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1. Introduction
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Plastics have become deeply integrated into modern life due to
their large-scale production and advantageous properties,
including low-cost, high strength-to-weight ratio, thermal and
electrical insulation, and durability." These characteristics
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Heterogeneous catalysis strategies for polyolefin
plastic upcycling: co-reactant-assisted and direct
transformation under mild conditions

Haokun Wang, Sijie Huangt and Shik Chi Edman Tsang 2/ *

The large-scale production and inadequate disposal of polyolefin (PO) plastics pose significant
environmental challenges. Traditional recycling methods are energy-intensive and often ineffective,
prompting a need for more sustainable approaches. In recent years, catalytic upcycling under mild
conditions has emerged as a promising strategy to transform PO plastics into valuable products. Co-
reactants such as hydrogen, short-chain alkanes or alkenes, oxygen, and CO, play a crucial role in
driving these transformations, influencing reaction mechanisms and broadening the range of possible
products. This review categorizes recent advancements in PO plastic upcycling based on the type of co-
reactant employed and compares these with direct, co-reactant-free processes. Despite these advances,
challenges remain in improving catalytic stability, product selectivity, and overcoming diffusion
limitations in viscous plastic feedstocks. This review underscores the catalytic chemistry underpinning
the development of efficient PO plastic upcycling processes with co-reactants, offering insights into
future directions for sustainable plastic chemical management.

have led to their widespread use in daily life, spanning diverse
sectors such as packaging, textiles, building and construction,
and more."® However, despite their pivotal role in modern
society, the massive volume of plastic production, coupled with
inadequate waste management, has resulted in severe environ-
mental and public health concerns.®® It has been estimated
that global plastic production reached approximately 400 mil-
lion metric tons (Mt) in 2022, yet only about 9% of this total has
been recycled, while 12% has been incinerated, and the remain-
ing 79% has been accumulated in landfills or the natural
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Table 1 Summary of PO decomposition with different co-reactants or without co-reactants
Plastic/catalyst Temperature Pressure Time
Catalyst system Plastic(s) Co-reactant (s) mass ratio (°C) (bar) (h)  Major product Ref.
Pt/USY PE,PP H, 20 280 30 3 Cs_15 28
Pt/WZr LDPE H, 10 250 30 2 Cy1s 29
PtSnCe/SiAl HDPE H, 10 270 30 2 Cs_1 30
Ru/ZrO, LDPE H, 34 400 35 2 Cs_01 31
NiCoAl, LDPE H, 20 280 20 4 Liquid-range hydrocarbons 32
Ru/SBA LDPE H, 30 230 20 5 Liquid fuels 33
Ru/TiO, PP H, 5 240 20 4 Cis 34
Ru/TiO,-A-SG PP H, 7 260 30 18 Liquid-range hydrocarbons 35
WO,/Si0, and Pt/Al, O3 LDPE n-Decane 0.16 300 30 3 Short-chain alkane 36
SnPt/y-Al,O; and Re,0,/y-Al,O; PE n-Pentane n/a 200 40 15 Liquid alkanes 37
MTO/CI-AL, O3 PE Ethylene 1.67 100 1 5 Propylene 38
Na/Al,03; and WO;/SiO, PE Ethylene 1.25 320 15 1.5  Propylene and isobutylene 39
Ru/TiO, PE O, (in air) 2 160 15 24 Dicarboxylic acids 40
NiO/TiO, PS O, (in air) 2 200 10 18 Benzoic acid 41
Co/MCM-41 PE 0, 10 125 10 12 Dicarboxylic (Cy9-20) acids 42
Cu-Fe;0, and Zn/ZSM-5 PE CO, 5 360 30 1 Aromatics 43
CuZnZrO, and ZSM-5 PE CO, 15 380 5 3.3 BTX 44
Ga/ZSM-5-meso LDPE CO, 1.33 550 n.a. n.a BTEX 45
Pt/MnO, and ZSM-5 LDPE CO, 2.5 280 10 3 BTX 46
Ru/SiO, PS Methanol 10 280 40 6 Alkylbenzenes 47
MnO, PS CO(NH,),, O, 60 200 15 36 Benzonitrile, benzamide 48
Pt/y-Al,O3 PE None 0.59 280 n.a. 24 Long-chain alkylaromatics and 49
alkylnaphthalenes

Pt/F-Al,O3 PE None 0.6 280 n.a. 8 Alkylaromatics 50
Ru/HZSM-5(300) HDPE None 10 280 20 24 Ci-15 51
Layered self-pillared zeolite PE None 5 240 0.1 4 C4_1, isoalkanes 52
ZSM-5 nanosheet LDPE None 5 280 0.1 7 C;_¢ olefins 53

environment.>® Furthermore, the vast majority of plastics are
derived from fossil fuels, with around 7% of global crude oil
and natural gas resources being consumed for their
production.”® As a result, the low recyclability of plastic
waste not only exacerbates environmental issues but also con-
tributes to significant material losses. Addressing the plastic
waste crisis from both environmental and resource sustain-
ability perspectives has therefore become a pressing global
challenge.

Edman Tsang is a Professor of
Chemistry and Head of the
Wolfson Catalysis Centre at the
University of Oxford, UK. His
research focuses on nanomaterials
and heterogeneous catalysis with
applications in  energy and
environmental sustainability. His
work includes the development of
catalytic,  photocatalytic, — and
electrocatalytic ~ technologies  for
green chemistry, fine chemical
synthesis, energy Sstorage, and
ammonia and hydrogen
technologies, including fuel cells. He has particular expertise in the
design and architecture of nanocatalysts, coupled with in situ
diffraction and spectroscopic techniques, to -elucidate catalytic
mechanisms.

Shik Chi Edman Tsang

This journal is © The Royal Society of Chemistry 2025

Traditional methods of plastic waste disposal, such as land-
fills and incineration, are cost-effective but present consider-
able environmental risks. For instance, landfills can lead to soil
and water contamination, while incineration produces harmful
gases that degrade air quality and contribute to climate
change.>"™® 1In contrast, recycling approaches including
mechanical recycling and chemical recycling methods such as
pyrolysis and gasification are more environmentally friendly
and capable of producing valuable products. However, these
processes are energy- and labor-intensive, with high reaction
temperature requirement for pyrolysis and gasification and
significant labor demands for the thorough sorting and collec-
tion of plastic waste in mechanical recycling.>**™'® Catalytic
cracking has emerged as a promising alternative for plastic
upcycling, offering potential to convert plastic waste into
higher-value products at relatively lower temperature (around
400 °C) and with reduced environmental impact. This method
has gained significant attention in recent years, but challenges
remain, particularly concerning catalyst deactivation due to
carbon deposition, poisoning by contaminants, and pore block-
age. These issues necessitate additional treatment for both
spent catalysts and feedstock, thereby increasing operating
costs, complicating the process, and potentially degrading
product quality.® Given these challenges, there is an urgent
need for the development of more sustainable and environ-
mentally friendly chemical upcycling strategies that operate
under milder conditions.

Among the various categories of plastics, polyolefin (PO)
plastics, including low-density polyethylene (LDPE), linear
low-density polyethylene (LLDPE), high-density polyethylene
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(HDPE), polypropylene (PP), and polystyrene (PS), collectively
account for over 60% of global plastic consumptions.>"” As
major contributors to plastic waste, PO plastics present distinct
challenges for recycling due to their unique physical and
chemical characteristics, which differentiate them from more
readily recyclable plastics such as polyethylene terephthalate
(PET)."® One of the major challenges stems from their high
molecular weight, which hampers heat and mass transfer
during melting and inhibits the accessibility of catalytic active
sites.’® Thus, there is a critical need to prioritize the develop-
ment of efficient PO upcycling methods under mild conditions.

In recent years, significant progress has been made in the
field of plastic upcycling, particularly with regard to the trans-
formation of PO plastics under mild reaction conditions (typi-
cally below 300 °C). Numerous reviews have been published
that summarize these advancements, focusing on various
aspects such as catalyst development, reaction mechanism,
process and reaction engineering, and diverse products
through thermal catalysis, electrocatalysis, photocatalysis, and
even emerging techniques like microwave-catalysis.™>°"7
However, many of these plastic conversion processes under
mild conditions are challenging to achieve without the use of
effective co-reactants, such as hydrogen, short-chain alkanes
and alkenes, oxygen, and CO,. Furthermore, the introduction
of different co-reactants can lead to changes in thermody-
namics and distinct reaction pathways, profoundly influencing
both process design and catalyst development. Selecting the
appropriate co-reactants can also open avenues to broaden the
product spectrum by incorporating heteroatoms, such as oxy-
gen and nitrogen, thus driving PO upcycling towards a wider
array of valuable products.

Although co-reactants play a crucial role in dictating reac-
tion mechanisms and outcomes in plastic upcycling, there
remains a significant gap in the literature regarding the sys-
tematic classification and discussion of their impact. In this
review, we aim to bridge this gap by categorizing recent
advances in PO upcycling under mild conditions according to
the specific co-reactants employed. The associated experi-
mental results and reaction conditions are comprehensively

Fig. 1

Progress in plastic upcycling according to their co-reactants.
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summarized in Table 1, with the overarching motivation
depicted in Fig. 1. Notably, we emphasize the catalytic chem-
istry that underpins their transformations. Each section pro-
vides a detailed examination of the underlying reaction
mechanisms, conditions, catalysts, and products associated
with particular co-reactants, followed by a comparative analysis
of processes conducted without co-reactants under mild con-
ditions. Finally, we highlight key opportunities and challenges
that the field of PO upcycling must address in the pursuit of
more sustainable and efficient plastic upcycling technologies.

2. Polyolefin upcycling with
co-reactants
2.1 Hydrogen

Although the use of appropriate catalysts significantly reduces
the reaction temperatures during catalytic cracking, the process
still necessitates relatively high thermal conditions, typically at
around 400 °C, which, while lower than those required for
pyrolysis (commonly above 500 °C), are still substantial.”> The
need for these elevated temperatures arises from the inherent
thermodynamic nature of both pyrolysis and catalytic cracking,
where endothermic reactions necessitates high temperatures to
cleave the robust C-C bond in PO. To overcome this tempera-
ture barrier and facilitate PO plastic upcycling under milder
conditions, the introduction of high-pressure hydrogen has
been explored. This strategic shift directs the reaction mecha-
nism toward hydrocracking or hydrogenolysis pathways, where
the overall process becomes exothermic. As a result, these
hydrogen-assisted routes enable PO upcycling to occur at lower
temperatures, typically below 300 °C, offering a more energy-
efficient alternative for PO plastic waste upcycling.?”

Hydrocracking conventionally utilizes bifunctional catalysts,
with metal sites facilitating dehydrogenation and hydrogena-
tion, while acid sites drive the cleavage of C-C bonds. In some
cases, hydrocracking can also be initiated using monofunc-
tional acid catalysts, resembling catalytic cracking. Different
from catalytic cracking, under high pressure, Brensted acid
sites (BASs) become significantly more active, altering both
product selectivity and yield. Additionally, hydrogen serves a
critical role in suppressing coke formation on the catalyst
surface, thereby enhancing the catalysts’ durability and extend-
ing their operational life. Hydrogenolysis, in contrast to hydro-
cracking, follows metal-catalyzed pathways involving alkylidyne
intermediates, diverging from carbonium ion-driven mechan-
isms observed in hydrocracking. This mechanistic variation
results in a distinct product profile, with hydrogenolysis often
leading to elevated methane production due to terminal C-C
bond cleavage and the removal of methyl branching reactions
that are thermodynamically disfavored in hydrocracking.?”->*>°
Despite these mechanistic disparities, both processes yield
analogous value-added products, such as fuel-range hydrocar-
bons (e.g., naphtha, gasoline, jet fuel, and diesel), alongside
waxes and lubricants.*?”

This journal is © The Royal Society of Chemistry 2025
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Recent innovations in hydrogen-assisted upcycling of PO
plastics have concentrated on two major fronts: the develop-
ment of more efficient and stable catalytic systems, and a
deeper understanding of structure-performance relationships.
In hydrocracking, the focus has been refining metal-acid
proximity, fine-turning the metal-acid balance (MAB), and
intensifying the synergistic interplay between metal and acid
sites. Conversely, hydrogenolysis improvements have been
achieved through precise control of the geometric and electro-
nic properties of active metals, and the employment of con-
finement effects to augment the catalytic performance.

A notable example comes from Han et al, who achieved
significant improvements in hydrocracking performance by
meticulously controlling the nanoscale proximity between Pt
nanoparticles and USY zeolites.”® Their study revealed that
positioning Pt nanoparticles on the surface of USY led to a
remarkable 450% increase in catalytic activity compared to
configurations where Pt nanoparticles were embedded within
the USY channels or physically mixed with zeolite. While Pt
nanoparticles within the USY pores exhibited superior activity
for smaller n-alkane substrates (Cs and Cg), their catalytic
activity dropped significantly for larger substrates, such as
larger n-alkanes or PE. This reduction in activity was attributed

View Article Online
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accessing the Pt nanoparticles embedded deep within the
narrow USY channels, impeding the formation of alkene inter-
mediates as illustrated in Fig. 2(a). Conversely, when the
proximity was increased from the nanoscale to the microscale
(i.e., physical separation of Pt and USY),
decreased, as the extended distance hindered the diffusion of

conversion also

alkene intermediates from Pt sites to acid sites. Liu et al
similarly underscored the critical role of proximity in bifunc-
tional catalytic systems.’® Their findings demonstrated that in
Pt/WZr + HY systems, the spatial separation of Pt nanoparticles
from the zeolite acid sites facilitated more precise control over
reaction intermediates, resulting in improved selectivity
towards fuel-range hydrocarbons. By contrast, Pt nanoparticles
in close proximity to zeolite acid sites induced excessive crack-
ing, thereby shifting product selectivity towards lighter hydro-
carbons (Cs—C-). These studies collectively highlight the pivotal
role of the metal-acid proximity in modulating the accessibility
of active sites, which directly influences the overall efficiency,
selectivity, and stability of the hydrocracking process.

Aside from the importance of metal-acid proximity, the role
of MAB has also been investigated for its impact on hydro-
cracking performance. Vance et al. reported that an increase in
the MAB drives product selectivity (C;-Cs5) towards heavier
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Fig. 2 Recent advances in PO plastic upcycling via hydrogen-assisted proce

with varying metal-acid proximities. Reproduced with permission from the Royal Society of Chemistry, copyright 2024.28
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Product Carbon Number

sses. (a) Proposed mechanism of hydrocracking of PE on Pt/USY catalysts
(b) and (c) Investigation of the

hydrocracking reaction mechanism. (b) Catalytic tests using n-octadecane as the substrate. (c) Reaction mechanism analysis using n-octane as the
reactant model. Reproduced with permission from American Chemical Society, copyright 2023.%° (d) Scission preferences in PP hydrogenolysis on

supports with different basicities. Reproduced with permission from Elsevier,
Reproduced with permission from Elsevier, copyright 20233
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copyright 2023.3* (e) Product distribution at varying hydrogen pressures.
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branching in the residual polymer.”® However, unlike the
hydrocarbon of smaller alkanes, where a higher MAB typically
enhances the selectivity for branched products, the overall
fraction of branched isomers in the liquid phase remains
largely independent of MAB in polymer hydrocracking. This
deviation can be attributed to the preferential adsorption of the
larger polymer chains onto the catalyst’s active sites, which
limits the accessibility of smaller liquid products to these sites,
thus resulting in a uniform distribution of branched products
across varying MAB.

Regarding the synergetic interactions between metal and
acid sites, our recent work presented an optimized approach to
amplify them, significantly elevating the hydrocracking
performance.® In the initial Pt/SiAl system, a high solid yield
and low selectivity for fuel-range products exhibited significant
limitations. To address this, the introduction of Sn as a
promoter enhanced the dehydrogenation and hydrogenation
activities, effectively lowering the solid yield while increasing
selectivity towards gasoline-range products. Deeping this
exploration, the subsequent incorporation of a finely tuned
amount of Ce promoter further augmented the catalytic per-
formance, achieving gasoline yields surpassing 77 wt%. This
substantial improvement can be ascribed to a combination of
the electronic modulation of metallic Pt and the enhanced
strength and concentration of BASs. Mechanistic investigation
revealed a distinct evolution in the reaction pathways across
different catalytic systems. In the Pt/SiAl catalyst, the strong
adsorption of HDPE and its fragments led to more extensive
cracking, followed by a type B B-scission mechanism, which
produced higher gaseous yields. The introduction of Sn in the
PtSn/SiAl system mitigated this extensive adsorption by redu-
cing the Pt particle size and altering its electronic properties,
promoting a balance between type A and B B-scission pathways.
The further addition of Ce in the PtSnCe/SiAl catalyst amplified
the synergistic effect between Pt and BASs, favoring type A -
scission as the dominant reaction pathway. This shift is sig-
nificant as type A B-scission generally produces fewer gaseous
by-products and leads to a more selective conversion into
valuable gasoline-range hydrocarbons. These catalyst-induced
modulations of reaction pathways highlight the critical role of
rational catalyst design in precisely tuning the reaction kinetics
and controlling the product selectivity. The progressive transi-
tion in reaction mechanisms was evaluated by measuring the
isomerization degree analysis conducted with n-octadecane as a
model substrate, as illustrated in Fig. 2(b) and (c). Furthermore,
the strong interaction between Pt, Sn, and Ce played a crucial
role in preventing sintering and suppressing coke formation,
thereby contributing to enhanced stability.

In the realm of hydrogenolysis, significant advancements
have been made through the deliberate modulation of the
geometric and electronic properties of active metal sites to
optimize catalytic performance. A prime example is the work
by Tamura et al., who systematically investigated the impact of
the Ru particle size on hydrogenolysis efficiency.?" Their find-
ings demonstrated a volcano-shaped correlation between the
Ru particle size and catalytic conversion, with peak activity

1500 | Chem. Commun., 2025, 61, 1496-1508
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observed at an optimal particle size of around 2.5 nm. The
turnover frequency (TOF) per surface Ru atom increased with
the particle size but exhibited a sharp decline for smaller Ru
particle sizes. This trend is attributed to the prevalence of plane
sites of Ru particles as the primary active centers, where
multipoint interactions between the Ru surface and PE mole-
cules facilitated improved adsorption and catalytic activity.
However, as the Ru particle size increases, metal dispersion
diminishes, reducing the number of accessible active sites and
thereby resulting in the characteristic volcano-shaped conver-
sion profile.

Beyond geometric optimization, strategic turning of the
electronic properties of active sites has also emerged as a
pivotal factor in enhancing the hydrogenolysis efficiency. A
notable contribution in this area comes from Chu et al., who
introduced a Ni promoter into a CoAl-LDH framework to
engineer the electronic structure of Co centers.*” This modification
induced electronic deficiency at the Co sites through electron
redistribution between Co and Ni. Such electronic tuning not only
suppressed the solid yield but also reduced the number of C-C
cleavages, attributed to the disruption of the continuous Co—Co site
network by the introduction of Ni, which inherently exhibits weaker
C-C bond cleavage activity. Furthermore, the incorporation of Ni
improved the hydrogenation capability of catalysts, effectively
mitigating over-hydrogenolysis to methane and selectively driving
the formation of liquid fuel products.

In addition to tuning metal active sites, the confinement
effect has emerged as a pivotal strategy for optimizing the
hydrogenolysis performance. Kang et al. demonstrated that
the precise encapsulation of Ru nanoparticles uniformly within
the mesoporous channels of SBA-15 induced a pronounced
“entropy confinement effect” on polymer chains.*® This con-
finement substantially reduced the entropy of chains and
facilitated nearly a twofold increase in solid conversion com-
pared to conventional Ru/SBA where Ru particles were more
diffusely distributed both inside and outside the channels. By
restricting the conformational freedom of macromolecular
chains, this confinement effect stabilizes transition states,
enhancing the adsorption process and significantly boosting
the catalytic efficiency.

On top of advancements in the development of more effi-
cient and stable catalytic systems, substantial progress has
been made in elucidating clear structure-performance relation-
ships. A prominent example is the work by Jaydev et al., who
introduced the novel metric of “scission preference” to quan-
tify the ratio of backbone scission to demethylation events
during PP hydrogenolysis.** This metric provides a crucial tool
for disentangling the competing scission pathways and identi-
fying catalysts that selectively favor backbone cleavage over
demethylation. Leveraging this metric, the study established a
robust correlation between the surface basicity of metal oxide
supports and scission preference, demonstrating that lower
surface basicity consistently favors backbone scission as
depicted in Fig. 2(d). The breakthrough in catalyst evaluation
offers valuable guidance for catalyst design and performance in
PP hydrogenolysis.

This journal is © The Royal Society of Chemistry 2025
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While hydrocracking and hydrogenolysis are traditionally
viewed as mechanistically distinct, Chen et al. revealed that
both pathways can occur concurrently over a Ru/TiO,-A-SG
catalyst during PP hydroconversion.>® Their investigation into
the effect of reaction conditions showed that hydrocracking
dominates at low hydrogen pressure, whereas hydrogenolysis
becomes increasingly significant at high hydrogen pressure, as
illustrated by the product distribution in Fig. 2(e). Furthermore,
they demonstrated that a higher Ru loading dramatically
enhances the contribution of hydrogenolysis, evidenced by an
increase in methane production. This research provides pro-
found insights into the mechanistic overlap of these two path-
ways and underscores the potential for tuning reaction routes
through the manipulation of reaction parameters.

2.2 Short-chain hydrocarbons (alkanes and alkenes)

Short-chain hydrocarbons, particularly alkanes and alkenes,
have gained prominence as effective co-reactants in facilitating
PO plastic upcycling under mild conditions. These co-reactants
primarily drive metathesis reaction pathways, where C—C
bonds, either inherently present in the polymer structure or
formed through catalytic dehydrogenation, undergo cross-
metathesis with additional olefins, such as solvents or ethylene.
Unlike the exothermic nature of hydrogen-assisted hydrocrack-
ing and hydrogenolysis pathways, metathesis-driven chain dis-
proportionation is generally thermoneutral, allowing the
process to proceed at moderate temperatures (typically below
300 °C). In the absence of hydrogen, the use of excess light
alkanes or alkenes is necessary to shift the equilibrium towards
the production of intermediate-length hydrocarbons by react-
ing with macromolecular polymers. Recent progress in this
field has focused on utilizing solvents to produce fuel-rang
products and ethylene to generate valuable intermediates like
propylene and butene.

Ellis et al. introduced the first fully heterogenous catalytic
system for PE decomposition, employing a tandem dehydro-
genation and olefin cross-metathesis pathway.?” In this inno-
vative system, PtSn/Al,O; catalyzed dehydrogenation and
hydrogenation reactions, while Re,0,/Al,0; facilitated olefin
metathesis, with n-pentane as the co-reactant. This “olefin-
intermediate”” mechanism effectively activated the aliphatic PE
backbone via dehydrogenation, enabling subsequent selective
cleavage of the resulting olefin intermediate, as illustrated in
Fig. 3(a). This approach yielded a remarkable 73% reduction in
the molecular weight of the PE substrate at 200 °C after 15
hours. Informed by these insights, Kim et al. refined the system
by employing WO,/SiO, as a metathesis catalyst in conjunction
with Pt/Al,0; for dehydrogenation.*® To further enhance the
catalytic stability, zeolite 4A was introduced into the reaction
environment, serving to protect metathesis active sites from
in situ-generated oxygenates. This strategic adjustment sub-
stantially improved the catalyst’s durability. Furthermore, the
study demonstrated that increasing the pretreatment tempera-
ture significantly boosted both conversion and product yields.
The incorporation of longer-chain alkane co-reactants also
enhanced their catalytic reactivity, shifting the molecular

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Recent advances in PO plastic upcycling via short-chain
hydrocarbon-assisted processes. (a) Schematic representation of the
“olefin-intermediate” process. Reproduced with permission from Amer-
ican Chemical Society, copyright 20213’ (b) Molecular weight distribution
after the alkane metathesis reaction. Reproduced with permission from
Elsevier, copyright 2022.3 (c) Example of the complete conversion of
n-nonane into five molecules of propylene, two molecules of ethane, and
one molecule of butadiene via two transfer dehydrogenation (TD) steps,
two isomerization (I) steps, and eight ethenolysis (E) steps. Reproduced
with permission from American Chemical Society, copyright 2022.%8

weight distribution towards heavier hydrocarbons post-
reaction, as illustrated in Fig. 3(b).

Wang et al. pioneered a novel metathesis pathway for the
efficient transformation of PE into propylene through co-
feeding excess ethylene.*® This strategy employed a tandem
catalytic process, integrating rapid olefin metathesis (etheno-
lysis) with a rate-limiting isomerization step, resulting in
selective propylene production as the major product, as illu-
strated in Fig. 3(c). For fully saturated PE, an initial dehydro-
genation step was necessary to introduce unsaturation,
enabling subsequent ethenolysis and isomerization. Their
approach, validated using both homogeneous and heteroge-
neous catalysts, achieved exceptional propylene selectivity
(=94%) in a semi-continuous operation, offering a transforma-
tive solution to advancing circular economy initiatives for PO
upcycling. Expanding upon these findings, Conk et al. opti-
mized this methodology by employing a dual-catalyst system
composed of Na/Al,0; and WO;/SiO,, enabling the direct
conversion of PE and PP into valuable light olefins such as
propylene and isobutylene, without the prerequisite of pre-
dehydrogenation.*® The catalytic approach synergistically har-
nessed the ability of Na/Al,Oj; to cleave polymer chains to form
olefins, while the robust olefin metathesis activity of WO3/SiO,
drove further conversion to light olefins. The optimized process
exhibited enhanced yields of target olefins, effectively addres-
sing key limitations such as low product selectivity, high green-
house gas emissions, and reliance on expensive single-use
catalytic systems.

2.3 Oxygen

Oxygen, as a highly versatile co-reactant, plays a pivotal role in
the oxidative upcycling of PO, enabling the incorporation of
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oxygenated functional groups and thereby broadening the
range of upcycled products. Unlike co-reactants such as hydro-
gen or short-chain alkanes and alkenes, oxygen-facilitated
upcycling can occur under significantly milder conditions,
often at temperatures below 200 °C. The ability to use ambient
air as an oxygen source further enhances the environmental
and economic sustainability of the process by eliminating the
need for purified gases or other costly inputs. Notably, PO
plastic can degrade in the presence of oxygen even in the
absence of a catalyst under mild conditions, something not
possible with hydrogen or alkanes and alkenes as co-reactants.
However, while the exothermic nature of the oxidation reaction
permits lower operating temperatures and non-catalytic degra-
dation, uncontrolled oxidation can lead to over-oxidation,
yielding low-value products like CO,. Therefore, the develop-
ment of selective catalysts and fine-tuning of reaction condi-
tions are crucial to enhancing both conversion and product
selectivity towards high-value compounds.

Regarding the reaction mechanism underlying oxygen-
assisted PO upcycling, radical intermediates play a pivotal role.
Two primary radicals are involved: alkyl radicals, formed via the
abstraction of H atoms from the C-H bond, and peroxyl
radicals, generated from the reaction with molecular O,. These
radical intermediates drive the oxidation transformation of
polymer chains, often involving intramolecular hydrogen
abstraction, condensation, and decomposition reactions, lead-
ing to primary products like fatty acids with varying carbon
chain lengths (Fig. 4(a)). In this aspect, Smak et al. conducted a
seminal study on non-catalytic oxidative upcycling of PE, pro-
viding critical mechanistic insights through advanced analyti-
cal techniques, including 2D nuclear magnetic resonance (2D-
NMR) and in situ transmission infrared (IR) spectroscopy.’”
Their findings revealed that the thermal initiation of PE leads
to the formation of aliphatic radicals, which readily incorporate
oxygen at radical sites. This incorporation triggers subsequent
intramolecular hydrogen transfers, leading to the generation of
hydroperoxyl or terminal carbonyl groups. As the reaction
progresses, these intermediates undergo further decomposi-
tion, yielding alcohols, ketones, and acids, as well as higher-
order oxidation products.

In the context of catalytic oxidative PO upcycling, the role of
active metal sites becomes crucial. These metal centres, parti-
cularly noble metals, facilitated oxygen adsorption, activation,
and subsequent formation of reactive radical species. For
instance, Ru-based catalysts have been extensively studied
due to their ability to efficiently activate oxygen and promote
the oxidative degradation of polymers.>®>® Wang et al. demon-
strated the remarkable catalytic performance of Ru/TiO,,
achieving 95% conversion of PE within 24 hours under
1.5 MPa of air at 160 °C.*° Their analysis showed a gradual
increase in the ratio of a-carbonyl-H to total H, as depicted in
Fig. 4(b), indicating progressive oxidation and a shift towards
selective formation of aliphatic dicarboxylic acids.

Non-noble metals, such as Co, Mn, and Ni, have garnered
significant attention as viable alternatives to nobler metals for
facilitating oxygen adsorption and activation in the oxidative
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Fig. 4 Recent advances in PO plastic upcycling via oxygen-assisted
processes. (a) Common products of PE oxidative upcycling. Reproduced
with permission from Wiley-VCH, copyright 2023.%7 (b) Analysis of the oil
products by oxi-upcycling LDPE pellets in terms of M,, and the proton
integration ratio. Reproduced with permission from Wiley-VCH, copyright
202349 (c) Schematic degradation mechanism of PE on Co/MCM-41.
Reproduced with permission from Wiley-VCH, copyright 2024.4% (d)
Radical inhibition experiments to scavenge the intermediate radicals
(TEMPO: 2,2,6,6-tetramethyl-1-piperidinyloxyl; BHT: 2,6-di-tert-butyl-4-
methylphenol). Reproduced with permission from the Royal Society of
Chemistry, copyright 2024.4

plastic upcycling process.®”®' Zhang et al. demonstrated that

Co-doped MCM-41 molecular sieves exhibited remarkable cat-
alytic efficiency, achieving 85.9% carbon conversion, while
58.9% of the products comprising valuable long-chain dicar-
boxylic acids under relatively mild reaction conditions (1 MPa
0, at 125 °C).** The proposed mechanism for PE degradation,
illustrated in Fig. 4(c), was corroborated by density functional
theory (DFT) calculations using pentane as a model compound.
In this system, PE undergoes thermal melting at the set
temperature, enhancing its contact with a catalytic surface.
The primary cracking of polymer is initiated on Co sites located
on the external surface of the catalyst, while oxygen, adsorbed
on Co(u) sites, plays a crucial role in facilitating further oxida-
tive degradation. This stepwise process, driven by the smaller
oxygen species, leads to the generation of oxygen radicals that
actively participate in the breakdown of polymer chains. The
presence and role of reactive oxygen species (ROS), especially
°0," radicals, in oxidative polymer degradation were further
substantiated by Sun et al., who employed NiO/TiO, catalysts to
convert PS into benzoic acid.** The mechanistic role of *O, ™ as

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc05471g

Open Access Article. Published on 18 grudnia 2024. Downloaded on 14.02.2026 13:45:46.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Highlight

the dominant oxidative species was experimentally verified
through the use of radical scavengers, which significantly
reduced the yield of benzoic acid, as depicted in Fig. 4(d).
The introduction of 1,4-benzoquinone, in particular, resulted
in the most substantial reduction (~12%) in product yield,
providing strong evidence that *O,  radicals are the primary
species driving the depolymerization of PS. This study high-
lights the pivotal role that ROSs play in facilitating oxidative
polymer degradation, particularly in non-noble metal-catalyzed
systems, and underscores the potential of tailoring such species
to achieve targeted upcycling products.

While the aforementioned processes demonstrated signifi-
cant potential as single-step transformations with minimal
need for extensive pre-treatment or post-treatment, the integra-
tion of additional steps can broaden the range of products and
enhance the overall economic viability of plastic upcycling
techniques. Xu et al. provided a compelling example of this
approach with their two-step process for converting PO-derived
waxes into high-value fatty acids.®> In the first step,
temperature-gradient thermolysis selectively breaks down PE
and PP into waxes, which are subsequently subjected to oxida-
tion using oxygen and a manganese stearate catalyst. This
oxidative step yields a wide distribution of fatty acids with
varying carbon chain lengths, which can be further processed
through saponification to produce surfactants. The resultant
surfactants not only hold a significantly higher economic value
but also have a larger market demand compared to traditional
petrochemical-derived products, such as fuels or alkylaro-
matics. This multi-step approach offers a more comprehensive
and economically attractive pathway for valorizing PO plastic
waste and underscores the potential for innovation in the
design of PO plastic upcycling processes. The advancement of
novel oxidative upcycling using oxygen, leveraging noble and
non-noble metal catalysts, represents a significant frontier in
the quest to develop environmentally benign and economically
sustainable methods for addressing the global plastic waste
challenge. Despite recent progress, in-depth mechanistic stu-
dies especially targeting PO feedstocks still remain limited, and
the development of highly efficient and selective catalytic
systems is still in its early stages. This presents significant
opportunities for advancing both the fundamental understand-
ing and practical applications of oxygen-assisted upcycling
technologies targeting high conversion and high selectivity
products.

2.4 Carbon dioxide as a co-reactant

Cracking plastics using CO, as a co-reactant in recent years
presents an innovative, dual-purpose strategy to mitigate both
plastic and CO, problems simultaneously. However, given the
inherent chemical inertness of CO,, the reaction conditions are
usually more demanding relative to other co-reactants. Typi-
cally, temperatures exceeding 300 °C and pressures near 3 MPa
are necessary to overcome the thermodynamic barriers. Addi-
tionally, these reactions often rely on a bifunctional or tandem
catalytic system, where the plastic decomposition and CO,
activation processes are spatially and functionally separated.
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This is generally achieved by coupling zeolites, which drive
plastic decomposition, with metal oxides that activate CO,. The
reactions are interconnected by hydrogen spillover between the
two catalyst phases. Such metal oxide/zeolite catalyst pairings
are already well-established in the CO, hydrogenation domain,
where metal oxides convert CO, into intermediates like metha-
nol, which are subsequently transformed into hydrocarbons via
BASs in the zeolite.®* ®° In these systems, CO, plays a dual role,
not only assisting in hydrocarbon production but also in
generating reactive oxygen species to mitigate coke deposition,
thereby improving the long-term stability of the catalyst.®”
Moreover, CO, has been shown to be incorporated into aro-
matic products when coupled with n-butane through the for-
mation of methyl-substituted lactones, and it acts as a
hydrogen acceptor in ethane-to-ethene transformations, pre-
venting excessive C-C bond cleavage.®®®°

In the context of plastics, the introduction of CO, during co-
conversion stabilizes the hydrogen generated during plastic
aromatization, facilitating a forward-driving reaction that yields
valuable unsaturated products such as benzene, toluene, and
xylene (BTX) (Fig. 5(a)). For example, Chen et al. exploited CO,
as a mild oxidant and hydrogen acceptor in a Cu-Fe;0, and Zn/
ZSM-5 catalyst system, enabling efficient PE aromatization.*?
This clever coupling exceeded the theoretical selectivity thresh-
old of 50%, achieving over 64% aromatic selectivity under
3 MPa of CO, at 390 °C. Notably, as CO, conversion increased
from approximately 5% to 15%, the yield of aromatic com-
pounds rose proportionally, reaching around 12% at 300 °C.
Isotope-labelling studies confirmed that CO, was not incorpo-
rated into the aromatic rings or alkyl chains of the final
products, but was instead converted into CO via reverse

PE CO, (H acceptor)
(a) \
ZnizSM-5 | SmHzm Cu-Fe;0
(H donor) 3=
A ti CO+H,0
romatics CmHzm.z 2
Aromatization RwW!

GS
CyHzq2—> Aromatics+H species CO,+H species ——> CO+H,0

(b) ~, %

Aromatization
| -
Zeolite Zeolite !
(n=3000-5000) Olefins |
S (mainly C; -C;) / BTX
PE, PP plastics y
[CO]

«—co,

Pt/MnO,

Fig. 5 Recent advancements in the design of multifunctional and tandem
catalysts for PO plastic upcycling using carbon dioxide as a co-reactant. (a)
Proposed mechanism for the coupling reaction of CO, with PE. Repro-
duced with permission from Chinese Chemical Society, copyright 2023.4®
(b) Proposed reaction pathway for CO,-facilitated upcycling of PO with
CO, incorporated into BTX products. Reproduced with permission from
Oxford University Press, copyright 2023.4¢
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water-gas shift (RWGS) reaction. Similarly, Liu et al. found no
evidence of carbon from CO, being integrated into aromatic
species using a CuZnZrO, and ZSM-5 system.**

Advancing beyond these initial findings, Zhang et al. inte-
grated the catalytic roles typically performed by separate
catalysts into single, multifunctional mesoporous Ga/ZSM-5
catalysts, successfully achieving an aromatics yield of
63.3%."® The products are mainly benzene, toluene, ethylben-
zene, and xylene (BTEX). Although CO, incorporation into
product carbon chains was not observed, these studies laid
critical groundwork for future breakthroughs. A significant leap
was made by Ding et al., who demonstrated that up to 90% of
the consumed CO, could be incorporated into aromatic pro-
ducts using a bifunctional Pt/MnO,-ZSM-5 catalyst system
(Fig. 5(b)).*® Direct isotope-labelling provided unequivocal evi-
dence of *C from *CO, being present in both benzene and
toluene molecules, which marked a significant development in
CO, valorization during plastic upcycling. Interestingly, while
the reaction mechanism involving CO, and plastic conversion
mirrored those seen in the earlier studies, this system uniquely
facilitated the further transformation of CO into aromatics. The
isotope experiments conclusively demonstrated that CO, hydro-
genation intermediates like methanol were not involved in the
reaction pathways, confirming that Pt/MnO, catalyst promotes
RWGS reaction by scavenging hydrogen and activating CO,.
This catalytic system achieved an impressive 60% yield of
aromatics at a notably lower temperature of 300 °C, making it
a promising approach for scalable plastic upcycling and CO,
utilization.

These findings underscore the transformative potential of
CO, as a co-reactant in plastic upcycling, not only enabling
simultaneous waste mitigation but also expanding the scope of
products that can be derived from plastic upcycling. The ability
to efficiently utilize CO, in this context—whether as a hydrogen
acceptor, a reactant for further chemical transformations, or a
stabilizer in aromatization reactions—opens new avenues for
circular carbon economies. However, further research is
needed to refine these catalytic systems, particularly in optimiz-
ing the integration of CO, into the carbon backbone of final
products, and to explore how CO, can be employed to selec-
tively tailor the product distribution towards high-value
chemicals.

2.5 Other co-reactants

Beyond conventional co-reactants like H,, short-chain alkanes
or alkenes, O,, and CO,, emerging strategies for PO upcycling
now include alternative co-reactants, multi-step processes,
and synergistic application of multiple co-reactants. These
approaches build upon earlier foundational research, pushing
the boundaries of catalytic plastic upcycling by exploring more
complex reaction pathways and leveraging novel co-reactant
combinations.

In Section 2.1, we discussed the direct use of hydrogen as a
co-reactant. However, other hydrogen-donating compounds,
such as methanol, can serve as alternative hydrogen sources
during plastic decomposition. For instance, Zeng et al
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demonstrated the efficiency of methanol-assisted upcycling of
PS using a Ru/SiO, catalyst.”” The coupling of methanol decom-
position and PS hydrogenolysis not only enabled a high liquid
yield of liquid products, predominantly monocyclic aromatics
but also rendered the process thermodynamically favorable at
a moderate temperature of 280 °C. This approach notably
shifted product selectivity towards alkylbenzenes and diphenyl
alkanes, which accounted for 84.3% of the liquid products. In
contrast, traditional PS hydrogenolysis, when using hydrogen
alone, tends to generate more methane products and saturate
benzene rings, thereby lowering the degree of PS depolymeriza-
tion and increasing the formation of undesirable products. The
mechanistic pathway, as illustrated in Fig. 6(a), involved the
decomposition of methanol into CO and active hydrogen
species. These hydrogen species facilitated the selective clea-
vage of C-C bonds in PS, driving the hydrogenolysis process to
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Fig. 6 Recent advancements in the design of multifunctional and tandem
catalysts for PO plastic upcycling using other co-reactants. (a) Reaction
route of methanol-assisted PS hydrogenolysis. Reproduced with permis-
sion from Wiley-VCH, copyright 2024.%” (b) PP upcycling using H,O, as a
co-reactant. Reproduced with permission from the Royal Society of
Chemistry, copyright 2023.7° (c) Schematic degradation of HDPE. Step 1,
dehydrogenation using 1 wt% Pt/Al,Os in dry toluene for 36—72 hours at
250 °C under N,. Step 2, microwave-assisted oxidation in dilute nitrate
solution (0.10 g mL™Y) for 1 hour at 180 °C under 60 bar N,. Reproduced
with permission from the Royal Society of Chemistry, copyright 2024.7* (d)
Upcycling of PO to nitrogenated compounds. Reproduced with permis-
sion from American Chemical Society, copyright 2024.48
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completion. Isotopic labeling studies with **C-labeled metha-
nol confirmed that all CO, CO,, and over 90% of CH, were
derived from methanol, not PS. Kinetic analysis using deuter-
ated methanol (CH;0D and CD;OD) revealed that the rate-
limiting step was the cleavage of O-D bonds, underscoring the
critical role of methanol decomposition in enabling the plastic
upcycling reaction.

Similarly, hydrogen peroxide (H,0,), a reactive oxygen spe-
cies, has been employed as an oxidative co-reactant for the
upcycling of PO plastics. In a novel approach, Wei et al
integrated exothermic oxidative cracking with endothermic
thermal cracking to facilitate a self-sustaining exothermic PP
degradation reaction, as shown in Fig. 6(b).”° The reaction
system required only 5 minutes of external heating at 80°, after
which the reaction progressed autonomously without further
energy input. This represents a significant advancement in
terms of energy efficiency and process intensification, high-
lighting the potential of hybrid thermal-oxidative systems to
minimize energy consumption while delivering effective plastic
upcycling.

Building on the concept of multi-step processes, Klingler
et al. introduced a two-stage strategy to enhance the upcycling
of PO.”" Initially, the polymer undergoes a dehydrogenation
pre-treatment over Pt/Al,0;, producing approximately 10%
C—C double bonds in a toluene solution. This pre-treatment
step enhances the homogeneity of the feedstock while the
introduction of unsaturated imperfections via C—C double
bonds significantly improves subsequent reactivity. The second
stage involves oxidation in nitric acid solution under micro-
wave irradiation at 180 °C for 1 hour, as depicted in Fig. 6(c).
Following this oxidative step, long-chain dicarboxylic acids
(primarily Cy and Cy3) are generated with an overall carbon
conversion of approximately 58%. These dicarboxylic acids are
subsequently employed in a molten catalytic condensation
process to synthesize high-value polyester, offering a novel
and economically viable route for the valorization of PO
plastic waste.

In addition to incorporating oxygen-based co-reactants,
nitrogen-containing compounds have also emerged as promis-
ing co-reactants in the upcycling of PO plastic. Zhao et al.
reported a groundbreaking approach wherein urea, an inex-
pensive and readily available nitrogen source, was used to
convert PO plastic into nitrogen-containing chemicals, such
as benzonitrile and benzamide, at temperatures below 200 °C
in an O, atmosphere (Fig. 6(d)).*® This method marked the first
decomposition of nitrogen incorporation into plastic upcycling
and was successfully applied to a wide range of real-world
plastic waste, including PS, acrylonitrile butadiene styrene
(ABS), PP, and rubber waste. This reaction proceeds via the
oxidative degradation of polymers to form benzaldehyde as an
oxygenated intermediate. Subsequently, in the presence of O,
and ammonia derived from urea, benzaldehyde undergoes two
potential reaction pathways to form nitrile products. In the first
pathway, benzaldehyde reacts with ammonia through nucleo-
philic attack, followed by the oxidation of phenylmethanimine.
Alternatively, benzaldehyde is further oxidized to benzoic acid,

This journal is © The Royal Society of Chemistry 2025
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which then reacts with ammonia to form benzamide. Benza-
mide undergoes dehydration, forming benzonitrile as the final
product. The ability to transform waste plastics into high-value
nitriles and amides under mild conditions represents a sig-
nificant leap forward in diversifying the chemical products
derived from plastic waste. Moreover, the introduction of
nitrogen functional groups into upcycled products opens new
avenues for producing value-added chemicals, which are in
high demand across various industries.

Collectively, these innovative methodologies underscore the
transformative potential of leveraging diverse co-reactants and
multi-step processes to expand the product spectrum in plastic
upcycling. By strategically integrating different reaction path-
ways, it is possible to not only enhance process efficiency but
also produce a wider array of high-value chemical products. As
research in this field progresses, the continued exploration of
novel co-reactants and process integration will be essential for
overcoming the remaining challenges in plastic waste
management.

3. Polyolefin upcycling without
co-reactants

Despite significant efforts to incorporate co-reactants for facil-
itating PO plastic upcycling under mild conditions, as dis-
cussed in the previous sections, traditional upcycling
methods without such assistance typically rely on catalytic
cracking mechanisms that demand elevated reaction tempera-
tures (around 400 °C). To overcome this thermodynamic limita-
tion and achieve efficient upcycling at more moderate
conditions, recent research has pivoted towards innovative
strategies. These approaches primarily emphasize either tan-
dem reactions that couple thermodynamically distinct pro-
cesses to drive conversion at lower temperatures, or the
design of tandem or multifunctional catalysts capable of cir-
cumventing conventional energy barriers.

A groundbreaking contribution by Zhang et al. introduced
the concept of tandem hydrogenolysis and aromatization for
the selective transformation of PO plastics into long-chain
alkylaromatics.?® This method employed a Pt/Al,O; catalyst to
synergize hydrogenolysis and aromatization processes at a
relatively mild temperature of 280 °C, yielding high-value C;,
alkylaromatics and alkylnaphthenes. Remarkably, no external
hydrogen source was required, as PE chains themselves served
as internal hydrogen donors via reactions such as dehydrocy-
clization, providing the necessary hydrogen for the hydrogeno-
lysis step. The coupling of exothermic hydrogenolysis with
endothermic aromatization rendered this transformation ther-
modynamically feasible under mild conditions, establishing a
novel pathway for PO plastic upcycling without co-reactants.

Building on this innovative work, Sun et al further
enhanced the catalytic system by incorporating halogen modi-
fiers, such as Cl and F, to strengthen the BASs over the Pt/Al,O;
catalyst.”® This modification resulted in a five-fold increase in
the rate of C-C bond cleavage, while also doubling the molar
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yield of alkylaromatics products. Detailed mechanistic studies
revealed that, while Pt-catalyzed dehydrogenation and hydro-
genation steps approached quasi-equilibrium, the acid-
catalyzed C-C bond cleavage and skeletal arrangements were
the rate-limiting steps. This underscores the critical role of
enhanced acidity in the catalyst support, which was instrumen-
tal in driving higher product yields and improving the overall
catalytic performance. In a similar vein, Du et al. employed Ru/
ZSM-5 in tandem reactions into separable cyclic hydrocarbons,
achieving an 18-folder increase in catalytic activity compared to
Pt/Al,0;.°" Mechanistic analysis elucidated the synergistic
interaction between Ru and the acid sites of ZSM-5, which
promoted the dehydrogenation of polymer chains to generate
C—C bonds. These unsaturated bonds, in turn, facilitated the
formation of carbonium ions on the acid sites, driving the
cyclization process. Notably, this process necessitates the co-
presence of a C—C bond and a carbonium ion within a
molecular chain at an optimal distance. Furthermore, the
confined pore structure of ZSM-5 effectively inhibited the
formation and diffusion of polyaromatic species, thereby
significantly enhancing the catalyst’s stability during HDPE
upcycling.

Beyond the strategy of reaction coupling to overcome ther-
modynamic limitations in PO plastic upcycling under mild
conditions, recent innovations in catalyst design have been
proven highly effective in addressing these challenges. For
example, Cen et al. developed a novel layered self-pillared
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zeolite that successfully converted PE into high-quality gasoline
with remarkable selectivity (99%) and yields exceeding 80% at
just 240 °C.>* This low-temperature conversion was attributed
to the catalyst’s unique structure, which features an open
framework with tri-coordinated Al sites capable of activating
the inert C-H bonds in PE. The catalysts operate through a self-
supplied hydrogen (SSH) mechanism, where the hydrogen
required for the reaction is generated internally. Additionally,
BASs within the zeolite structure drive B-scission and isomer-
ization processes, facilitating the conversion of PE into a
branched alkane, as shown in Fig. 7(a). Further advancing this
area, Feng et al. engineered a hierarchical tandem porous
catalyst, inspired by clefts found in natural protease, achieving
high yields of light hydrocarbons at 280 °C.** The catalyst’s
architecture, spanning from macropores to mesopores to
micropores, plays a critical role in reducing the decomposition
temperature of PO plastics. The outer hydrophobic macropore
arrays facilitate the rapid transport of bulky PO into the
mesopores, where weak acid sites initiate pre-cracking into
smaller intermediates. These intermediates subsequently
migrate into inner microporous ZSM-5 nanosheets, where
strong BASs complete the cracking process, producing light
hydrocarbons and olefin products. This process, as depicted in
Fig. 7(b), benefits from a synergistic gradient porous structure
(from macropores to mesopores to micropores), combined with
a gradient of acidity (from weak to strong), enabling efficient
PO cracking, suppressing coke formation, and facilitating the
desorption of the desired products.

4. Conclusions and future
perspectives

Significant progress has been made in recent years in the
upceycling of PO plastics through heterogeneous catalytic stra-
tegies under mild conditions. This review has systematically
categorized key advancements, distinguishing between co-
reactant-assisted pathways and direct transformations without
co-reactants. Despite these breakthroughs, several critical chal-
lenges remain to be addressed to fully realize the potential of
PO plastic upcycling.

Firstly, although considerable strides have been made in
enabling PO plastic upcycling at lower temperatures, catalytic
performances, particularly with respect to selectivity, continue
to present substantial limitations.”> Current approaches often
result in a wide distribution of liquid-range hydrocarbons; with
few cases achieving precise control over specific chemicals,
only propylene and methane were achieved as main products
up to now. Except for their use as fuels, the broad range of
products may have to introduce expensive separation facilities
for chemical production from plastic upcycling. Thus, there
remains a pressing need for innovative catalytic strategies that
can selectively drive the formation of targeted, high-value
products. Furthermore, catalytic stability is often underre-
ported, with most studies only demonstrating short-term sta-
bility over limited reaction cycles (typically fewer than three) in

This journal is © The Royal Society of Chemistry 2025
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academic laboratories. Most reported works may not be
practically implemented especially the high carbon to oxidant
(H, O) ratios could be subject to carbon deposition on the
catalyst. For example, aromatic or high olefin by-products may
also be prone to carbon deposition more favorably. For real-
world applications, long-term durability, particularly when
processing mixed plastic waste with impurities (i.e., organic
dyes and additives), of feedstocks is essential. A deeper inves-
tigation into the catalyst deactivation mechanism will provide
crucial insights for the rational design of more robust and
resilient catalysts with kinetic barriers for deactivation
reactions.

In addition, while substantial research has elucidated reac-
tion mechanisms for PO plastic upcycling, much of this under-
standing has been derived from ex situ techniques, which do
not fully capture the dynamics of the reaction under operating
conditions. In situ characterization methods under realistic
reaction conditions are imperative for revealing the intricate
reaction pathways and kinetics. Such mechanistic insights are
vital for the next generation of catalyst design, facilitating more
efficient and selective processes.

Another fundamental challenge stems from the inherent
nature of plastics as macromolecules. Plastics exhibit distinc-
tive chemical and physical properties, particularly high viscos-
ity upon melting, which imposes significant diffusion
limitations and constrains reaction kinetics. The slow kinetics
between liquefied plastics/fragments with solid catalysts form-
ing gaseous products from trickle bed reactor systems with
complex kinetics would seriously affect the techno-economic
evaluation of a new process. Recent studies have highlighted
strategies to mitigate these diffusion barriers and improve
catalytic efficiency.”>’* However, further advances in reactor
designs and process engineering are urgently needed to opti-
mize heat and mass transfer, particularly in the processing of
highly viscous plastic streams, to achieve more -effective
upcycling.

In addition, recent studies indicate that finely dispersed
microplastics in contaminated water could pose health issues
to living organisms on earth. For example, it has been reported
that microplastics in mice body could reduce sperm count and
caused abnormalities and hormone disruption.”® Furthermore,
microplastics have been recently found in human semen
sperm.”® The catalytic science and technology for the plastic
upgrading processes could be somehow related to the develop-
ment of potential new catalytic removal of microplastics from
water with different challenges.

In conclusion, the upcycling of PO plastics is a deeply
emerging new interdisciplinary field, requiring seamless exper-
tise from heterogeneous catalysis, reaction engineering, envir-
onmental science, and industrial implementation. Addressing
the critical challenges within this domain, ranging from enhan-
cing catalytic performance and stability to improving process
scalability, will be essential for advancing sustainable strategies
for plastic management. By fostering collaborations across
these diverse disciplines, we can unlock innovative solutions
that have potential to significantly reduce plastic waste,

This journal is © The Royal Society of Chemistry 2025
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mitigate environmental impacts, and contribute to the global
transition towards a more circular economy.
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