highly stable, recyclable, and cost-effective
catalysts.

� Developing reactor design and process to recycle medical
waste.

� Exploiting the synergistic effects of combining different
plastics.

� Conducting comprehensive life cycle studies of plastics,
pyrolysis processes, and the oil products to evaluate the
economic and environmental feasibility.

� Assess the potential applications of gas and char by-
products from pyrolysis for improving the economic sustain-
ability of the process.

Catalytic pyrolysis of plastic waste represents a promising
strategy for addressing Scope 3 emissions. This process trans-
forms non-recyclable plastics into valuable fuel products, thus
lessening reliance on virgin fossil fuels and minimising emis-
sions associated with waste disposal. Scope 3 emissions
encompass indirect greenhouse gas (GHG) emissions arising
from activities such as waste disposal, transportation, and
supply chain operations that fall outside an organisation's
direct oversight. Conventional plastic waste management
methods, including landlling and incineration, signicantly
contribute to these emissions by generating methane in land-
lls and emitting carbon dioxide during incineration. More-
over, catalytic pyrolysis aids in the reduction of Scope 3
emissions by creating a closed loop in plastic production. The
pyrolysis process generates various hydrocarbons that can be
converted into synthetic fuels or utilised as feedstock in petro-
chemical processes, thereby lessening dependence on nite
resources and the production of virgin fossil fuels. This closed-
loop approach prevents plastics from ending up in landlls and
supplies alternative fuels and raw materials for industries,
reducing their reliance on conventional oil and gas sources.
Industries can foster a circular economy by incorporating
catalytic pyrolysis into the value chain, thus reducing upstream
and downstream Scope 3 emissions. Finally, catalytic pyrolysis
is vital in achieving sustainability goals by enhancing resource
3818 | RSC Sustainability, 2025, 3, 3724–3840
efficiency and enabling organisations to comply with regulatory
and consumer expectations for lower carbon footprints. Since
Scope 3 emissions present some of the most signicant chal-
lenges, adopting innovative waste-to-fuel technologies like
catalytic pyrolysis can provide an effective solution. This
approach signies a commitment to sustainable practices and
environmental stewardship and substantially diminishes the
overall ecological impact.
13.2 Hydrocracking

Hydrocracking is a highly effective method to produce high
quality liquid fuel from waste plastics. This process can be
carried out using either a direct liquefaction or a two-stage
liquefaction process. Optimising reaction parameters is essen-
tial for achieving the desired product distribution during
hydrocracking. The type of plastic feed is a primary consider-
ation, with HDPE, LDPE, PP, and PS being the most suitable,
though PET can also be used. For PVC, a two-stage liquefaction
process with dechlorination at the rst stage is recommended.
Another important parameter is the reaction temperature which
must be optimised as it strongly affects the process outcome.
The optimum temperature range varies depending on the
catalyst used. Bifunctional catalysts, such as metals incorpo-
rated on acidic supports, typically require 350–375 °C for
complete plastic conversion, whereas zeolites without metals
usually require higher temperatures, around 400–425 °C.
Temperature variation also signicantly affects the product
distribution.

Reaction time is another key factor in the hydrocracking
process. Increasing reaction time generally enhances conver-
sion and liquid yield, but beyond a certain optimised duration,
further increase has minimal or no additional effect on
conversion. However, it can shi the product distribution
towards lighter fractions. Additionally, selecting and optimising
catalyst support, metal type, and metal loading are also essen-
tial and must be carefully considered. Promising catalyst
supports include zeolites such as HBeta, HY, and HZSM-5, with
metals like Pt, Pd, and Ni delivering excellent results on highly
acidic supports. Bifunctional catalysts enhance both conversion
efficiency rates and product selectivity, achieving optimal
performance at comparatively lower temperatures.

To reduce the reliance on costly noble metal hydrocracking
catalysts, the research should be focused on developing alter-
native catalysts that use minimal metals or entirely non-noble
metals. Developing single atom metal alloy catalysts offers
signicant potential for practical applications. While non-noble
metal catalysts, such as nickel incorporated on silica and
zeolites, have been developed for hydrocracking of polyolens,
they continue to exhibit lower performance compared to noble
metal catalysts. Improving the efficiency of non-noble metal-
based hydroconversion catalysts requires careful selection of
metals, promoters, and supports, along with precise control
over the catalyst structure. Additionally, insights from previous
studies on small hydrocarbon conversion can help design more
effective non-precious metal catalysts.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The breakdown of stable C–C bonds through a thermody-
namic process currently demands signicant external energy,
leading to severe reaction conditions that are unsustainable for
large scale plastic waste degradation. A key challenge is to
reduce the activation energy barrier for cleaving inert C–C
bonds. Tandem catalysis presents a promising approach by
facilitating polymer degradation under moderate conditions.
For example, a tandem cracking–alkylation mechanism process
can create a highly ionic reactive environment, increasing C–C
bond reactivity and lowering the energy required for ionic
transition states. The future efforts could be focused on devel-
oping additional tandem catalytic strategies. Hydrocracking
yields high value hydrocarbon products, however, it requires
hydrogen stream which is more expensive than other uidising
gases, such as nitrogen used in the pyrolysis. In addition, the
high-pressure conditions required in hydrocracking increase
equipment costs and operational complexity. As a result,
hydrocracking is a less popular method for converting plastic
waste into hydrocarbons compared to pyrolysis.

The hydrocracking process has the potential to signicantly
lower Scope 3 emissions by substituting virgin fossil fuels with
fuels derived from plastic waste. This shi diminishes the need
to extract and rene primary fossil resources. Hydrocracking
effectively converts difficult-to-recycle plastics into valuable
fuel, which also helps to mitigate emissions associated with
plastic waste disposal and incineration. Turning plastics into
useable fuel reduces dependence on conventional disposal
methods that signicantly contribute to Scope 3 emissions.
Additionally, employing synthetic fuels generated from hydro-
cracking in industrial applications can reduce the dependence
on fossil-fuel-based energy for energy-intensive processes,
thereby decreasing Scope 3 emissions linked to fuel combus-
tion. Incorporating hydrocracking technology into supply
chains offers a viable strategy for reducing carbon footprints in
downstream activities, especially in sectors reliant on fossil fuel
energy. This technology enables industries to simultaneously
tackle waste management and emission reduction objectives,
presenting a practical approach to enhancing the overall
sustainability performance.
13.3 Depolymerisation

The diverse chemical structures of polymers make the depoly-
merisation of plastic waste a highly complex and technically
challenging process, especially when dealing with mixed waste
streams. Different plastics require distinct reaction conditions
and catalysts for efficient conversion, further complicating the
process. The presence of additives and contaminants exacer-
bates these difficulties, making the selective depolymerisation
of waste plastics into valuable chemicals even more chal-
lenging. Additionally, the high energy input and stringent
reaction conditions oen required for depolymerisation make it
less economically viable compared to other recycling methods.
The development of catalysts that can operate efficiently under
milder conditions and with high selectivity remains a signi-
cant hurdle. Moreover, the potential deactivation and loss of
catalyst activity over time pose further operational challenges,
© 2025 The Author(s). Published by the Royal Society of Chemistry
necessitating frequent catalyst regeneration or replacement,
which adds to the overall cost and complexity of the process.
Furthermore, due to the varying chemical properties of different
plastics, a single solution or process for each plastic type is
impractical. Therefore, technologies must be specically
tailored to each type of polymer to ensure sufficient and prac-
tical depolymerisation.

Catalytic depolymerisation offers a way to convert polymers
into monomers, valuable hydrocarbons like BTX, BHET, and
other small molecules. This process can enable the recovery and
purication of monomers, which can then be re-polymerised.
However, depolymerisation is slow under moderate condi-
tions, necessitating the development of efficient catalysts. Ideal
depolymerisation catalysts should be cost-effective, competitive
with virgin material prices, and stable in the presence of air,
moisture, and contaminants. Additionally, these catalysts must
exhibit high selectivity in heterogeneous mixtures, efficiently
converting polymers into monomers. Despite these challenges,
the future of plastic recycling by depolymerisation is promising,
driven by ongoing advancements in catalyst technology and
process optimisation. Research is increasingly focused on
developing robust and versatile catalysts that can handle a wide
range of plastic types and impurities while operating under
milder conditions. Innovations such as single-atom catalysts,
nanocatalysts, and hybrid catalysts are being explored to
enhance efficiency and selectivity. Furthermore, integrating
depolymerisation processes with renewable energy sources
could signicantly lower the energy footprint, making the
process more sustainable.

The catalytic depolymerisation process effectively decreases
Scope 3 emissions linked to plastic production and waste
disposal by converting end-of-life plastics into raw materials,
thus diminishing the need for new fossil feedstocks. Chemically
recycling plastics into high-quality chemical feedstocks
prevents these materials from being discarded in landlls or
incinerated, signicantly reducing the contribution to Scope 3
emissions. Moreover, it promotes a circular economy, facili-
tating the continuous recycling of plastic materials and, in turn,
lowering emissions related to the extraction andmanufacture of
new resources. Catalytic depolymerisation's efficacy further
helps mitigate Scope 3 emissions by supplying industries with
lower-carbon raw materials. This method reduces upstream
emissions associated with the production of plastics from virgin
resources, as recycled monomers require less energy and fewer
inputs than resources acquired through extraction. By adopting
catalytic depolymerisation, the management of end-of-life
plastic materials can be conducted in an environmentally
responsible manner, aligning with sustainability goals and
decreasing greenhouse gas emissions throughout the lifecycle
of plastic products. Depolymerisation has the potential to
convert plastic waste into high-value and circular fuels, chem-
icals, and plastics for enhancing plastic circularity.
13.4 Metathesis

Signicant advancements have been made in improving the
efficiency and recyclability of various metathesis reactions,
RSC Sustainability, 2025, 3, 3724–3840 | 3819
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which can be used for the depolymerisation of waste plastic.
However, certain thermodynamic and kinetic limitations exist,
such as the recycling and removal of cross-linked PB rubbers,
which have been successfully addressed using latent catalysis.
However, to prevent premature catalyst deactivation and ensure
efficient depolymerisation, it is essential that catalysis occurs at
moderate or low temperatures. Latent catalysis is an evolving
eld, and with the discovery of new metathesis catalysts and
their increasing commercial availability, there is a great
potential for further advancements for the in situ depolymer-
isation of cross-linked polymers. Additionally, the variability in
plastic feedstock, which includes differences in polymer types,
additives, and contaminants, complicates the recycling process.
Ensuring consistent catalyst performance and selectivity across
diverse plastic waste streams remains a complex task. Further-
more, understanding the detailed mechanisms and kinetics of
metathesis reactions is still in its infancy, necessitating exten-
sive research to optimise reaction conditions, maximise yield
and control product distributions.

Plastic recycling by metathesis faces several signicant
challenges. One of the primary obstacles is the high cost and
limited availability of efficient metathesis catalysts, particularly
those based on noble metals. These catalysts oen require high
loadings and are prone to deactivation, making the process
economically unfeasible for industrial scale applications.
Additionally, the variability in plastic feedstock, which includes
differences in polymer types, additives, and contaminants,
complicates the recycling process. Ensuring consistent catalyst
performance and selectivity across diverse plastic waste streams
remains a complex task. Metathesis holds promise for recycling
and degrading waste plastics, but scaling the process for
industrial use remains a challenge. This involves producing
pure chemicals at low costs without metal contamination and
achieving high selectivity for desired products.

By employing metathesis to decompose plastic waste, this
method signicantly reduces the reliance on newly sourced
fossil fuels, presenting an environmentally friendly solution for
creating energy precursors and high-value hydrocarbons. These
outputs can be used as feedstocks in various fuels and indus-
trial processes, aiding the shi towards more sustainable
energy sources while simultaneously addressing the challenge
of plastic waste management. The role of metathesis in
sustainable energy markets is underscored by its capacity to
generate high-quality feedstocks that diminish environmental
impacts while preserving energy efficiency. Given that metath-
esis reactions are predominantly catalytic, they can be tailored
to lower energy demands, further curbing the carbon footprint
associated with recycled plastic products. This approach aligns
harmoniously with sustainable energy objectives by introducing
lower-carbon feedstocks into fuel production processes while
also steering plastic waste away from detrimental disposal
practices. Consequently, metathesis plays a vital role in
fostering a more sustainable and resource-efficient energy
market by converting plastic waste into products that bolster
cleaner energy generation and industrial applications, thus
signicantly reducing Scope 3 emissions.
3820 | RSC Sustainability, 2025, 3, 3724–3840
13.5 Photo and electrocatalysis

Chemical recycling of plastic waste using alternative and
renewable energy sources (photocatalysis and electrocatalysis)
faces signicant challenges, primarily due to economic factors.
The high costs associated with the energy demands and sorting
of plastic waste make it difficult to deploy these methods on an
industrial scale. Additionally, contaminants in the waste stream
must be separated before catalytic processing, further compli-
cating the process. Key challenges include designing and syn-
thesising inexpensive, less toxic photocatalysts with high
performance and recyclability, as well as dealing with the high
costs of pretreatment and separation of photocatalytically
derived products. Furthermore, electrocatalytic recycling is less
developed than photocatalysis, with limited technology for
efficient plastic waste recycling under ambient conditions. The
large molecular weights of plastic molecules also pose difficul-
ties in designing highly porous anodes for efficient diffusion.
Exploring a wider range of substrates and developing novel
catalytic systems can improve the scope and efficiency of both
photocatalytic and electrocatalytic approaches. Emphasising
the use of real-world plastic waste and scaling up reaction
systems will be crucial for industrial implementation. Utilising
alternative energy sources for plastic upcycling offers a prom-
ising approach to managing primary pollutants and enhancing
sustainability.

Photo- and electrocatalytic recycling of plastic waste offer
innovative, energy-efficient solutions to mitigate Scope 3 emis-
sions by converting waste plastics into valuable resources. The
scalability of these technologies holds promise to reduce the
carbon footprint associated with the entire lifecycle of plastic
products, from raw material extraction to end-of-life disposal.
Additionally, as photo- and electrocatalytic systems can be
powered by renewable energy, they support a circular economy
model with minimal environmental impact while addressing
the indirect emissions (Scope 3).
13.6 Biocatalysis

Enzyme biocatalysis presents a promising alternative for plastic
waste biodegradation, potentially reducing energy consump-
tion, greenhouse gas emissions, and pollutants compared to
traditional methods like hydrocracking, pyrolysis or chemical
depolymerisation. This method can potentially be integrated
into existing recycling processes or replace current chemical
recycling techniques. While these processes tend to be slower,
the use of biocatalysts can accelerate reaction rates and reduce
processing times. Rapid advancements in synthetic biology and
protein engineering offer a range of tools for discovering,
characterising, and optimising plastic-degrading enzymes,
creating new opportunities to develop efficient and cost-
effective biocatalysts for plastic depolymerisation. However,
several challenges persist, such as the integration of separation
stages for biodegradation products and the high initial infra-
structure costs. Future research should focus to target the
development of these recycling methods for large scale
deployment and gain a deeper understanding of new bioprocess
depolymerisation mechanisms. Such efforts will enable
© 2025 The Author(s). Published by the Royal Society of Chemistry
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economic impact assessments to support wider adoption of
biodegradation technologies and fostering a more sustainable
approach to managing global plastic waste.

Innovations in catalyst design, such as high-throughput
screening methods and advanced platform techniques, are
necessary to identify and develop efficient plastic-degrading
enzymes. Advanced techniques such as cell-as-compartment,
micro-droplet, and pico-droplet-based screening have the
potential to signicantly improve the efficiency and precision of
enzyme discovery. However, a key challenge lies in nding
suitable substrates that work effectively with these advanced
screening platforms. The recent advancements in chromogenic
and uorogenic substrates for high-throughput analysis of
plastic-degrading enzymes offer valuable insights that could
drive future substrate innovations and signicantly enhance the
screening process for more efficient enzyme discovery.

13.7 Articial intelligence

The application of articial intelligence (AI) and machine
learning to optimise reaction parameters and predict catalyst
performance shows signicant potential for improving the
scalability and efficiency of plastic recycling processes. The
integration of machine learning can help in understanding
reaction dynamics and optimising reaction parameters. AI is
instrumental in sorting plastic waste to maximise the recycling
potential of plastics. Machine learning methods are usually
used in various types of pyrolysis, such as catalytic pyrolysis, co-
pyrolysis of plastic waste with biomass, and microwave pyrol-
ysis. Among these, co-pyrolysis has emerged as the most
popular type of pyrolysis modelled by machine learning
methods, followed by microwave supported pyrolysis. Inte-
grating machine learning methods with other optimisation
algorithms offers valuable insights that can guide experimental
research and process development. Future research should
focus on key areas such as catalyst synthesis, selecting suitable
additives, reaction kinetics, understanding catalyst deactivation
mechanisms, and designing renewable energy-powered
systems.

Future perspectives include the development of closed-loop
recycling systems, where depolymerised monomers are reused
to produce new plastics, thus signicantly minimising waste
and resource consumption. Achieving this requires collabora-
tive efforts among academia, industries, and government
bodies to drive innovation and establish regulatory frameworks
that support the commercialisation of advanced depolymer-
isation technologies. As research continues to overcome the
current limitations, depolymerisation has the potential to
become a cornerstone of sustainable plastic recycling, contrib-
uting signicantly to the reduction of plastic waste and the
establishment of a circular economy for meeting the growing
energy demand.

13.8 Polymer types

13.8.1 Polyolens. Chemical recycling of polyolens pres-
ents one of the most complex challenges due to their inherent
chemical inertness and structural diversity, which are
© 2025 The Author(s). Published by the Royal Society of Chemistry
engineered for durability and functionality through variations
in molecular weight, branching, and additives. These properties
hinder uniform processing during recycling. Additives and
impurities, such as heavy metals and halogens, can generate
toxic by-products under thermal conditions and compromise
catalyst performance. Furthermore, the highly viscous nature of
molten polyolens and the formation of multi-phase reaction
systems complicate reactor design and limit heat and mass
transfer efficiency, making it difficult to achieve intrinsic cata-
lytic activity under scalable conditions.

While thermal pyrolysis remains a widely used recovery
method, its broad product distribution and high impurity levels
hinder its scalability. Catalytic pyrolysis and solvolysis offer
improved product selectivity, though the development of low-
cost, robust catalysts remains a key research priority. Subse-
quent catalytic and steam cracking processes are crucial for
producing olens, the fundamental building blocks of plastics,
from pyrolysis oils, thus enabling a closed-loop recycling
system.

To truly realise circularity, chemical recycling must shi from
merely producing fuels, where carbon is lost, to generating high-
value, reusable feedstocks such as lubricants or naphtha, which
can re-enter the polymer production cycle. This requires rened
control over product quality, including impurity management
and molecular composition, as well as integration with existing
renery infrastructure. Moving forward, a coordinated effort is
essential to develop robust, selective catalysts and reactor
systems that operate effectively with real-world waste streams.

13.8.2 Polystyrene. Polystyrene is more amenable to
chemical recycling due to its relatively lower bond dissociation
energy. Thermal depolymerisation can effectively yield styrene
monomer. However, controlling side reactions and ensuring
high purity of the recovered monomer are ongoing challenges.
Current strategies for the catalytic depolymerisation of PS at
moderate temperatures remain limited in both effectiveness
and selectivity. To date, only a few catalysts such as FeCu/Al2O3

have demonstrated activity at temperatures as low as 250 °C, but
with low styrene yields (∼30 wt%) and complex product
mixtures typical of solid acid catalysis. The poor performance of
basic catalysts at low temperatures is largely attributed to
insufficient interaction between the catalyst surface and the
polymer matrix, limiting the number of active contact points.
Additionally, the concurrent occurrence of thermal and catalytic
degradation complicates mechanistic elucidation, highlighting
the need for deeper insight into reaction pathways under such
harsh conditions.

Innovative advancements in catalyst design are needed to
enable efficient PS depolymerisation at lower temperatures with
improved product selectivity. This includes developing highly
dispersed, surface-engineered catalysts that offer better poly-
mer–catalyst contact and allow operation under milder condi-
tions, thereby reducing energy input. Moreover, integrating
optimised process conditions, such as minimised reaction
temperatures with extended residence times, may offer energy
savings without compromising the yield. Industrial viability
also depends on regenerable catalysts with stable long-term
performance, as well as scalable, cost-effective synthesis
RSC Sustainability, 2025, 3, 3724–3840 | 3821
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methods. Future researchmust bridge the gap betweenmaterial
innovation and process integration to realise scalable, low-
energy PS recycling technologies aligned with circular
economy goals.

13.8.3 Polyesters. Current chemical recycling methods for
polyesters, especially PET, oen depend on high temperatures,
aggressive reagents, and signicant solvent use. These condi-
tions lead to high energy consumption, complex purication
steps, and limited cost competitiveness compared to virgin PET
production. Depolymerising polyesters effectively requires
robust catalytic systems; however, post-consumer PET waste
commonly contains impurities such as plasticisers, llers, and
dyes that reduce catalytic efficiency and increase process
complexity. To address these challenges, future research must
prioritise the development of highly selective, impurity-tolerant
catalysts that function under milder and more energy-efficient
conditions. Simultaneously, sustainable, low-cost recycling
technologies are essential to enable the industrial adoption of
chemical PET recycling.

Catalysis is central to advancing PET depolymerisation, with
heterogeneous systems offering advantages such as enhanced
stability, reusability, and lower toxicity compared to their
homogeneous counterparts. Innovations in catalytic glycolysis
and methanolysis have enabled the production of high-purity
monomers like BHET and DMT, although careful tuning of
catalyst properties is required to minimise side reactions and
prevent deactivation by impurities. Novel catalytic materials,
including nanocatalysts, ionic liquids, and deep eutectic
solvents, have shown promise in improving efficiency and
environmental performance. Reductive depolymerisation offers
access to high-value chemicals but remains underdeveloped
due to its harsh conditions and limited catalyst availability.
Catalytic pyrolysis provides an alternative route to aromatic
hydrocarbons, with product selectivity inuenced by catalyst
acidity/basicity and process parameters. However, challenges
such as catalyst deactivation, coke formation, and dependence
on noble metals continue to limit process scalability and
sustainability. Consequently, future research should focus on
developing atom-efficient catalysts based on earth-abundant
elements, such as single-atom catalysts, through cost-effective
synthesis strategies, to advance scalable, energy-efficient, and
economically viable PET chemical recycling technologies.

13.8.4 Polyvinyl chloride. Chemical recycling of PVC plastic
waste faces major hurdles, primarily due to its high chlorine
content and toxic additives such as lead-based stabilizers and
plasticizers. When heated, PVC releases corrosive hydrogen
chloride gas and degrades quickly, making thermal processes like
pyrolysis technically challenging and environmentally risky.
These processes are also energy-intensive, costly, and yield low-
value outputs that oen require extensive purication.
Emerging technologies, including biological degradation,
plasma-assisted processes, and solvent-based recovery, offer
promising alternatives by enabling more selective and environ-
mentally conscious routes for PVC waste management. However,
thesemethods remain largely in the developmental stage and face
barriers related to process efficiency, scalability, and economic
viability. However, these innovative technologies remain in early
3822 | RSC Sustainability, 2025, 3, 3724–3840
stages and require further research to enhance their efficiency,
scalability, and economic feasibility. The lack of standardised
infrastructure and regulatory frameworks further hinders their
practical implementation. Advancing PVC recycling will depend
on continued R&D in materials design, process optimisation,
economic assessment, and life cycle analysis to support the
development of viable, large-scale solutions.

Further research should focus on developing efficient
dechlorination methods, such as catalysts or solvents capable of
working under mild conditions. Innovations in closed-loop recy-
cling that convert PVC into reusable monomers, along with safer
additives and design-for-recycling approaches, are also critical.

13.8.5 Polycarbonates. Recent advancements in chemical
recycling of BPA-PC have primarily focused on nucleophilic
depolymerisation pathways, including alcoholysis, aminolysis,
and other nucleophile-mediated approaches. Through careful
optimisation of reaction parameters, such as solvent systems,
temperature, pressure, catalyst loading, and reagent concen-
tration, these processes have achieved near-complete polymer
conversion. While early research relied on toxic solvents, tran-
sition metal catalysts, and energy-intensive conditions, recent
developments have shied towards more sustainable solutions.
These include the use of non-toxic metal catalysts, organo-
catalysts, ionic liquids, and environmentally friendly solvents,
as well as catalyst-free and solvent-free systems operating under
milder reaction conditions. Importantly, these strategies have
enabled the successful upcycling of BPA-PC into high-purity
monomers, which can be repolymerised into new value-added
materials, demonstrating practical potential for circular
plastic economy applications.

Despite recent progress, industrial-scale implementation of
BPA-PC recycling faces key challenges. Methanolysis, while
effective in yielding BPA and DMC, requires energy-intensive
separation due to DMC's low boiling point. Ethanolysis offers
some improvements, though azeotrope formation still compli-
cates purication. Aminolysis produces diverse products that
demand complex extraction or chromatographic steps. To over-
come these limitations, future research should explore advanced
techniques such as membrane separation and continuous ow
systems to enhance separation efficiency and minimise product
cross-contamination. Future research must focus on low-energy,
cost-effective depolymerisation using recyclable heterogeneous
catalysts, addressing both catalytic efficiency and downstream
purication to enable scalable and sustainable BPA-PC recycling.

13.8.6 Polyurethanes. Recent advances in polyurethane
recycling have shown promising potential to mitigate end-of-life
concerns associated with these fossil-derived polymers. Estab-
lished methods such as chemical recycling, particularly glycol-
ysis, have demonstrated feasibility and cost-effectiveness, with
growing industrial application. These strategies not only reduce
environmental impact but also enhance the image of poly-
urethanes as recyclable materials with intrinsic value.

Despite progress, PU recycling faces signicant challenges
due to the material's structural complexity, ranging from vari-
ability in chemical composition and crosslinking density to
diverse product forms such as foams, elastomers, and bulk
materials. This diversity necessitates tailored recycling
© 2025 The Author(s). Published by the Royal Society of Chemistry
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approaches rather than a universal solution. Less mature
methods, including pyrolysis, gasication, and biodegradation,
remain conned to the laboratory stage, hindered by emission
control, long degradation times, and limited microbial efficacy.
Moving forward, targeted strategies such as selective waste
collection, advanced process optimisation, and metagenomic
tools to enhance biodegradation hold promise. To enable
widespread adoption, future efforts must focus on improving
scalability, reducing environmental impact, and establishing
a structured market for PU recyclates, thereby supporting
circular economy integration.

13.8.7 Polyamides. Polyamide materials are extensively
used due to their excellent mechanical and chemical properties;
however, their persistence in the environment poses a signi-
cant ecological threat. Traditional disposal methods such as
landlling and incineration are unsuitable for polyamides due
to their potential to release toxic gases and leach harmful
substances. Although mechanical and physical recycling offer
lower energy consumption and cost, they are limited by
performance degradation and chemical reagent use. Among
current treatment options, chemical recycling, including
hydrolysis, alcoholysis, hydrogenolysis, ammonolysis, and ionic
liquid-based depolymerisation, shows promise in recovering
monomers like 3-caprolactam under controlled conditions.

Despite the diversity of chemical recycling methods, most
require harsh reaction conditions, including high tempera-
tures, elevated pressures, or strong reagents, which limits their
industrial scalability. Biological degradation, although envi-
ronmentally benign, is constrained by the limited availability of
microorganisms or enzymes capable of depolymerising high-
molecular-weight polyamides. Enzymatic processes are limited
to surface degradation or low-molecular-weight substrates. To
address these challenges, future research must focus on devel-
oping mild, energy-efficient recycling methods; engineering
enzymes capable of depolymerising bulk polyamides; and
designing bio-based or copolymerised polyamides with
intrinsic biodegradability. These innovations will be critical in
shiing the lifecycle of polyamides toward a circular and
sustainable model.
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175 N. Miskolczi, F. Ateş and N. Borsodi, Bioresour. Technol.,
2013, 144, 370–379.

176 A. Lopez-Urionabarrenechea, I. de Marco, B. M. Caballero,
M. F. Laresgoiti and A. Adrados, J. Anal. Appl. Pyrolysis,
2012, 96, 54–62.

177 M. Brebu, T. Bhaskar, K. Murai, A. Muto, Y. Sakata and
M. A. Uddin, Polym. Degrad. Stab., 2005, 87, 225–230.

178 A. Marcilla, M. I. Beltrán and R. Navarro, Appl. Catal. B
Environ., 2009, 86, 78–86.

179 M. A. Uddin, K. Koizumi, K. Murata and Y. Sakata, Polym.
Degrad. Stab., 1997, 56, 37–44.

180 Y. Sonawane, M. Shindikar and M. Khaladkar, Int. J. Sci.
Environ. Technol., 2016, 5, 1421–1425.

181 A. K. Panda and R. K. P. Singh, J. Fuel Chem. Technol., 2011,
39, 198–202.

182 S. Gopinath, P. K. Devan and K. Pitchandi, RSC Adv., 2020,
10, 37266–37279.

183 M. L. Pennel, A. K. Maurya, A. M. Ebrahim, C. J. Tassone
and M. Cargnello, ACS Sustainable Chem. Eng., 2023, 11,
12623–12630.
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S. J. Jones, Springer International Publishing, Cham,
2015, pp. 317–359, DOI: 10.1007/978-3-319-14529-7_3.

314 D. Munir, M. F. Irfan and M. R. Usman, Renewable
Sustainable Energy Rev., 2018, 90, 490–515.

315 D. Yao, H. Yang, H. Chen and P. T. Williams, Appl. Catal., B,
2018, 227, 477–487.

316 N. Gama, B. Godinho, G. Marques, R. Silva, A. Barros-
Timmons and A. Ferreira, Chem. Eng. J., 2020, 395, 125102.

317 I. Vollmer, M. J. F. Jenks, M. C. P. Roelands, R. J. White,
T. van Harmelen, P. de Wild, G. P. van der Laan,
F. Meirer, J. T. F. Keurentjes and B. M. Weckhuysen,
Angew. Chem., Int. Ed., 2020, 59, 15402–15423.
RSC Sustainability, 2025, 3, 3724–3840 | 3829

https://www.quantafuel.com/our-solution/technology
https://www.quantafuel.com/our-solution/technology
https://recyclingtechnologies.co.uk/technology/
https://recyclingtechnologies.co.uk/technology/
https://doi.org/10.1007/978-3-319-14529-7_3
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00225g


RSC Sustainability Tutorial Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

1.
01

.2
02

6 
17

:2
0:

38
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
318 D. P. Serrano, J. M. Escola, L. Briones and M. Arroyo, Fuel,
2017, 206, 190–198.

319 A. A. Garforth, S. Ali, J. Hernández-Mart́ınez and A. Akah,
Curr. Opin. Solid State Mater. Sci., 2004, 8, 419–425.

320 A. Brems, J. Baeyens and R. Dewil, Therm. Sci., 2012, 16,
669–685.

321 S. Karagöz, T. Karayildirim, S. Uçar, M. Yuksel and J. Yanik,
Fuel, 2003, 82, 415–423.

322 V. P. S. Caldeira, A. G. D. Santos, D. S. Oliveira, R. B. Lima,
L. D. Souza and S. B. C. Pergher, J. Therm. Anal. Calorim.,
2017, 130, 1939–1951.

323 A. Nanduri and P. L. Mills, Fuel, 2020, 278, 118117.
324 L. Hauli, K. Wijaya and A. Syouan, Orient. J. Chem., 2019,

35, 128–133.
325 P. S. F. Mendes, J. M. Silva, M. F. Ribeiro, C. Bouchy and

A. Daudin, J. Ind. Eng. Chem., 2019, 71, 167–176.
326 U. J. Etim, B. Xu, Z. Zhang, Z. Zhong, P. Bai, K. Qiao and

Z. Yan, Fuel, 2016, 178, 243–252.
327 J. Lee, M. Young Kim, J. Hong Jeon, D. H. Lee, K. N. Rao,

D. G. Oh, E. Jeong Jang, E. Kim, S. C. Na, H. S. Han and
J. H. Kwak, Appl. Catal., B, 2020, 260, 118098.

328 N. Priharto, F. Ronsse, W. Prins, I. Hita, P. J. Deuss and
H. J. Heeres, Biomass Bioenergy, 2019, 126, 84–93.

329 Z. Pan, X. Xue, C. Zhang, D. Wang, Y. Xie and R. Zhang, J.
Anal. Appl. Pyrolysis, 2018, 136, 208–214.

330 J. Shabtai, X. Xiao andW. Zmierczak, Energy Fuels, 1997, 11,
76–87.

331 K. Faust, P. Deni and M. Hapke, ChemCatChem, 2023, 15,
e202300310.

332 D. Munir, Abdullah, F. Piepenbreier and M. R. Usman,
Powder Technol., 2017, 316, 542–550.

333 K. Zhang, E.-H. Yuan, L.-L. Xu, Q.-S. Xue, C. Luo, B. Albela
and L. Bonneviot, Eur. J. Inorg. Chem., 2012, 2012, 4183–4189.

334 H. Kim, S. J. Choi, J. M. Kim, J.-K. Jeon, S. H. Park,
S.-C. Jung, S. C. Kim and Y.-K. Park, Mater. Res. Bull.,
2016, 82, 61–66.

335 Y. Liu, Reactions, 2020, 1, 195–209.
336 D. Munir and M. R. Usman, J. Anal. Appl. Pyrolysis, 2018,

135, 44–53.
337 M. F. Hana and N. Sapawe, Mater. Today: Proc., 2020, 31,

266–268.
338 J. Liu, N. Liu, K. Ren, L. Shi and X. Meng, Ind. Eng. Chem.

Res., 2017, 56, 7693–7699.
339 A. K. Aboul-Gheit, F. K. Gad, G. M. Abdel-Aleem, D. S. El-

Desouki, S. M. Abdel-Hamid, S. A. Ghoneim and
A. H. Ibrahim, Egypt. J. Pet., 2014, 23, 303–314.

340 G. D. Yadav and J. J. Nair, Microporous Mesoporous Mater.,
1999, 33, 1–48.

341 M. Utami, K. Wijaya and W. Trisunaryanti, Mater. Chem.
Phys., 2018, 213, 548–555.

342 A. K. Amin, K. Wijaya and W. Trisunaryanti, Orient. J.
Chem., 2018, 34, 3070–3078.

343 E. Dahdah, J. Estephane, C. Gennequin, A. Aboukäıs,
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690 S. Gazi, M. Đokić, K. F. Chin, P. R. Ng and H. S. Soo, Adv.
Sci., 2019, 6, 1902020.

691 G. Peng, X. Qi, W. Qu, X. Shao, L. Song, P. Du and J. Xiong,
Catal. Sci. Technol., 2023, 13, 5868–5879.

692 H. Kang, A. Washington, M. D. Capobianco, X. Yan,
V. V. Cruz, M. Weed, J. Johnson, G. Johns III,
G. W. Brudvig, X. Pan and J. Gu, ACS Mater. Lett., 2023, 5,
3032–3041.
© 2025 The Author(s). Published by the Royal Society of Chemistry
693 Y. Jiang, H. Zhang, L. Hong, J. Shao, B. Zhang, J. Yu and
S. Chu, ChemSusChem, 2023, 16, e202300106.

694 A. E. Nogueira, O. F. Lopes, A. B. S. Neto and C. Ribeiro,
Chem. Eng. J., 2017, 312, 220–227.

695 J. Xu, X. Jiao, K. Zheng, W. Shao, S. Zhu, X. Li, J. Zhu, Y. Pan,
Y. Sun and Y. Xie, Natl. Sci. Rev., 2022, 9, nwac011.

696 T. S. Tofa, K. L. Kunjali, S. Paul and J. Dutta, Environ. Chem.
Lett., 2019, 17, 1341–1346.

697 X. Jiao, Z. Hu, K. Zheng, J. Zhu, Y. Wu, X. Zhang, J. Hu,
W. Yan, J. Zhu, Y. Sun and Y. Xie, Nano Lett., 2022, 22,
10066–10072.

698 J. Qin, Y. Dou, F. Wu, Y. Yao, H. R. Andersen, C. Hélix-
Nielsen, S. Y. Lim and W. Zhang, Appl. Catal., B, 2022,
319, 121940.

699 Y. Miao, Y. Zhao, G. I. N. Waterhouse, R. Shi, L.-Z. Wu and
T. Zhang, Nat. Commun., 2023, 14, 4242.

700 M. Li and S. Zhang, ACS Catal., 2024, 14, 2949–2958.
701 T. Uekert, M. F. Kuehnel, D. W. Wakerley and E. Reisner,

Energy Environ. Sci., 2018, 11, 2853–2857.
702 H. Nagakawa and M. Nagata, ACS Appl. Mater. Interfaces,

2021, 13, 47511–47519.
703 Y. Miao, Y. Zhao, J. Gao, J. Wang and T. Zhang, J. Am. Chem.

Soc., 2024, 146, 4842–4850.
704 M. Du, Y. Zhang, S. Kang, X. Guo, Y. Ma, M. Xing, Y. Zhu,

Y. Chai and B. Qiu, ACS Catal., 2022, 12, 12823–12832.
705 Y. Li, S. Wan, C. Lin, Y. Gao, Y. Lu, L. Wang and K. Zhang,

Sol. RRL, 2021, 5, 2000427.
706 S. Zhang, H. Li, L. Wang, J. Liu, G. Liang, K. Davey, J. Ran

and S.-Z. Qiao, J. Am. Chem. Soc., 2023, 145, 6410–6419.
707 T. Uekert, H. Kasap and E. Reisner, J. Am. Chem. Soc., 2019,

141, 15201–15210.
708 T. Uekert, M. A. Bajada, T. Schubert, C. M. Pichler and

E. Reisner, ChemSusChem, 2021, 14, 4190–4197.
709 M. Han, S. Zhu, C. Xia and B. Yang, Appl. Catal., B, 2022,

316, 121662.
710 R. Cao, M.-Q. Zhang, C. Hu, D. Xiao, M. Wang and D. Ma,

Nat. Commun., 2022, 13, 4809.
711 J. Qin, Y. Dou, J. Zhou, V. M. Candelario, H. R. Andersen,

C. Hélix-Nielsen and W. Zhang, Adv. Funct. Mater., 2023,
33, 2214839.

712 C. Xing, G. Yu, J. Zhou, Q. Liu, T. Chen, H. Liu and X. Li,
Appl. Catal., B, 2022, 315, 121496.

713 X. Gong, F. Tong, F. Ma, Y. Zhang, P. Zhou, Z. Wang, Y. Liu,
P. Wang, H. Cheng, Y. Dai, Z. Zheng and B. Huang, Appl.
Catal., B, 2022, 307, 121143.

714 A. Mehta, R. A. Rather, B. Belec, S. Gardonio, M. Fang and
M. Valant, Energies, 2022, 15, 1734.

715 R. Gogoi, A. Singh, V. Moutam, L. Sharma, K. Sharma,
A. Halder and P. F. Siril, J. Environ. Chem. Eng., 2022, 10,
106649.

716 X.-G. Li, A. Li, M.-R. Huang, Y. Liao and Y.-G. Lu, J. Phys.
Chem. C, 2010, 114, 19244–19255.

717 Y. Liu, Q. Zhong, P. Xu, H. Huang, F. Yang, M. Cao, L. He,
Q. Zhang and J. Chen, Matter, 2022, 5, 1305–1317.

718 Y. Liu, X. Wang, Q. Li, T. Yan, X. Lou, C. Zhang, M. Cao,
L. Zhang, T.-K. Sham, Q. Zhang, L. He and J. Chen, Adv.
Funct. Mater., 2023, 33, 2210283.
RSC Sustainability, 2025, 3, 3724–3840 | 3837

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00225g


RSC Sustainability Tutorial Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

1.
01

.2
02

6 
17

:2
0:

38
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
719 Z. Peng, R. Chen and H. Li, ACS Sustainable Chem. Eng.,
2023, 11, 10688–10697.

720 D. Ouyang, D. Gao, Y. Qiang and X. Zhao, Appl. Catal., B,
2023, 328, 122491.

721 N. Cai, S. Xia, X. Zhang, Z. Meng, P. Bartocci, F. Fantozzi,
Y. Chen, H. Chen, P. T. Williams and H. Yang,
ChemSusChem, 2020, 13, 938–944.

722 R. A. Mir and O. P. Pandey, J. Cleaner Prod., 2019, 218, 644–
655.

723 H. Zhou, Y. Ren, Z. Li, M. Xu, Y. Wang, R. Ge, X. Kong,
L. Zheng and H. Duan, Nat. Commun., 2021, 12, 4679.

724 S. Behera, S. Dinda, R. Saha and B. Mondal, ACS Catal.,
2023, 13, 469–474.

725 R. Shi, K.-S. Liu, F. Liu, X. Yang, C.-C. Hou and Y. Chen,
Chem. Commun., 2021, 57, 12595–12598.

726 Z. Chen, W. Wei, Y. Shen and B.-J. Ni, Green Chem., 2023,
25, 5979–5988.

727 X.-H. Wang, Z.-N. Zhang, Z. Wang, Y. Ding, Q.-G. Zhai,
Y.-C. Jiang, S.-N. Li and Y. Chen, Chem. Eng. J., 2023, 465,
142938.

728 F. Ma, S. Wang, X. Gong, X. Liu, Z. Wang, P. Wang, Y. Liu,
H. Cheng, Y. Dai, Z. Zheng and B. Huang, Appl. Catal. B
Environ., 2022, 307, 121198.

729 N. Wang, X. Li, M.-K. Hu, W. Wei, S.-H. Zhou, X.-T. Wu and
Q.-L. Zhu, Appl. Catal., B, 2022, 316, 121667.

730 F. Liu, X. Gao, R. Shi, Z. Guo, E. C. M. Tse and Y. Chen,
Angew. Chem., Int. Ed., 2023, 62, e202300094.

731 J. Wang, X. Li, M. Wang, T. Zhang, X. Chai, J. Lu, T. Wang,
Y. Zhao and D. Ma, ACS Catal., 2022, 12, 6722–6728.

732 S. K. Kilaparthi, A. Addad, A. Barras, S. Szunerits and
R. Boukherroub, J. Mater. Chem. A, 2023, 11, 26075–26085.

733 Y. Mao, S. Fan, X. Li, J. Shi, M. Wang, Z. Niu and G. Chen, J.
Hazard. Mater., 2023, 457, 131743.

734 T. Ren, Z. Yu, H. Yu, K. Deng, Z. Wang, X. Li, H. Wang,
L. Wang and Y. Xu, ACS Nano, 2023, 17, 12422–12432.

735 T. Li and D. A. Harrington, ChemSusChem, 2021, 14, 1472–
1495.

736 Y. Yan, H. Zhou, S.-M. Xu, J. Yang, P. Hao, X. Cai, Y. Ren,
M. Xu, X. Kong, M. Shao, Z. Li and H. Duan, J. Am. Chem.
Soc., 2023, 145, 6144–6155.

737 X. Liu, J. Wang, Z. Fang, S. Gong, D. Xiong, W. Chen, D. Wu
and Z. Chen, Appl. Catal., B, 2023, 334, 122870.

738 S. Hao, L. Chen, C. Yu, B. Yang, Z. Li, Y. Hou, L. Lei and
X. Zhang, ACS Energy Lett., 2019, 4, 952–959.

739 M. Du, Y. Zhang, S. Kang, C. Xu, Y. Ma, L. Cai, Y. Zhu,
Y. Chai and B. Qiu, Small, 2023, 19, 2303693.

740 Y. Li, Y. Zhao, H. Zhao, Z. Wang, H. Li and P. Gao, J. Mater.
Chem. A, 2022, 10, 20446–20452.

741 Y. Li, L. Q. Lee, Z. G. Yu, H. Zhao, Y.-W. Zhang, P. Gao and
H. Li, Sustainable Energy Fuels, 2022, 6, 4916–4924.

742 F. Liu, X. Gao, R. Shi, E. C. M. Tse and Y. Chen, Green
Chem., 2022, 24, 6571–6577.

743 R. Rahimzadeh, J. Ortega-Ramos, Z. Haque and G. G. Botte,
ChemElectroChem, 2023, 10, e202300021.

744 A. D. Fried, B. J. Wilson, N. J. Galan and J. N. Brantley, J. Am.
Ceram. Soc., 2022, 144, 8885–8891.
3838 | RSC Sustainability, 2025, 3, 3724–3840
745 L. Ren, S. Yang, J. Wang, T. Zhang, X. Li, T. Wang and
Y. Zhao, React. Chem. Eng., 2023, 8, 1937–1942.

746 R. A. Sheldon and D. Brady, ChemSusChem, 2022, 15,
e202102628.

747 V. Tournier, S. Duquesne, F. Guillamot, H. Cramail,
D. Taton, A. Marty and I. André, Chem. Rev., 2023, 123,
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