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Ever-increasing consumption of plastic products and poor waste management infrastructure have
resulted in @ massive accumulation of plastic waste in environments, causing adverse effects on climate
and living organisms. Although contributing ~10% towards the total plastic waste management
infrastructure, the chemical recycling of plastic waste is considered a viable option to valorize plastic
waste into platform chemicals and liquid fuels. Among the various chemical upcycling processes,
catalytic hydroprocessing has attracted interest due to its potential to offer higher selectivity than other
thermal-based approaches. Heterogeneous catalytic hydroprocessing reactions offer routes for
converting plastic waste into essential industrially important molecules. However, the functional group
similarities in the plastic polymers frequently constrain reaction selectivity. Therefore, a fundamental
understanding of metal selection for targeted bond activation and plastic interaction on solid surfaces is
essential for catalyst design and reaction engineering. In this review, we critically assess the structure—
activity relationship of catalysts used in the hydroprocessing of plastic waste for the selective production
of liquid hydrocarbons. We discuss the significance of C-C/C-O bond activation in plastic waste
through active site modulation and surface modification to elucidate reaction networks and pathways
for achieving selective bond activation and cleavage. Finally, we highlight current challenges and
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future opportunities in catalyst design to upcycle real-life plastic waste and produce selective liquid

rsc.li/chemcomm hydrocarbons.

1. Introduction

Plastics have been widely used since the 1950s and are ubiqui-
tous in our daily lives. The wide range of plastic materials used
in daily life find major applications across various sectors,
including packaging, building and construction, transporta-
tion, textiles, consumer and institutional products, medical,
and electrical/electronic industries (Fig. 1(a)-(c))."” Among
these, the packaging is the biggest (~33% in 2018), whereas
building & construction and textiles are the second and third
largest plastic-consuming sectors.’
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The favourable characteristics of plastics, such as low cost,
light weight, formability, bio-inertness, and design versatility,
make them an ideal feedstock for a diverse range of valuable
products currently being manufactured.®*®° Further, with the
fast-growing population and rapid urbanization, the consump-
tion of plastic-based products has also increased significantly.
Based on a report published by the International Energy Agency
World Energy Outlook, the annual plastic consumption in the
packaging sector alone will be 318 million tonnes by 2050,
representing a four fold increase from the current level, and is
also higher than the plastics consumed by the entire plastic
industry today.’® For example, based on the Ellen McArthur
Foundation, approximately 14% of the plastic waste is currently
recycled, with 8% being “cascaded recycled” into materials of
lower quality, and only 2% being closed-loop recycled, where
the plastic polymer is converted into starting monomers, which
can be used to produce virgin plastic. In contrast, 84%, a
significant amount, is either disposed of via landfilling or
mismanaged dumping or subjected to incineration.''™?
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Further, the accumulated plastic waste causes several harmful
effects."*® The incineration of plastic waste emits CO,, con-
tributing to a significant proportion (~2%, 37.5 giga-tons CO,
in 2018) of the total global CO, emission."®*° Considering this
aspect, plastic waste recycling has been proposed as a viable
solution to significantly limit the exposure and harmful impact
of waste plastic on the environment. Currently, plastic waste
recycling constitutes only a minor fraction (~10%) of the
plastic waste management sector.'* Mechanical plastic waste
recycling is usually the preferred choice due to the lower energy
requirements than chemical recycling.”’ However, mechanical
recycling is limited to repurposing plastic waste into lower-
quality commodity products.
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Chemical recycling can convert plastic waste into higher-
value products such as liquid fuels, platform chemicals, and
virgin plastics."*?** various chemical recycling approaches,
including pyrolysis, gasification, hydrogenolysis, solvolysis,
cracking, etc., have been developed to valorize plastic
waste.”>*>” Among these approaches, solvolysis and hydro-
lysis involve the depolymerization of plastic polymers into their
respective monomers, which are subsequently processed to
produce virgin plastics. Pyrolysis and gasification operate at
higher temperatures compared to solvolysis and involve the
conversion of plastic polymers into liquid oil, gases, and
biochar. In contrast, catalytic hydrogenolysis and hydrocrack-
ing operate under milder conditions than pyrolysis and
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Fig. 1 (a) Commonly employed plastics and (b) their annual production along with the amount of waste generated from the respective plastics in 2019.

Data collected and reproduced with permission from ref. 7. Copyright 2020, Elsevier B.V. (c) The percentage consumption of plastics by various sectors in
2018. Data collected and reproduced with permission from ref. 6. Copyright 2021, Elsevier B.V.

gasification, offering higher selectivity towards liquid hydro-
carbons and valuable products.'*?*® Several review articles in
the literature describe these processes to valorize plastic waste
using different technologies. For example, Zheng et al. and
Wang et al. cover processes for upcycling plastic waste, such as
pyrolysis, solvolysis (only briefly), microwave catalysis, photo-
catalysis, electrocatalysis, and biocatalysis.>**° Chu et al. and
Roy et al. review the depolymerization of the PET polymer using
homogeneous and heterogeneous catalysts, and they also dis-
cuss the catalytic depolymerization of polyolefins, highlighting
a limited number of examples involving hydrocracking and
hydrogenolysis reactions.>'> Mishra et al. summarize the
literature on zeolite-based and metal oxide/hydroxide-based
catalysts, discussing advancements in the catalytic pyrolysis
of plastic waste.*® Su et al. focus on plastic waste degradation
using plasma, Fenton, and electrochemical technologies, pro-
viding an up-to-date review of these emerging methods.** Chen
et al. offer a comprehensive summary of catalytic hydrogeno-
lysis of polyolefins, photo-reforming of plastic waste to generate
H, and C, chemicals, pyrolysis to produce liquid fuels and
functional carbon materials, and solvolysis using homoge-
neous and heterogeneous catalysts.>®> Tan et al. concentrate
on heterogeneous catalysts for upcycling waste plastic
through various techniques, summarizing several catalytic pro-
cesses, including hydrogenolysis of polyolefins, cross-alkane

This journal is © The Royal Society of Chemistry 2024

metathesis of polyolefins, conversion of PET, PC, PS, and PPO
into jet fuels and arenes, and the production of carbon materi-
als and H, via thermocatalysis, microwave- and plasma-assisted
catalysis, photocatalysis, and electrocatalysis.>® While these
reviews comprehensively cover different upcycling processes
using heterogeneous catalysts, they do not examine the struc-
ture-activity relationship of C-O/C-C bonds in polyaromatics
or the terminal and internal C-C bonds in polyolefins. We seek
to highlight the importance of underlying reaction mechan-
isms and surface chemistry.

Chemical upcycling via hydroprocessing offers a novel
approach for converting plastic waste directly into liquid hydro-
carbons. Heterogeneous catalysts are advantageous over
homogeneous ones, reducing both energy consumption
and environmental impact. The varied molecular structures
of different plastics lead to diverse upcycling products. Aro-
matic plastics (e.g., PET, PC, PPO, PS) with C-C and C-O
linkages can be transformed into arenes, phenolics, and cyclic
hydrocarbons.>*?”~*’ In contrast, aliphatic plastics (e.g., HDPE,
LDPE, PP) can be converted into liquid hydrocarbons such as
fuels and lubricants. Selective hydrogenolysis of aromatic plas-
tics to specific arenes is challenging, requiring catalysts that
can selectively cleave C-O and/or C-C bonds while preserving
aromatic rings. Catalysts suitable for jet fuel-range cyclic hydro-
carbons involve complete hydrogenation of aromatic rings and

Chem. Commun., 2024, 60, 13143-13168 | 13145
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C-0 bond cleavage.*®”? For polyolefins, selective production of
liquid hydrocarbons requires terminal C-C bond cleavage and
methane formation, necessitating precise manipulation of cat-
alytic properties to optimize interactions between active metal
species and supports.

This review critically evaluates the structure-function rela-
tionship of catalysts for the selective cleavage of C-O and C-C
bonds in common plastic waste polymers like PET, PC, and
POs, converting them into value-added chemicals and fuels. It
compiles heterogeneous catalytic hydroprocessing studies, focus-
ing on active sites for specific transformations, and details
catalysts that effectively cleave these bonds, discussing mecha-
nistic pathways and active site requirements. The review covers
various classes of catalysts, including monometallic and bimetal-
lic systems, and examines the role of active sites, metal-support
interactions, and the incorporation of secondary metals. It con-
cludes with a discussion on catalyst design principles, emerging
opportunities, and outlooks for enhancing bond cleavage selec-
tivity and producing liquid hydrocarbons.

2. Hydroprocessing of polyaromatic
polymers to produce
liquid hydrocarbons

Hydrogenolysis/hydrodeoxygenation of aromatic plastic waste
has gained significant attention in synthesizing value-added
chemicals and fuels.”>*”*%7% Hydrogenolysis/hydrodeoxygena-
tion will be referred to as hydroprocessing in this section.
Hydroprocessing involves the cleavage of C-O/C-C linkages in
plastic polymers to produce monomers and oligomers.>**” The
experimental conditions employed during hydroprocessing
may also result in hydrolysis, de-carbonylation, hydrogenation,
and hydrogenolysis reactions (Scheme 1). Further, the hydro-
processing of plastic is performed to recover monomers and
value-added chemicals that can be used as either platform
chemicals or liquid fuel additives.***' However, due to the
accompanying side reactions during hydroprocessing, as men-
tioned above, improving the selectivity of the desired product
has been challenging and is currently the major focus of
heterogeneous catalyst design. Herein, we have summarized
the literature examples involving the hydroprocessing of PET
and PC over heterogeneous catalysts. This section is divided
into two parts: the first part includes the hydroprocessing of
polyaromatic polymers into oxygenates/aromatic compounds,
and the second part consists of hydroprocessing of polyaro-
matic polymers into saturated cyclic hydrocarbons that can
be employed as jet fuels. The main focus of the heterogeneous
catalyst design has been to tune the metal-support
interface, metal particle size, support acidity, and porosity to
selectively produce aromatic compounds or saturated cyclic
hydrocarbons.

2.1. C-C/C-O activation for selective arene production

Hydroprocessing of polyaromatics such as PET, PC, PPO, and
PS to produce aromatic compounds involves breaking C-O and
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C-C bonds. This process requires careful optimization of the
metal-support interface, metal particle size, and experimental
parameters to selectively activate these bonds while minimizing
the formation of side products, such as saturated cyclic
hydrocarbons.

Several metal-support combinations have been investigated
for the selective production of aromatics from waste PET and
PC (Table S1, ESIt). However, very few studies have been
conducted on PPO and PS. Jing et al found that the
proper selection of metal-support combinations is crucial for
regulating the metal particle size for effective C-O and C-C
bond activation, thereby achieving high arene selectivity. PET
hydrogenolysis was conducted over several bi-functional cata-
lysts comprised of the combinations of metals (Ru, Pd, and Pt)
and supports (Nb,Os, ZrO,, TiO,, and HZSM-5) (Fig. 2(a)
and (b)).”> The PET hydrogenolysis, performed at 200 °C and
0.3 MPa H, for 12 h, afforded exceptional monomer yield
(95.2%) and high arene selectivity (87.1%) over the Ru/Nb,Os
catalyst. In contrast, Pd/Nb,O5 and Pt/Nb,Os catalysts afforded
a significantly lower monomer yield of ~20% (Fig. 2(b)). The
support effect showed that Ru/ZrO,, Ru/TiO,, and Ru/HZSM-5
were much less active, affording <80% of total monomer yield
with significant percentages of saturated hydrocarbons (~25%
in each case). The DFT-calculated XANES spectra revealed that
Ru species on ZrO,, TiO,, and HZSM-5 exhibit XANES spectra
consistent with Ru coordination numbers of 9 or 12, aligning
with EXAFS data. Notably, the XANES spectrum of Ru/Nb,Os
closely matches simulations for Ru with coordination numbers
of 5 or 6, indicating that the primary Ru species on Nb,Os have
low coordination numbers, suggesting the presence of edge
sites and sub-nanometer-sized Ru particles. Ru sub-nano par-
ticles with a low coordination number (C.N. = 5-6) inhibit
benzene ring hydrogenation and result in distinct selectivity
for arenes. Conversely, Ru/HZSM-5 predominantly produces
ring-saturated products, indicating a preference for benzene
ring hydrogenation over the desired C-C bond cleavage. This
finding is supported by DRIFTS analysis of toluene adsorption.
Ru species on Nb,Os exhibit ultra-small particle sizes, which
inhibits the hydrogenation of aromatic rings when compared to
other supports. Ru combined with NbO, species facilitated C-O
bond activation, and Brgnsted acid sites promoted C-C bond
cleavage, resulting in the desired reactivity for the depolymer-
ization of aromatic plastics. Moreover, the use of hydrogen
transfer agents as a reductant instead of the use of H, gas can
simplify the process and reduce costs. The group used the same
catalyst to produce H, that can participate in the hydrogeno-
lysis of the PET polymer, hence eliminating the use of externally
supplied H, gas. Lu et al. discovered that the source of H, can
be ethylene glycol produced during PET hydrolysis over acid
sites.?” They employed two catalysts, Ru/Nb,O5 and Ru/NiAl,O,,
to selectively upgrade PET into BTX at 220 °C under an N,
atmosphere, employing ethylene glycol as a reaction medium
and a H, source. The catalytic data revealed that the major
products produced were toluene and xylene via hydrogenolysis
over Ru/Nb,Os. On the other hand, benzene, produced
via decarboxylation reaction, was the major product over

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Schematic depiction of various catalytic routes operated during the hydrogenolysis/hydrodeoxygenation of (a) PET and (b) P

Ru/NiAl,O, (Fig. 2(c)). Based on the data obtained from the
in situ experiments, including DRIFTS and TPSR, the authors
proposed that Ru(0) species, abundantly available in the Ru/
NiAl,0, catalyst, were responsible for the decarboxylation reac-
tion. In contrast, the NbO, species in the Ru/Nb,Os catalyst
were involved in activating the C-O bond, resulting in toluene
and xylene via hydrogenolysis as the major products.

This journal is © The Royal Society of Chemistry 2024

C. 25,42-47,74-81

Selective poisoning of the C-O bond to favor the cleavage of
the C-C bond in polycarbonate (PC) has been demonstrated.*>
The hydrogenolysis of PC was investigated at 270 °C and
0.7 MPa H, in n-hexane, affording ~95% yield of arene mono-
mers via the cleavage of the C-C and C-O bonds in PC, whereas
upon changing the reaction medium to methanol, aromatic
oxygenates possessing hydroxyl functional groups were

Chem. Commun., 2024, 60, 13143-13168 | 13147
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Fig. 2 (a) Schematic representation of cleavage of the C—O/C-C bond in polyaromatics using Ru/Nb,Os. (b) PET conversion and product distribution
over different catalysts. Data collected and reproduced with permission from ref. 25. Copyright 2021, John Wiley and Sons. (c) Hydrogenolysis and
decarboxylation reaction results. Data collected and reproduced with permission from ref. 37. Copyright 2021, John Wiley and Sons. (d) Conversion of PC
in various solvent media. (e) Adsorption models of the C—O bond and benzene ring on different Nb,Os surfaces. Data collected and reproduced with

permission from ref. 42. Copyright 2022 American Chemical Society.

produced in >70% yield (Fig. 2(d)). DRIFT, XANES, and control
experiments revealed that methanol selectively poisoned the
NbO, active sites responsible for C-O activation, hence pre-
venting the cleavage of C-O linkages, improving aromatic
oxygenate yield, and simultaneously affording lower arene
yields (Fig. 2(e)). These investigations unveil that NbO, species
comprising the support exhibit significant capability in activat-
ing C-O bonds in plastics, thereby playing a crucial role in C-O
bond cleavage. Nevertheless, selective cleavage of the C-C bond
can be attained through the inhibition of the C-O bond,
achieved by introducing a small quantity of alcohol solvent.

13148 | Chem. Commun., 2024, 60, 13143-13168

Manal A. K. et al. recently reported a transition metal-free
method for selectively cleaving C-C bonds to produce phenol
from polycarbonate plastics.®> Commercial zeolites, including
HZSM-5, HBeta, and HY with varying Si/Al ratios, were
employed in the transformation process. Among the zeolites
tested (HZSM-5, HBeta, and HY), HY with a Si/Al ratio of 15
showed superior performance, yielding ~75% phenol and
~15% acetone. The efficiency of HY (Si/Al = 15) was attributed
to its topology and access to Bronsted acid sites. A correlation
coefficient of 0.82 between Brgnsted acid sites and BPA con-
version highlighted the strong positive correlation with

This journal is © The Royal Society of Chemistry 2024
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catalytic efficiency. Surface area and pore volume, with coefti-
cients of 0.72 and 0.64, respectively, played a secondary role by
enhancing mass transfer. The mechanistic pathway, supported
by experimental and DFT analysis, revealed that the chemical
environment at the Co position was key to deconstructing the
Csp2—Csps bond under mild conditions.

A study conducted by Zhang et al. demonstrates the role of
the geometric structure of Ru metal in selective aromatic
production. The impact of the geometric structure of Ru metal
was explored in PET hydrogenolysis, utilizing a TiO, support.*®
Zhang et al. used an inert TiO, support to synthesize Ru/TiO,
catalysts and investigate the effect of Ru metal during PET
hydrogenolysis. Ru/TiO, catalysts with varying Ru loadings
(0.1-10 wt%) were prepared via wet-impregnation. Electron
microscopy and EXAFS analyses showed that decreasing Ru
loading from 10 wt% to 0.1 wt% reduced the average Ru
coordination number due to smaller Ru particle sizes. The
truncated hexagonal bipyramid model revealed a decrease in
the ratio of terrace to edge/corner atoms as the particle size
decreased (Fig. 3(a)). In PET hydrogenolysis at 230 °C and
0.3 MPa H,, the catalytic activity varied with Ru concentration,
and gave a volcano-type curve for BTX yield (Fig. 3(b)). The
change in Ru concentration resulted in different particle sizes.
3.1 nm Ru particles (10 wt% Ru/TiO,) produced ~35% arenes
(benzene, toluene), ~10% methyl cyclohexane, and ~20%
gaseous products. 1.1 nm Ru particles (0.5 wt% Ru/TiO,)
resulted in an increased arene yield of ~75% with lower
gaseous products (~10%) and negligible methyl cyclohexane.

This journal is © The Royal Society of Chemistry 2024

However, 0.8 nm Ru particles (0.1 wt% Ru/TiO,) resulted in
~45% arenes and ~25% gaseous products, indicating a vol-
cano relationship, with 1.1 nm Ru particles affording the
highest yield of arenes (Fig. 3(b)). DFT calculations showed
that methyl p-toluate adsorbed flat on Ru(0001) terrace sites,
forming ring-saturated products, and upright on Ru(1015) edge
sites, forming arenes. This explained higher arene productivity
with 1.1 nm Ru particles. Smaller Ru particles led to more
gaseous products due to over-hydrogenolysis, while larger
particles favored ring-opening reactions.

Alternative catalysts derived from non-noble metals were
also investigated to enhance economic viability and industrial
feasibility. Hongkailers et al. synthesized a TiO, supported 5
wt% Co catalyst via wet-impregnation and employed it in the
hydrogenolysis of PET to arenes.*® Arenes were produced as the
major products with ~75% yield at 320 °C and 3 MPa H,
pressure. PET first undergoes depolymerization via C-O bond
cleavage over Co/TiO,, followed by deoxygenation to produce
arenes. The activity was achieved due to the Co NPs at the
external surface of the TiO, support, enabling the direct inter-
action with large PET molecules and the co-presence of
the Co;0, phase, providing acid sites. Gao et al. discovered
that the concentration of metal species significantly influences
non-noble catalyzed hydrogenolysis reactions. Specifically,
copper species exhibited higher hydrogenolysis
activity, demonstrating exceptional efficacy in hydrogen pro-
duction from methanol. Several Cu/SiO, catalysts were synthe-
sized using different techniques, including Cu/SiO,-IM
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(impregnation), Cu/SiO,-HT (hydrothermal), Cu/SiO,-DPU
(deposition precipitation with urea), and Cu/SiO,-DPU (deposi-
tion precipitation with ammonia), and employed for PET
hydrogenolysis in methanol at 210 °C for 6 h.*® All catalysts
prepared by various techniques, except Cu/SiO,-HT, selectively
produced 100% DMT. Notably, Cu/SiO,-HT, synthesized via the
hydrothermal method, yielded 73% para-xylene (PX) (Fig. 3(c)).
The authors attributed this outcome to the higher proportion of
Cu" and Cu° species in the Cu/SiO,-HT catalyst, which played a
crucial role in H, production from methanol. To enhance
catalytic performance, an alkali metal salt was added to main-
tain the balance of Cu" and Cu® species. Specifically, the CuNa/
SiO, catalyst, prepared by introducing NaCl during hydrother-
mal synthesis, achieved a 100% PX yield. The excellent perfor-
mance of CuNa/SiO, in PX production was attributed to the
promotional effect of Na in facilitating the production of
copper silicate with a higher Cu'/Cu’ (1.87) ratio for H,
production from methanol (Fig. 3(d) and (e)).

The synergy between two metals in supported bimetallic
catalysts has been demonstrated to favour higher PET conver-
sion and improved product selectivity. For example, Wu et al.
synthesized a nitrogen-doped-carbon supported CoMo bimetal-
lic catalyst (CoMo@NC) via the pyrolysis of Mo@ZIF-CoZn at
900 °C.”* The resulting CoOMo@NC catalyst was employed for
PET hydrogenolysis and it afforded an impressive 91% ter-
ephthalic acid (PTA) yield at 260 °C under atmospheric H, in
10 h. In contrast, the monometallic catalysts Co@NC and
Mo®@NC, derived from the pyrolysis of ZIF-CoZn and
Mo®@ZIF-Zn, respectively, demonstrated significantly lower per-
formance, yielding only 30% and 18% PTA, respectively. The
superior catalytic activity of the bimetallic CoMo@NC catalyst
can be attributed to the synergistic interaction between Co and
Mo. In this bimetallic system, the Mo-sites play a crucial role in
activating PET and facilitating the B-scission of the bridging
glycol C-O bond, while the Co-sites are responsible for activat-
ing hydrogen and catalyzing the hydrogenolysis step. This
coordinated interaction between the two metals significantly
enhanced the catalytic efficiency for PET depolymerization.

2.2. C-C/C-O activation for selective cyclic hydrocarbon
production

Cyclic hydrocarbons are generally employed as jet fuels
due to their high volumetric heat value, helping aircraft to
fly and acquire more speed with minimum fuel storage
infrastructure.”®®' PC and PET polymers can be converted into
cyclic hydrocarbons over bi-functional catalysts (Scheme 2). The
reactions proceed through multiple steps such as depolymer-
ization, hydrogenation, and deoxygenation. The overall reac-
tion pathway involved is termed the hydrodeoxygenation
pathway. It involves cooperative catalytic interactions between
multiple distinct active sites, particularly a synergy between
metal sites with pronounced ring hydrogenation capabilities
(such as Pt, Pd, Ru, Rh, Ni, Co, etc.) and acidic supports
(zeolites, metal oxides) exhibiting robust C-O/C-C bond activa-
tion properties.”*>” The breaking of the C-O bond and the
consequent formation of fully deoxygenated products are
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facilitated by the effective collaboration between the metal
and the support and the support itself, underscoring the pivotal
role of the support in this conversion. The optimal achievement
of this ambitious objective relies on the judicious selection of
active supports capable of activating C-O bonds while ensuring
effective adsorption of the plastic substrate.

Tang et al. investigated the production of jet-fuel range
polycyclic  hydrocarbons from PC over supported metal
catalysts.** PC first underwent depolymerization via methano-
lysis at 180 °C, producing bisphenol A. Subsequently, bisphenol
A underwent hydrogenation followed by hydrodeoxygenation
over supported metal catalysts and produced jet-fuel range
cyclic hydrocarbons. Carbon-supported transition metal cata-
lysts, including Pt/C, Pd/C, and Ru/C, were found to be active
for hydrogenating bisphenol A (Scheme 2a). Among these
catalysts, Pt/C afforded the highest yield (~90%) due to higher
hydrogenation activity, with the predominant formation of
cyclic alcohols. To perform the C-O cleavage of cyclic alcohol,
Pt/C was combined with Bregnsted acid H-P zeolite, and the
integrated catalytic system afforded ~80% yield of cyclic
hydrocarbons (Scheme 2a). H-B zeolite provides strong
Bronsted acid sites and a large surface area to facilitate mass
transfer, resulting in higher C-O bond cleavage efficiency than
HZSM-5 and HMOR. To avoid the multi-step process, Wang
et al. investigated the catalytic performance of supported Rh
catalysts in the hydrodeoxygenation of direct PC pellets.*> The
catalytic data revealed that Rh/C afforded nearly complete PC
conversion at 200 °C and 3.5 MPa H, in 12 h. However, the
main products formed were C;5; oxygenates (26.9% yield),
including bisphenol A and 4-benzylcyclohexane-1-ol, and a
small quantity of propane-2,2-diyldicyclohexane (3.8% yield).
Moreover, a physical mixture of Rh/C and H-USY zeolite (Rh/C +
H-USY) afforded ~95% yield of propane-2,2-cyclohexane (jet-
fuel range cyclic hydrocarbon). The study shows that Rh/C and
H-USY were active in catalyzing the hydrolysis of PC pellets in
water to produce C,5 oxygenates. Subsequently, the hydrogena-
tion of these oxygenates over Rh sites, dehydration over acid
sites, and finally, hydrogenation over Rh sites resulted in the
production of propane-2,2-diyldicyclohexane. Later, the same
group employed RANEY® metal catalysts, RANEY®@Cu,
RANEY®@Fe, RANEY®@Co, and RANEY®@Ni, in PC hydro-
deoxygenation at 190 °C using iso-propanol as the H-donor.*®
Among these catalysts, RANEY®@Ni exhibited the maximum
activity with nearly complete PC conversion and a total ~95%
yield of several products, including C¢-C;5 oxygenates as the
major products (~65% yield), C¢~Cys aromatics (~20% yield),
and C¢—C;5 cycloalkanes (~ 10% yield) (Scheme 2a). To increase
the yield of C¢-C;5 cycloalkanes, RANEY®@Ni was combined
with various solid acids, USY, H-ZSM-5, and Al,O;, and the
combination of RANEY®@Ni and USY afforded the maximum
C¢—Cy5 cycloalkane yield (~20%).

The development of a mono-catalytic system for the selective
hydrodeoxygenation of PC holds significant importance in
enhancing economic viability and industrial feasibility.
Recently, Manal et al. reported the synthesis of a bifunctional
Ru-Ni supported H-beta catalyst for the hydrodeoxygenation
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Scheme 2 Catalytic hydrodeoxygenation of PC (a) and PET (b) to cyclic hydrocarbons over heterogeneous catalysts.

(HDO) of bisphenol A (BPA) and PC to high-density propane-
2,2-diyldicyclohexane under mild conditions.?” The study sug-
gested that the alloy formed between Ru and Ni was responsible
for the enhanced catalytic activity. Catalytic data indicated that
the selectivity for propane-2,2-diyldicyclohexane was dependent
on the Ru/Ni weight ratio. A volcano plot demonstrated that a
Ni/Ru weight ratio of 0.5 was optimal, achieving high selectivity
for propane-2,2-diyldicyclohexane. Higher Ni/Ru ratios (>0.5)
resulted in a larger domain of Ni species, which significantly
influenced selectivity and promoted the formation of lower-
range hydrocarbons via C-C bond cleavage. Ru sites on the
catalyst facilitated H, dissociation, which was transferred to the
aromatic ring at the Ru-Ni alloy/support interface, resulting in
BPA hydrogenation to form ring-hydrogenated cyclic alcohol.
Additionally, Brensted acid sites associated with the Ru-Ni
alloy phases played a crucial role in cleaving Cyp:—OH, leading
to the formation of propane-2,2-diyldicyclohexane (Scheme 3).

Tang et al. investigated upcycling of PET into cyclic hydro-
carbons over supported transition metal catalysts.®® Under
catalyst-free conditions, PET was depolymerized via methano-
lysis to dimethyl terephthalate (DMT) at 200 °C in 3.5 h.
Subsequently, the hydrogenation of DMT was investigated over

This journal is © The Royal Society of Chemistry 2024

Ru-Cu/SiO,, 673 K, 4.0 Mpa H, [¢] [o]
_..Q: C ;3_

Hydrodeoxygenation

DMCD

44-47,83

carbon-supported metal catalysts, Pt/C, Ru/C, and Pd/C, at
100 °C and 5 MPa H, for 7 h. The maximum DMT conversion
(73.1% conversion) into dimethyl cyclohexane-1,4-dicarboxylate
(DMCD, 71.1%) was obtained over the Pt/C catalyst
(Scheme 2b). Subsequently, the hydrodeoxygenation of DMCD
was investigated over Ru/SiO,, Cu/SiO,, and Ru-Cu/SiO, cata-
lysts at 400 °C and 4 MPa H,. Among these catalysts, Ru-Cu/
SiO, afforded the highest yield of C,—Cg cycloalkanes, which
was attributed to the smaller size Ru-Cu alloy particles showing
higher hydrodeoxygenation efficiency than Cu and lower
methanation activity than Ru.

The insights gained from the mechanistic studies of poly-
aromatic hydrogenolysis/hydrodeoxygenation shed light on
how the reactant structures, bond linkages, nanoparticle sizes,
support effects, and the role of secondary metal catalytic
functions influence the selective cleavage of C-O and C-C
bonds to liquid hydrocarbons. Among various transition
metals, Ru has been identified as the most effective for arene
production, with smaller Ru particles (~1.0 nm) exhibiting
higher activity than larger ones. Ru species with low coordina-
tion numbers (C.N. = 5-6) prevent benzene ring hydrogenation,
thereby enhancing selectivity for arenes. Supported catalysts
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Scheme 3 Reaction mechanism for the HDO of PC/BPA over the 1Ru0.5Ni/H-Beta catalyst. Data collected and reproduced with permission from ref.

47. Copyright 2023, Elsevier B.V.

with specific states of metal species demonstrate elevated
activity in generating arenes under mild conditions, using
methanol as the hydrogen donor. Such higher activity is
attributed to an optimized Cu'/Cu® ratio, which enhances both
hydrogenolysis and arene yield. However, maintaining an opti-
mal Cu®/Cu’ ratio is crucial due to the stability concerns
associated with Cu® and Cu® states. The choice of support
material is also critical for selectively activating C-C and C-O
bonds and producing arenes. Oxide supports with oxophilic
metals possessing Lewis-Brgnsted acid sites significantly acti-
vate C-C and C-O bonds. However, a small amount of
alcohol can occupy Brgnsted acid sites, inhibiting C-O bond
cleavage and selectively facilitating C-C bond cleavage. Produ-
cing jet-fuel-range cyclic hydrocarbons over heterogeneous
catalysts requires multifunctional catalytic systems. In these
systems, metal sites are responsible for hydrogenation reac-
tions, while the acid sites of the support facilitate deoxygena-
tion reactions. The effectiveness with hydrogenation metals
(e.g, Pt, Pd, Rh, Ru, Ni, Co, etc.) is supported by robust
Bronsted acid materials predominantly employed for this pur-
pose. The Bronsted acid sites in zeolites play a dual role: they
facilitate the depolymerization of PET or PC into its monomers
and activate the C-O bond of cyclic alcohols to cyclic hydro-
carbons. Additionally, zeolites, with their high surface area and
well-defined pore structure, provide easy access to active sites
on the external surface and within the pores. This enhances
mass transfer, contributing to their remarkable -catalytic
efficiency.

3. Hydroprocessing of polyolefins to
produce liquid hydrocarbons

Polypropylene (PP) and polyethylene (PE) are the two most
common polyolefins (POs), with a market share of 76 Mt and

109 Mt, respectively, in 2021, and POs represent more than 50%
of the globally produced plastic.°® PP finds application in the

13152 | Chem. Commun., 2024, 60, 13143-13168

production of packaging materials, hinged caps, thermoplastic
pipes, bank notes, automotive components, etc.'>%*"*® PE is
mainly used in toys, bottles, houseware appliances, reusable
bags, cling wraps, food packages, etc.®® Currently, the industrial
processes for the recycling of PO waste include pyrolysis,
plastic waste purification, aerobic oxidation, etc."® Pyrolysis
and aerobic oxidation processes non-selectively convert PO
waste into shorter-chain alkanes and oxygenates. On the other
hand, the hydroconversion processes are more selective toward
producing liquid fuels, lubricants/wax, and platform gases
(Fig. 4).297%

Hydroprocessing entails the catalytic conversion of polyole-
fins into shorter hydrocarbon chains through hydrogenolysis
and hydrocracking mechanisms. Hydrogenolysis, facilitated by
metal sites, involves breaking the H-H bond in H, and the C-C
bond in the substrates, leading to the formation of two new
terminal C-H bonds (Scheme 4a). Conversely, hydrocracking
necessitates bifunctional catalysts comprising metal particles
and acid supports (Scheme 4b). Metal sites catalyze the dehy-
drogenation step, generating an olefin intermediate. This inter-
mediate diffuses onto Brgnsted acid sites, where it undergoes
isomerization and C-C cracking via a carbenium ion inter-
mediate. Literature examples of these processes are summar-
ized in Table S2 (ESIT), with a primary emphasis on selectively
producing hydrocarbons within the liquid fuel range. Never-
theless, scant reports address polyolefin hydrogenolysis, where
selectively producing valuable gases and lubricant/wax is the
primary goal. To establish a benchmark for hydrogenolysis and
hydrocracking, various examples were examined for product
distribution at different temperatures and durations. Compara-
tive analysis revealed that hydrogenolysis typically occurs at
relatively low temperatures (200-350 °C) than hydrocracking.
Lower hydrogenolysis temperatures corresponded to higher
yields of liquid fuel products compared to hydrocracking, albeit
at the expense of longer reaction times. Additionally, hydro-
cracking at elevated temperatures (350-600 °C), while reducing
reaction times, accelerates catalyst deactivation due to coking,

This journal is © The Royal Society of Chemistry 2024
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hydrocracking of polyolefins over metal-acid bi-functional catalysts.

limiting practical applications and increasing gaseous product
yields while decreasing liquid fuel yields (Fig. 5(a)-(d)). Com-
paring parameters such as temperature, duration, liquid yield,
and gas yield for hydrocracking and hydrogenolysis of poly-
olefins reveals a distinct disparity between the two processes,
highlighting the efficacy of selective product distribution.

This journal is © The Royal Society of Chemistry 2024

3.1. C-C activation and hydrogenolysis of polyolefins to C,,-
C,, hydrocarbons

Hydrogenolysis of polyolefins is catalyzed by the metal sites.
Various catalysts comprised of transition metal nanoparticles
and oxide supports have been investigated to find the appro-
priate metal-support combination, suitable metal particle size,
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Fig. 5 (a) Relationship between reaction temperature and time for PO recycling via hydrogenolysis and hydrocracking at complete conversion;
(b) comparison of gaseous product yield as a function of reaction temperature; (c) comparison of liquid product yield as a function of reaction
temperature; and (d) evaluation of the catalytic efficiency of diverse catalysts in PO hydrocracking and hydrogenolysis processes. The rate of formation of
liquid products was calculated as follows: rate of formation of liquid = mass (PE or PP) x liquid yield/(mass (catalyst) x t).

and the appropriate experimental conditions to improve the
desired product selectivity (Table S2, entries 1-14, ESI). For
example, Tamura et al. scrutinized the structure-activity rela-
tionship of supported Ru catalysts in the hydrogenolysis of
LDPE at 240 °C and 6 MPa H,.”> Among several supports
employed, CeO,, ZrO,, TiO,, y-Al,03, SiO,, and Nb,Os, the
highest yield of liquid fuel (Cs-C,;) was obtained over Ru/
ZrO,, prepared via the impregnation of Ru on the ZrO, support,
which was pre-calcined at 800 °C. The catalytic data revealed a
volcano relationship between the Ru particle size (varying
between 1 and 9 nm) and the liquid fuel yield. The highest
liquid fuel productivity was obtained over the 7 wt% Ru/ZrO,
catalyst, which was attributed to the appropriate Ru metal size
(~2.5 nm), showing higher hydrogenolysis activity. The corre-
lation between Ru particle size and catalytic performance
(activity and selectivity) was investigated using these Ru cata-
lysts. Good correlations were observed, with one notable excep-
tion being the Ru/y-Al,O; catalyst, which exhibited a higher
production of gas (C;-C,) compared to other supported Ru
catalysts.*® Furthermore, Chen et al. demonstrated that the Ru
particle size, influenced by the Ru metal loading, directly
impacted catalytic efficiency, thereby affecting the product
selectivity. The investigation was conducted at 260 °C and
30 bar H, over Ru/CeO, catalysts with varying Ru loadings
between 0.05 and 2.0 wt%.* A unique structure-dependent

13154 | Chem. Commun., 2024, 60, 13143-13168

catalytic behavior was observed. For instance, the supported
Ru particles with a higher loading range (0.5 to 2.0 wt%) were
less active towards PP hydrogenolysis into liquid fuel and more
selective towards CH, formation. Further, the CH, selectivity
increased with Ru loading from 0.5 to 2.0 wt%. In contrast, the
supported Ru particles with a lower loading range (< 0.5 wt%)
were more efficient for PP hydrogenolysis into liquid products
and less selective for CH, formation, where the selectivity
toward liquid products increased to ~70%, and CH, selectivity
decreased to ~20% over the 0.05 wt% Ru/CeO, catalyst. Similar
trends in product selectivity were observed for LDPE. The
authors suggested that the higher Ru loading resulting in large
particle size and low metal dispersion attributed to lower
intrinsic efficiency and terminal C-C cleavage leads to the
formation of CH, with high selectivity. However, the lower Ru
loading, resulting in high metal dispersion and small NPs,
leads to a higher coverage of adsorbed hydrogen (*H) and high
regioselectivity towards selective internal C-C cleavage, contri-
buting to high liquid hydrocarbon selectivity. EXAFS, XANES,
and STEM investigations revealed that the abundance of sub-
nanometre cationic Ru species with 2D raft-like structure was
responsible for higher catalytic activity in the hydrogenolysis
of PP and LDPE into liquid hydrocarbons in the lower
loading range. Nakaji et al. investigated the performances of
several supported transition metal catalysts, including M/CeO,

This journal is © The Royal Society of Chemistry 2024
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(M =Ru, Ir, Rh, Pt, Pd, and Cu), in the hydrogenolysis of LDPE
(My: ~17000, My: ~4000 Da) at 240 °C and 6 MPa H, for 5 h.>°
Among these catalysts, only Ru/CeO, was active for hydrocrack-
ing, affording 76% LDPE conversion and higher yields of liquid
fuel (54%) and wax (15%). The higher activity of Ru/CeO,
among other M/CeO, catalysts was not due to the difference
in particle size or oxidation states, but it was due to the Ru
metal itself. Further, the authors also investigated the effect of
various supports, including carbon, TiO,, MgO, and ZrO,, and
based on the catalytic data, and the Ru/ZrO, catalyst showed
activity (83% LDPE conversion, 61% liquid fuel yield, and 12%
wax yield) comparable to that of the Ru/CeO, catalyst. The basic
ZrO, and CeO, supports were able to stabilize smaller particles
(~1.5 nm) compared to other supports, which were more
selective towards the internal C-C bond scission, resulting in
lower gaseous production.

Du et al. synthesized a series of bi-functional Rh-based
catalysts (Rh/Nb,Os, Rh/ZrO,, Rh/TiO,, and Rh/Al,0;) via wet-
impregnation methodology and investigated their catalytic
performances in the hydrogenolysis of LLDPE at 300 °C and
3 MPa H, for 6 h.°* Among these catalysts, Rh/Nb,O5 was the
most active, affording complete LLDPE conversion and approxi-
mately 80% yield of the liquid products. The liquid products
comprising high-value iso-alkanes (68.4%) were obtained. The
higher number of Brensted acid sites (39 pmol g~ ') and the
strong Brensted acidity (21 pmol g~ ') were responsible for the
impressive performance of the Rh/Nb,O5 catalyst.

The activation of C-H and C-C bonds using regulated size
Ru supported on CeO, was investigated by H. Ji et al.® The
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study revealed a distinctive trend in the activity of CeO,-
supported Ru catalysts, ranging from single atoms to nanoclus-
ters and nanoparticles, in the hydrogenolysis of low-density
polyethylene (LDPE). The synthesis of Ru/CeO, catalysts
involved hydrothermal and impregnation methods, with varia-
tions in stirring time and reducing agent being critical for
controlling the size of Ru species. Among these catalysts, CeO,-
supported Ru nanoclusters (NC) demonstrated the highest
conversion efficiency and superior selectivity towards liquid
alkanes (56.8%) (Fig. 6(a)). The reduction in Ru size promoted
metal-support interactions (MSI) while diminishing the hydro-
gen spillover effect during the reaction. MSI, influenced by the
surface states of Ru, is particularly benefitted from more
electronegative Ru centers for the activation of C-H and C-C
bonds (Fig. 6(b)). Consequently, the competition between MSI
and hydrogen spillover underscores the optimal catalytic per-
formance of moderately sized Ru nanoclusters supported on
CeO,. S. Lu et al. explored the selective hydrogenolysis of
internal and terminal C-C bonds in polyolefins (POs) using
Ru/CeO, catalysts.>® They prepared two distinct CeO, phases,
denoted as CeO, (R) and CeO, (0), and impregnated Ru onto
them via a simple wet impregnation method. Their investiga-
tion elucidates the role of metal-support interactions in tuning
the chemical states of Ru within the catalyst. Positively charged
Ru species (Ru/CeO,-R) exhibit a preference for the hydrogeno-
lysis of internal C-C bonds, thus suppressing methane produc-
tion (Fig. 6(a) and (d)). This selectivity arises from the
propensity of Ru®" species to selectively bond with internal
carbons possessing higher electron density, facilitated by the
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(a) Hydrogenolysis of LDPE over different catalysts and (b) CO DRIFTS spectra of Ru/CeO, catalysts; data collected and reproduced with

permission from ref. 51. Copyright 2023, John Wiley and Sons. (c) and (d) Catalytic performance and product selectivity over Ru/CeO,-R and Ru/CeO,-
O; and (e) CHy selectivity vs the ratio of Ru®*/(Ru’* + Ru®). Data collected and reproduced with permission from ref. 52. Copyright 2022, John Wiley and

Sons. Comparing particle size and liquid product yield of Ru/CeO; (f).
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electron-donating effect of adjacent alkyl groups rather than
terminal carbons. The plot of CH, selectivity vs the ratio of
Ru’’/(Ru’* + Ru°) revealed that a lower Ru’" content corre-
sponds to higher CH, selectivity (Fig. 6(e)). Comparing these
Ru/CeO, catalysts in terms of Ru particle size and liquid yield
indicates that the higher liquid yield can be attributed to the
smaller Ru particle size (Fig. 6(f)). Similarly, Sun J. A. et al
investigated the impact of particle size on PO hydrogenolysis by
examining Ru/C catalysts with varying particle sizes. They
found that increasing the Ru cluster size from 0.8 nm to
1.2 nm led to a significant increase in liquid product yield,
from 39% to 78%.°* However, further increasing the particle
size from 1.2 nm to 2.3 nm resulted in a dramatic decrease in
liquid product yield to 8%. The larger crystalline Ru nano-
particles (~2.3 nm, 2% Ru/C-He) exhibit lower activity for C-C
bond scission but still catalyze stereoisomerization reactions.
Intermediate-sized Ru particles maintain consistent activity
and produce a broader range of products, resulting in a high
yield of liquid hydrocarbons. X-ray absorption spectroscopy
(XAS), XPS, and TPR revealed that smaller Ru particles contain
more disordered Ru®" species, which correlates with their
higher hydrogenolysis activity.

The addition of secondary metals could provide additional
hydrogen through reverse spillover, thereby facilitating the
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rate-limiting hydrogenation/desorption processes on the active
metal surface or at the interface and also altering the polymer-
catalyst interactions, leading to enhanced catalytic activity and
selectivity, and potentially changing the overall reaction mecha-
nism. In this regard, Vlachos and co-workers incorporated WO,
in Ru/ZrO, and investigated the difference in the catalytic
activity of Ru-Zr and tungstate zirconia-supported Ru (Ru-
WZr) catalysts towards LDPE hydrogenolysis at 250 °C and
50 bar H, for 2 h.>* Interestingly, the CH, yield was ~16%
over the Ru-Zr catalyst and decreased to ~7.5% and ~4.9%
over Ru-15WZr and Ru-25WZr catalysts, respectively. When
moving from Ru-Zr to Ru-25WZr catalyst, the gasoline selec-
tivity increased from 25% to 28%, jet fuel selectivity increased
from 33% to 42%, diesel fuel selectivity increased from 47% to
66%, and the selectivity towards wax/lubricant based-oil
increased from 22% to 35%. Such interesting trends demon-
strate that the incorporation of WO, in the Ru-Zr catalyst
decreased the formation of gaseous CH, and increased the
formation of value-added liquid hydrocarbons. The hydrogeno-
lysis of LDPE over a supported Ru surface (Ru-Zr) is shown in
Fig. 7(a) and (b). First, dehydrogenation of the polyethylene
chain occurs on the Ru surface, followed by Ru-catalyzed
C-C bond scission to produce short-chain alkyl intermediates.
These intermediates can either undergo hydrogenation/

2

Spillover
.= Zr0O, /\/\CH3
V= Ru
W = WOo?* RN\C“S
w=H, Long-chain alkanes

= H R1”\~CH;
v 2 + CH,
H3CR2
Short-chain alkanes .
with methane Hy(lijrzgs;g%é:it;n &
S 5

R1—\—\J_/_: 3 AN
S

Reverse spillover C-C scission

/Hydrogenation &
Desorption

Fig. 7 Selective hydrogenolysis of LDPE over Ru—-Zr and Ru supported on a tungstated zirconia (Ru-WZr) catalyst. (a) Proposed LDPE hydrogenolysis
mechanism over Ru-Zr and (b) Ru-W-Zr catalysts. Data collected and reproduced with permission from ref. 54. Copyright 2021 American Chemical

Society.
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desorption to produce shorter chain alkanes, or they can
undergo further dehydrogenation followed by C-C bond scis-
sion to produce even shorter chain alkyl intermediates. The
continuation of dehydrogenation and C-C bond scission pro-
cesses on the Ru surface eventually produces CH,. The hydro-
genation/desorption of alkyl intermediates was slower than the
dehydrogenation followed by C-C bond scission steps under
low H, pressure, resulting in a relatively high CH, yield. This
hypothesis was also supported by the hydrogenolysis experi-
ment performed at higher H, pressure (130 bar), demonstrating
a significant reduction in CH, formation. Interestingly, (WO,),
clusters provide additional hydrogen through reverse spillover,
facilitating the rate-limiting hydrogenation/desorption pro-
cesses on the Ru/ZrO, interface and also altering the poly-
mer-catalyst interactions, leading to enhanced catalytic activity
and affording lower CH, yield even at low H, pressure. H, first
dissociates on the Ru surface and subsequently spills over to
the (WO,), clusters and is stored as surface hydroxyls (Fig. 7(b)).
These hydroxyl groups act as hydrogen storage sites and
provide active hydrogen to the Ru sites via the reverse spillover
effect, facilitating the hydrogenation of alkyl intermediate
species. Hence, WO, clusters increase the hydrogen-storage
capacity and increase the rate of hydrogenation/desorption of
alkyl intermediates under lower H, pressure, significantly
reducing CH, formation.

In addition to the metal oxide support, a neutral carbon
support was also employed in this transformation. Rorrer et al.
investigated the hydrogenolysis of PP of different molecular
weights and a mixture of PP and HDPE over a Ru/C catalyst.”®
Under the optimized experimental conditions of 225 °C and 20
bar H,, 700 mg of PP pallets (M,, = ~12 kDa) was converted into
iso-alkanes of carbon chain length ranging from Cg to C,, with
C,4 as the major product (504 mg), along with various gases
as minor products (148 mg). The authors also optimized the
experimental conditions (including temperature, pressure, and
time) for the hydrogenolysis of isotactic PP (M, = 340 000 Da),
and observed the maximum liquid hydrocarbon (iso-alkane)
yields under the optimized experimental conditions of 225 °C,
50 bar H, and 24 h. Finally, the hydrogenolysis of mixed plastic
waste (PP + HDPE) under optimized experimental conditions
was also investigated, and linear and branched alkanes were
observed in the product stream.

Jia et al. investigated HDPE hydrogenolysis to find suitable
conditions to produce liquid hydrocarbon fuels and lubricants
over carbon-supported transition metal catalysts.”® Several
carbon-supported metal catalysts (M/C) were employed, includ-
ing 5 wt% M/C (M = Cu, Fe, Ni, Pt, Pd, Rh, and Ru) at 220 °C and
3 MPa H, for 1 h, and among these catalysts, only 5 wt% Ru/C
was active, affording 60.8 wt% Cg-C,¢ hydrocarbons (jet fuel
range liquid hydrocarbons) and 14.1 wt% C;,-C,, hydrocar-
bons (diesel fuels). The most interesting results were obtained
while studying the effect of solvent. Almost negligible HDPE
conversions were observed in H,O, n-pentane, and decalin,
whereas n-hexane and methylcyclohexane were highly effective.
In n-hexane, ~60 wt% Cg-C;¢ jet-fuel range liquid hydrocar-
bons and ~10 wt% C;,-C,, diesel fuel range hydrocarbons
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were obtained, whereas in methylcyclohexane, ~38 wt% Cj,3-
C,g lubricant range hydrocarbons were observed as the major
products, along with ~15 wt% C;,-C,, and ~20 wt% Cg-Cy4
range hydrocarbons. The solvation ability of HDPE in various
solvents was key in determining the product distributions. For
instance, HDPE has negligible solubility in H,O, thereby result-
ing in negligible product formation. Similarly, HDPE has lower
solubility in supercritical pentane at 220 °C (the critical tem-
perature of pentane is 196.45 °C, which is lower than the
reaction temperature); therefore, negligible products were
formed in pentane.”” HDPE adopts a fully extended conforma-
tion in decalin due to its high affinity towards decalin, which
prevents HDPE from reaching the catalyst surface, resulting in
negligible conversion. In contrast to these solvents, higher
reactivity in n-hexane and methylcyclohexane suggests that
the lower affinity of HDPE with these solvents forces the HDPE
molecule to turn into a coil, which then sieves through the
solvents to reach the catalyst surface and undergo cracking.
Other than Ru-based catalysts, Pt-based catalysts were also
used in this transformation. Celik et al. synthesized Pt/SrTiO;
catalysts with varying Pt particle sizes (1.2, 2.3, and 2.9 nm) via
the atomic layer deposition (ALD) process, wherein by simply
increasing the ALD cycles they were able to increase the particle
size. They subsequently investigated the catalytic performances
of these materials in the solvent-free hydrogenolysis of PE by
employing 170 psi H, pressure at 300 °C for 96 h.”® The catalytic
data revealed complete PE conversion into gaseous hydrocar-
bons (C;-Cg) over 1.2 nm Pt particles. On the other hand, high-
quality liquid products with narrow size distribution were
produced over 2.3 nm and 2.9 nm Pt particles with 42% and
95% yields, respectively. The formation of high-quality liquid
products with narrow size distribution over bigger particles
suggested that bigger Pt particles were active for the internal
C-C bond cleavage in the PET molecules. Higher gaseous
product formation over smaller particles suggested that smaller
Pt particles were active for the terminal C-C bond cleavage. The
authors also compared the activity of 2.9 nm SrTiO; supported
Pt particles with that of the commercially available Pt/Al,O;
catalyst and found that the Pt/Al,O; catalyst afforded a broad
distribution of liquid products along with a significant propor-
tion of gaseous products compared to the Pt/SrTiO; catalyst.
Additionally, Pt particle size increased from 1.2 nm to 1.6 nm
during PE hydrogenolysis in the case of the Pt/Al,O; catalyst.
On the other hand, only a minor increment in Pt particle size,
from 2.0 nm to 2.1 nm, was observed in the case of the Pt/
SrTiOj; catalyst. The authors proposed that the epitaxial growth
of Pt particles over SrTiO; due to the close lattice match
between cubic SrTiO; and FCC Pt resulted in the strong
metal-support interaction, hence controlling the sintering of
Pt particles during PE hydrogenolysis. Moreover, the authors
also proposed that the higher selectivity towards liquid pro-
ducts could be due to the unique geometrical features of Pt
particles that were obtained via the epitaxial growth. Later, the
same group demonstrated that the hydrogenolysis activity of
the Pt/SrTiO; catalyst at 300 °C and 170 psi H, pressure
significantly varies depending on the microstructure of the
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polymer chain, which is defined as the length and density of
branching in the polymer.>**° These interesting findings sug-
gested that comprehensive structural characterization of the
polymers present in anthropogenic plastic waste is important
for subsequent optimization of catalyst structure and valoriza-
tion processes.

The size-dependent property of encapsulated Pt NPs was
investigated for wax formation. Wu et al. synthesized meso-
porous silica shell-surrounded Pt NPs supported on a solid
silica sphere (mSiO,@Pt-X/SiO,; X is the mean NP diameter),
and employed them in PE hydrogenolysis at 300 °C and
0.89 MPa H, pressure. The authors’ main objective was to
investigate the combined effects of the mesoporous shell, con-
finement of the Pt particles inside the mesoporous shell wall, and
the effect of Pt NP size on PE conversion and product distribution
(Fig. 8).°" PE conversion and the yield of extracted wax were
inversely proportional to the size of encapsulated Pt particles,
such that after 12 h, mSiO,/Pt-1.7/SiO, afforded 62% PE hydro-
genolysis and 50.5% extractable wax, whereas mSiO,/Pt-5.0/SiO,
afforded 26% PE hydrogenolysis and 17.5% extractable wax. In
contrast, the carbon number distribution of the extracted wax was
independent of the size of Pt NPs; the mean size of the carbon
chain was C,; in the extracted wax in all cases. The hydrogenolysis
performance of the non-encapsulated Pt particles (Pt/SiO,) was
also scrutinized and was found to be much lower than that of
mSiO,/Pt-X/SiO,. The higher hydrogenolysis activity of mSiO,/Pt/
SiO, compared to the non-encapsulated Pt/SiO, catalyst was
attributed to the protective features of the mesoporous SiO, shell
preventing the sintering of Pt particles. The conformation of the
PE chain governed the average carbon chain length in the
extracted wax adsorbed inside the mesopores.

Similarly, Li et al synthesized Pt-encapsulated and Pt-
supported SiO, catalysts.®” The first material was prepared by
supporting Pt NPs on the external surface of a silica support (Pt/
Si-1), and the second material was prepared by encapsulating Pt
NPs inside the mesoporous silica shell (Pt@Si-1). These

Table : Catalytic activity

Pt size (hm) Time (h) Liquid yield (%)
1.7 15 73.6
2.9 20 70.8
5.0 20 61.7

Processive hydrogenolysis
for polymer upcycling

Fig. 8 TEM images of the mSiO,/Pt/SiO, catalyst; product distribution as
a function of Pt particle size; and the mechanism of the hydrogenolysis of
the PE molecule. Data collected and reproduced with permission from ref.
61. Copyright 2022 American Chemical Society.
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materials were combined with beta zeolite via mechanical
grinding, and the resulting composites were employed as
catalysts in LDPE hydrocracking at 250 °C and 3 MPa H,.
Interestingly, the catalytic data revealed higher liquid hydro-
carbon yield (~90%) with narrow alkane distribution (Cs-Co)
in the case of the Pt@Si-1 and zeolite beta composite catalyst.
In contrast, the Pt/Si-1-based composite, where Pt NPs were
present on the external silica surface, afforded only ~70% yield
of liquid hydrocarbons and the formation of gaseous and solid
products. The authors proposed that when Pt particles were
present on the external silica surface (Pt/Si-1), all olefin inter-
mediates produced via hydrocracking underwent hydrogena-
tion to produce liquid, solid, and gaseous products. However,
when Pt particles were encapsulated inside the silica shell, then
only the selected olefin intermediates that could fit inside the
silica mesopores were able to reach the Pt particle surface,
hence resulting in improved selectivity towards specific liquid
hydrocarbon products (C5-Co).

The gaseous product formation over the supported Co
catalysts has been investigated. For example, Zichittella et al.
investigated cheaper Co-based catalysts, including Co/SIRAL
(SIRAL = amorphous silica-alumina), Co/SiO,, Co/Ce0O,, Co/
Zr0,, Co/TiO,, and Co/ZSM-5, for the hydrogenolysis of PE
(M,, = 4000 Da) at 250 °C and 4 MPa H, for 20 h.*> Among
these catalysts, Co;0, and Co/ZSM-5 afforded the highest
weight percentage of gaseous products (~85-90%), whereas
other supported Co catalysts were active towards the formation
of solid products (~80-90%). Further, Co;0, afforded CH,
(~90 wt%) and Co/ZSM-5 afforded C;Hg (~85 wt%) as the
major gases. The analytical results revealed that the higher
dispersion of oxidic Co®* on ZSM-5 and the higher acidic
strength of the ZSM-5 support were responsible for the scission
of the internal C-C bond in the PE polymer, forming high-
value C3Hg gas. Vance et al. investigated the effect of Ni loading
(1-100 wt%) on SiO, and found that 15 wt% Ni/SiO, afforded
the highest liquid yield (~50%) during LDPE hydrogenolysis at
300 °C and 3 MPa H,.>® The LDPE hydrogenolysis occurred via
internal scission due to the higher probability of interior C-C
bonds on the catalyst surface.

3.2. C-C activation and hydrocracking of polyolefins to C5-C;,
hydrocarbons

Hydrocracking requires bi-functional catalysts, where metal
sites perform dehydrogenation to form an olefin intermediate.
The olefin intermediate is then protonated by the Brgnsted acid
sites to produce a carbenium ion, which undergoes cracking
and isomerization followed by hydrogenation over metal sites
to produce shorter chain hydrocarbons. Although hydrocrack-
ing requires relatively high temperatures than hydrogenolysis,
the obtained liquid product has shorter hydrocarbon chains in
the gasoline range and a narrow distribution of carbon chain
length (Table S2, entries 15-22, ESIt).

The effect of transition metals and the textural properties of
acidic supports in bi-functional catalysts have been investi-
gated. Kots et al. investigated the catalytic behavior of several
TiO,-supported metal nanoparticles, including Pd, Rh, Ir, Ni,
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Pt, and Ru, in the hydrocracking of isotactic polypropylene
(i-pp) at 250 °C and 3 MPa H, for 16 h.** Among these catalysts,
only Ru/TiO, afforded the highest liquid hydrocarbon yield
(65.6%). Linxiao et al. reported an efficient polyolefin hydro-
cracking over Ru and Ni supported on a sol-gel anatase TiO,
(TiO,-A-SG).®® The findings revealed that the limited Brgnsted
acid sites on TiO,-A-SG significantly enhance hydrocracking
activity, thereby improving selectivity towards high-value C,-
C,o hydrocarbons and increasing isomerization efficiency in
comparison to Ru-based monofunctional hydrogenolysis cata-
lysts. Hydrocracking on Ru/TiO,-A-SG is more effective under
lower H, pressures, reduced Ru loadings, and with substrates
that have a higher degree of branching. The abundance of
tertiary carbons (°C) in these substrates promotes rapid
B-scissions and suppresses hydrogenolysis. Furthermore, the
authors observed that Ni supported on TiO,-A-SG, a non-noble
metal catalyst, exhibits superior activity and selectivity for
polypropylene (PP) hydrocracking compared to conventional
Bronsted-acid supports like zeolites.

Utami et al. synthesized several ZrO,-based catalysts, includ-
ing sulphated-ZrO, (SZ) and platinum-supported sulfated-
zirconia (Pt/SZ).°® These catalysts were employed for the hydro-
cracking of low-density polyethylene waste (LDPE) at 250 °C
under a H, flow rate of 20 mL min . The catalytic data revealed
that Pt/SZ catalysts were highly active for the hydrocracking
of LDPE into gasoline-range hydrocarbons (Cs-C,, hydrocar-
bons including olefins, linear paraffins, isoparaffins, and
naphthenes). Further, the yield of gasoline-range hydrocarbons
increased with an increase in Pt loading from 1 wt% (Pt;/SZ) to
3 wt% (Pt3/SZ), with the Pt;/SZ catalyst affording 67.5% Cs-Cy,
hydrocarbon yield. The higher hydrocracking efficiency of Pt/SZ
catalysts was attributed to the higher acidity compared to the
bare ZrO, and SZ supports. Further, the acidity increased with
Pt loading. Hence Pt;/SZ afforded the highest hydrocracking
efficiency and Cs-C;, hydrocarbon yield. H, dissociation on the
Pt surface produced H-atoms, which spilled over to the SZ
support and reacted with Lewis acid sites to produce H' species
acting as acid sites.

Liu et al. synthesized multi-functional catalysts by combin-
ing Pt supported on tungstate-zirconia (Pt/WO3/ZrO,) and
zeolites possessing different Si/Al ratios and micropore sizes
and investigated the effect of the multi-functional characteris-
tics of these catalysts on product distribution during LDPE
hydrocracking at 250 °C under H, flow (100 mL min~ " equi-
molar flow of H, and He) for 2 h.%” Pt/WO,/ZrO, afforded
~20% yield of lighter hydrocarbons (C;-Cy;), ~9% yield of
intermediate hydrocarbons (C;3-Cy4), and ~10% yield of hea-
vier hydrocarbons (> C;) along with a huge amount of uncon-
verted solids (~40% yield). HY zeolite, on the other hand, was
much less active, affording less than 10% yield of lighter
hydrocarbons, mostly between C; and C,,, along with a sig-
nificant amount of unreacted solids (greater than 90%). Inter-
estingly, the yield of unreacted solids reduced to ~2% and the
yield of gasoline-range liquid hydrocarbons (Cs-C;,) rose to
~80% along with a small percentage of lighter hydrocarbons
(C4—C4) and diesel-range hydrocarbons (C;3-Cy6) With ~7%
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and ~3% yields, respectively, over the composite catalyst
(Fig. 9(a)). The plastic polymer first undergoes hydrocracking
into intermediate range hydrocarbons (C.;3) over the bi-
functional Pt/WO;/ZrO, catalyst; subsequently, these inter-
mediate hydrocarbons further undergo hydrocracking inside
the micropores of HY zeolites, producing gasoline-range hydro-
carbons (Fig. 9(c)). HZSM-5, with a smaller pore size than HY,
was selective for C;-C, range lighter hydrocarbons (70% selec-
tivity), suggesting that the product distribution during the
hydrocracking of C_13 hydrocarbons can be regulated by
tuning the pore size of zeolites (Fig. 9(b)).

To systematically develop bifunctional metal/zeolite cata-
lysts for the hydrocracking of hydrocarbons, it is essential to
balance the metal and acid sites. Jumah et al. investigated the
effect of support acidity on liquid hydrocarbon production.®®
For example, they synthesized Pt-impregnated zeolite beta (Si/
Alpuk 12.5 and 175) and zeolite USY (Si/Alpy 6 and 15) with
different Si/Al ratios in the hydrocracking of squalene and
LDPE (M,, ~ 150000 g mol ). The hydrocracking of squalene
over 1 wt% Pt-beta catalyst with a lower Si/Alpy ratio (12.5) at
275 °C and 2 MPa H, afforded a greater yield of lighter
hydrocarbons (C; to Cg). The catalyst with a higher Si/Alpun
ratio (300) afforded greater yields of heavier hydrocarbons (C,-
Cj1)- In contrast, an opposite trend was observed over 1 wt% Pt-
USY catalyst. In this case, the catalyst with a higher Si/Alpyi
ratio of 15 afforded a higher yield of lighter and intermediate
hydrocarbons (Cs-Co). On the other hand, the catalyst with a
lower Si/Alpy ratio of 6 afforded a higher yield of heavier
hydrocarbons (C;;-Cy). The authors observed that the varia-
tion in the textural and acidic properties of zeolite with differ-
ent Si/Al ratios across various zeolite frameworks leads to
differences in product selectivity. The hydrocracking of LDPE
at 315 °C and 2 MPa H, was also investigated, and 1% Pt-beta
was more active than 1% Pt-USY in producing gasoline range
hydrocarbons.

Rorrer et al. synthesized supported Ru catalysts with 5 wt%
metal loading, and investigated the effect of support acidity on
product selectivity during the hydrogenolysis of PE (avg. M,,
4000 Da) at 200 °C under 3 MPa H, for 16 h.®® Based on the
catalytic data, Ru/HBEA and Ru/FAU possessing a higher num-
ber of acid sites afforded liquid alkanes (Cs-Cj;) with 51%
and 67% mass yields, respectively, compared to the catalysts
with lower acidity, Ru/SiO,, Ru/SIRAL30, and Ru/MWW. The
authors proposed that catalysts with a higher number of
acid sites promote the internal C-C bond cleavage, resulting
in the formation of liquid hydrocarbons. Lee et al. investigated
the activity of silica-alumina catalysts for hydrocracking
n-hexadecane (as a model substrate) and polyethylene. Initially,
the hydrocracking performances of SiO,-Al,03, HY, and ZSM-5
supports were investigated at three different temperatures,
275 °C, 325 °C, and 375 °C, at 4.5 MPa H, for 2 h.”° The n-
hexadecane conversion ranges between ~2 and 4% over SiO,-
Al,O; at different temperatures. Over HY, the n-hexadecane
conversion increased from 4.5% to 26.7% on increasing the
temperature from 275 °C to 375 °C. ZSM-5 was demonstrated to
be the most active catalyst, with conversion increasing from
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Fig. 9 Hydrocracking of LDPE using Pt/WO,/ZrO, and solid acid catalysts. (a) The product distribution of different zeolites mixed with Pt/WOz/ZrO, in
LDPE hydrocracking; (b) effect of solid acid catalyst pore diameter on C;—C,4 hydrocarbon yield; (c) illustration of key intermediates diffusing over the Pt/
WO3/ZrO, + HY(30) catalyst. Data collected and reproduced with permission from ref. 67. Copyright 2021, AAAs.

13.7% to 98.0% on increasing the temperature from 275 °C to
325 °C. Interestingly, the most active ZSM-5 afforded a higher
yield of C;-C, hydrocarbons (77.3%) than C5-C;¢ hydrocarbons
(20.8% yield). ZSM-5 was further chosen as a support to prepare
Co-, Ni-, and Ru-supported ZSM-5 bi-functional catalysts.
Among these, Ru/ZSM-5 afforded the maximum 99.9% conver-
sion and 99.2% yield for C;-C,4 range hydrocarbons. Ding et al.
synthesized Ni sulfide loaded on a hybrid support, which
contains a mixture of H-ZSM-5 and silica-alumina (the hybrid
support abbreviated as HSiAl).”" The resulting catalyst, Ni/
HSiAl, was employed for the hydrocracking of HDPE and real
plastic waste at 375 °C and 1000 psig H,. The catalyst afforded
complete HDPE conversion and ~40% liquid hydrocarbon
yield in 1 h. Similarly, the catalyst also afforded the complete
conversion of post-consumer plastic waste and gave ~50%
liquid hydrocarbon yield in 1 h. The excellent performance of
the Ni/HSiAl catalyst was attributed to the higher resistance to
sulfur, nitrogen, and impurities present in post-consumer
plastic waste. The catalyst was easily recycled by calcination
followed by sulfidation, and the recycled catalyst exhibited a
similar activity as the original catalyst.

Regulating the morphology of zeolites, including the use of
nanocrystals and plate-like structures, in addition to modifying
their pore structure, is an effective approach for reducing
diffusion limitations and improving catalyst efficiency in poly-
olefin cracking. Munir et al. synthesized the composites of
zeolite beta and mesoporous silica and investigated the effect
of the co-presence of micropores and mesopores in composite
catalysts on their hydrocracking performance (Fig. 10(a)).”* Six
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catalysts, including BC300 (commercially available zeolite
beta), BC11.1, BC5.7, and BCO0.7 (prepared by desilication),
and BC48 and BC27 (prepared by without alkali pre-
treatment), were employed for the hydrocracking of a model
plastic mixture containing 20 wt% PS (MW = 192 000 g mol ),
30 wt% PP (MW = 250 000 g mol %), 10 wt% LDPE, and 40 wt%
HDPE at 360 °C and 2 MPa H,. BC48 afforded a higher yield of
liquid hydrocarbons than the BC300 catalyst, which was attrib-
uted to the presence of micropores and mesopores in the BC48
catalyst with microporous and mesoporous surface areas of
229.1 m”> g~! and 198.1 m> g~ respectively. Micropores pro-
vided acidic sites for hydrocracking, and mesopores facilitated
the easier diffusion of the liquid hydrocarbon chain away from
the active sites. Zhang et al. demonstrated the self-assembled
nanocrystalline ZSM-5 for LDPE hydrocracking. Nano-ZSM-5
provided accessible strong acid sites due to its high external
surface area and framework defect (Fig. 10(b)).°® By distinguish-
ing acid strength from acid amount, nano-ZSM-5 exhibited
much higher catalytic activity in PP cracking than conventional
ZSM-5, even at lower reaction temperatures. Similarly, Duan
et al. demonstrated the efficiency of ZSM-5 nanosheets (s-ZSM-
5) to achieve light hydrocarbon (C1-C7) yield of up to 74.6%
and 83.9% of C3-Cé6 olefins with minimal coke formation
(<1 wt% weight loss) at 280 °C.”” In contrast, nano-ZSM-5
(n-ZSM-5) showed approximately 27% weight loss due to coke
formation. This work indicates the significant potential of
ZSM-5 zeolite with controlled b-axis direction growth for poly-
ethylene (PE) upcycling (Fig. 10(c)). The shorter diffusion path
of s-ZSM-5 compared to nano-ZSM-5 efficiently suppressed
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Fig. 10 (a) Catalytic performance of plastic mixture conversion over different catalysts at 360 °C, and textual properties of the catalysts. Data collected
and reproduced with permission from ref. 72. Copyright 2020. (b) NH3-TPD profiles (a = CZ5, b = N-Z5, C = NS-Z5) and textual properties of the
catalysts. Data collected and reproduced with permission from ref. 96. Copyright 2013 Elsevier B.V. (c) Depolymerization of PE over various zeolite
catalysts; picture of PE and SEM image of s-ZSM-5 displaying its panel morphology, along with a schematic illustration depicting the cascade cracking
steps occurring on the external surface and within the micropores of n-ZSM-5 and s-ZSM-5 zeolite catalysts. Data collected and reproduced with

permission from ref. 97. Copyright 2022 American Chemical Society.

intermediate accumulation on the zeolite surface, minimizing
coke formation and providing a viable approach for handling
PE plastic waste. Furthermore, the involvement of hydrogen in
the hydrocracking process inhibits the condensation and for-
mation of polycyclic molecules within the micropores and
facilitates rapid diffusion.

From the above discussion, it is evident that hydrogenolysis
and hydrocracking of POs are conducted using supported
monometallic and bifunctional catalysts, with the goal of
selectively producing liquid fuel-range hydrocarbons. Compara-
tive analyses of reaction temperature and duration across
various studies have revealed that hydrogenolysis occurs at
relatively mild temperatures, resulting in higher liquid product
yields than hydrocracking. Noble metals such as Ru, Ni, Pt, and
Rh are commonly employed to produce liquid hydrocarbons
under these mild conditions. Hydrogenolysis of POs results in a
broad distribution of liquid fuel-range hydrocarbons with
relatively high carbon numbers than hydrocracking. Studies
have focused on the effects of metal particle size and metal-
support interactions on liquid hydrocarbon yields. Supported
Ru- and Pt-based catalysts with optimal nanoparticle sizes have
shown higher liquid hydrocarbon productivity during polyole-
fin hydrogenolysis. The catalytic selectivity is influenced by
the active metal’s chemical state, which is modulated by
metal-support interactions. Positively charged metal species,

This journal is © The Royal Society of Chemistry 2024

generated by strong metal-support interactions, facilitate inter-
nal C-C bond cleavage, reducing methane production. The
metal-support interaction and size can be fine-tuned by using
different supports, supports with various morphologies, or by
adjusting the support calcination temperature, all of which
significantly influence product selectivity. Similar to hydroge-
nolysis, the main focus of PO hydrocracking is also the selective
production of liquid fuel-range hydrocarbons. This process
investigates bifunctional catalysts comprising various transi-
tion metal nanoparticles and acidic supports with different
textural properties. The choice of metal and acidic support,
along with the support’s surface area and porosity, greatly
affects the productivity of short-chain hydrocarbons during
hydrocracking.

4. Summary and future outlook

The chemical upcycling of waste plastic into valuable carbon
feedstocks is crucial for advancing a sustainable and circular
carbon economy. Catalytic hydrogenolysis and hydrocracking
are key techniques for producing selective gases, liquid hydro-
carbons, and high-value aromatic chemicals. A major challenge
is to identify catalysts that selectively cleave C-O and/or C-C
bonds while minimizing unwanted byproducts. This review
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highlights research efforts to develop efficient catalysts and
catalytic systems for converting aromatic plastics and polyole-
fins into value-added chemicals and liquid fuels. Aromatic
plastics, with C-O and C-C bonded aromatic units, require
selective bond cleavage and preservation of aromatic C—C
functionalities to produce arenes. For jet fuel-range cycloalk-
anes, complete hydrogenation of the C—C functionality and
cleavage of the C-O bond are necessary, often forming unde-
sired products. Polyolefins contain internal and terminal C-C
bonds, with internal C-C bond cleavage yielding liquid fuels
and lubricants, and terminal C-C bond cleavage predominantly
producing low-value methane. Thus, promoting internal C-C
bond cleavage is crucial for selectively enhancing fuel and
lubricant production, highlighting the importance of under-
standing the factors influencing C-C bond cleavage positions.
The review compiles the literature on hydroprocessing of
common plastic polymers, such as PET, PC, and POs, thor-
oughly investigating the structure-function relationships of
catalysts used to produce selective liquid hydrocarbons. It
emphasizes the key characteristics of catalysts that enhance
the selective activation of C-C and C-O bonds, improving
catalytic efficiency. The review also showcases state-of-the-art
chemical recycling processes and aims to provide new insights
for developing novel heterogeneous catalysts for future
advancements in chemical recycling. To advance a sustainable
future for plastics, a stronger focus on catalytic design and
multidisciplinary collaboration among science, engineering,
and materials is required. To support the sustainable proces-
sing of real-life plastic waste and enhance economic viability
and industrial feasibility, we propose designing new catalysts
and catalytic pathways based on the current knowledge of C-O
and C-C bond cleavage in plastic waste.

4.1. Current understanding of C-O and C-C activation and
production of liquid hydrocarbons from plastic waste

Polyolefins consist of two types of C-C bonds: internal Cse-
condary-Csecondary and terminal Csecondary-Cprimary
bonds.>'? Selectively cleaving these bonds is challenging due
to the inertness of C-C and C-H bonds, and the mechanisms of
their activation is somewhat unclear. Aromatic plastics such
as PC, PET, PPO, and PS, which have C-O and C-C bond
linkages, can produce various products through selective bond
cleavage.>>*”™*?

Hydrogenolysis of plastic waste cleaves C-O and C-C bonds,
generating reactive intermediates often formed by breaking C-
C/C-O bonds in polyolefins and polyaromatics. On late transi-
tion metal surfaces and nanoparticles, these reactions involve
the loss of several H atoms, facilitating charge transfer between
the metal surface and reactive intermediates, which lowers the
intrinsic AH* for breaking strong bonds. This process also
produces hydrogen gas, reducing AS* through entropic
contributions.’®®® For hydrogenolysis of aromatic plastics
and C-C/C-O bond cleavage, Ru- or Co-supported catalysts
have been found to be more active and selective for arene
formation than Pt and Pd. Supports with Lewis acid/Brgnsted
acid sites enhance C-O/C-C bond activation and cleavage. For
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example, a Ru/Nb,Os catalyst achieved a high total yield of
arenes (approximately 80%) during PET hydrogenolysis. Sub-
nanometer Ru particles prevented aromatic ring hydrogena-
tion, while Nb,Os Lewis acid/Brensted acid sites facilitated
C-0O/C-C bond activation.>® Positively charged Ru species
favored hydrogenolysis over decarboxylation. The geometric
and electronic effects of Ru, combined with support effects,
influence catalytic activity and selectivity for C-C and C-O bond
cleavage. In addition, the concentration of Ru NPs on the edge
or terrace sites of the support significantly affects the energy
barrier for ring hydrogenation and ring opening, thereby alter-
ing catalytic efficiency and product selectivity.*> The addition of
a poisoning solvent and the use of metal or acid-functionalized
catalysts can enhance selectivity towards C-C bond cleavage
over C-O bond cleavage. This is achieved by modifying the
stability and coordination preferences of reactive surface spe-
cies and introducing a secondary solvent (e.g. containing oxy-
gen functionality) that alters the reaction mechanism. For
example, a small amount of alcohol incorporated in hexane
can occupy Nb,Os Bronsted acid sites, inhibiting C-O bond
cleavage. Moreover, producing jet fuel range hydrocarbons
from polyaromatics requires catalytic sites for aromatic ring
hydrogenation and C-C/C-O bond cleavage. Multifunctional
catalysts, including bimetallic, metal-oxophilic metal oxide,
and composite or physically mixed catalysts, show promise
for the selective production of jet fuel range cyclic hydrocar-
bons. Metals with strong hydrogenation capabilities, such as Pt,
Pd, Rh, Ru, and Ni, combined with strong Brensted acid
supports like zeolite, provide distinct binding sites (e.g., metal
sites associated with acid sites). These configurations modify
the adsorption of reactive intermediates, activate sterically
hindered C-O bonds, and alter the reaction pathways (e.g.,
hydrogenation, dehydration, and hydrodeoxygenation) to pro-
duce cyclic hydrocarbons. Furthermore, active metals com-
bined with oxophilic metal oxides exhibit unique properties
that stabilize transition states and reactive intermediates,
enhancing the selective production of cyclic hydrocarbons.
For example, oxophilic metal oxides like ReO,, modified with
noble metals such as Ru, show proximity between Ru and ReO,
species. This promotes a synergistic effect that is highly effec-
tive for the cleavage of C-C and C-O bonds and hydrodeox-
ygenation of polyaromatics.'®°

The cleavage of C-C bonds in polyolefins and the production
of liquid hydrocarbons are achieved using bifunctional cata-
lysts composed of transition metals, acidic surfaces, and nano-
particles. Hydrogenolysis of internal Cg..—Csec bonds minimizes
methane production and enhances selectivity for liquid hydro-
carbons. Despite significant interest in catalytic hydrogenolysis
of polyolefins to liquid alkanes, our understanding remains
limited due to factors influencing the cleavage positions of
internal Cgec—Cgee and terminal Cg..—Cpr bonds. Catalytic selec-
tivity is influenced by the particle size and chemical state of the
active metal, which are modulated by support and metal-
support interactions. Small, disordered nanoclusters are effec-
tive in selective C-C bond scission, whereas larger metal
nanoparticles promote stereoisomerization. However, the
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ultra-small nanoclusters were observed to be less active for
Csec—Csec bond session (Fig. 11). Spectral characterization
shows that as Ru particle size increases, the intensity of
metal-support interaction (MSI) decreases while the hydrogen
spillover effect increases. The balance between these two effects
enables moderately sized Ru (1.0-1.5 nm) catalysts to achieve
optimal catalytic performance. Strong metal-support interac-
tions generate positively charged metal species that facilitate
internal Cgec—Csec bond cleavage, thereby reducing methane
production.®® Metal oxides with identical composition, but
different sizes and shapes exhibit variations in oxygen vacan-
cies and electronic properties, leading to distinct metal-sup-
port interactions and subsequent differences in catalytic
activity. Incorporating a second metal or acid functionality
alters activation pathways of reactive surface species and intro-
duces additional catalytic functions, enhancing selectivity
towards liquid hydrocarbons. For example, augmenting transi-
tion metal catalysts with an oxophilic metal or an acid function
increases the hydrogen storage capacity of surface hydroxyls
through hydrogen spillover from the active metal phase.>* This
increased hydrogen adsorption capacity is essential for hydro-
genolysis of long-chain alkyl intermediates, promoting their
desorption before over-cracking into methane. Metal nanopar-
ticle size and dispersion, influenced by metal loading, also
affect product selectivity. Lower metal loading results in smal-
ler nanoparticles and higher metal dispersion, increasing
liquid hydrocarbon yield (Fig. 11(a)-(c)). In the hydrogenolysis
of polyolefins on supported metal catalysts, metal nanoclusters

This journal is © The Royal Society of Chemistry 2024

demonstrate the highest conversion efficiency and superior
selectivity toward liquid alkanes. Reduced metal size enhances
metal-support interactions (MSIs) while reducing hydrogen
spillover during the reaction. MSI benefits more electronegative
metal centers for the activation of C-H and C-C bonds. More-
over, the metal sites are critical for achieving selective
liquid hydrocarbon production (Fig. 11(d)). The literature
reviewed in this study indicates that Ru- and Pt-based catalysts
are most frequently studied and consistently demonstrate
high catalytic performance. Additionally, although less
explored, Rh-based catalysts have also been found to be effec-
tive for liquid hydrocarbon production. Multifunctional metal/
zeolite catalysts promote catalytic C-C bond cleavage in poly-
olefins. In these -catalysts, hydrogenation/dehydrogenation
components, such as noble metals (Pt, Rh, or Ru), and Lewis-
Bronsted acid zeolites, which balance metal and acid sites, are
all crucial for selective liquid hydrocarbon production,®®¢%¢°
Acid density plays a significant role in determining mechanistic
pathways and product distribution. High Bregnsted acid site
density promotes an ideal C-C bond cleavage mechanism,
favoring non-terminal C-C bond cleavage, preventing methane
formation, and selectivity towards liquid
products.®®

Consequently, future research should focus on developing
multifunctional, selective, and cost-effective catalysts. It
includes evaluating and studying the selective cleavage of C-C
and C-O bonds, particularly in polyaromatics and polyolefin
plastic waste.

accelerating
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4.2. Rational design and optimization of catalysts for future
research

The activation of C-C and C-O bonds over heterogeneous
catalysts presents substantial opportunities for the selective
production of liquid aromatics and hydrocarbons. Hence,
advancing plastic chemical recycling technologies relies on
developing efficient catalysts characterized by high activity,
selectivity, and stability. Single-atom catalysts (SACs), which
consist of isolated single atoms or metal nanoclusters of active
metal species, have gained prominence over the past decade
due to their high metal dispersion and electronic metal-sup-
port interaction (EMSI).'*** These characteristics confer
superior activity and high selectivity, along with 100% active
site utilization. Compared to nanoparticle-supported catalysts,
SACs with low coordination numbers significantly enhance
metal utilization, thereby improving both activity and selectiv-
ity, particularly in the production of arenes.'® % The selection
and ratio of metal catalysts are also critical for the selective
depolymerization of plastic polymers. Economic transition
metals such as Co, Cu, Ni, W, Re, or Fe can be combined or
alloyed with precious metals like Pt, Pd, or Ru to potentially
enhance activity and selectivity compared to their monometal-
lic counterparts.'®® Moreover, the catalyst support plays a vital
role in influencing catalytic activity through steric and electro-
nic effects."® Thus, the design of catalyst systems that integrate
optimal metal combinations and supports is essential for
efficient plastic recycling processes.

Moreover, ensuring the stability of heterogeneous catalysts
is a challenge in upcycling waste plastics into valuable chemi-
cals and fuels. Recent advances in designing stable catalysts are
predominantly derived from investigations of high-temperature
gas-phase reactions employing oxide materials, including zeo-
lites, Al,O3, SiO,, etc. These materials are found to have
excellent thermal stability and are optimized for durability in
petrochemical processes. Oxide materials combined with oxo-
philic metals (e.g., Nb, Ti, Zr, W, Mo) can facilitate the activa-
tion of plastic materials through strong adsorption. For
instance, the selective cleavage of C-O and C-C bonds in
aromatic plastics (e.g., PET, PC, PS, PPO) is critical for produ-
cing aromatics while preserving aromatic functionalities.?®
Niobium-based porous solids, which contain NbO, and
Bronsted acid sites, have shown the ability to catalyze the
cleavage of C-O and C-C bonds under an H, atmosphere,
achieving an arene selectivity of up to 70%.>>** Vvaluable
insights for designing new catalysts emerge from these promis-
ing systems: (1) enhancement of C-O and C-C bond cleavage
can be achieved by constructing cooperative catalytic sites, such
as the combination of early transition metals with strong
Brensted acid sites, (2) preventing the hydrogenation of ben-
zene rings requires weakening their adsorption on catalyst
supports and (3) employing bimetallic nanoparticles to opti-
mize active sites significantly improves hydrogen dissociation.
However, Nb is costly and has low abundance. Nonetheless,
beyond Nb,Os, other oxides such as TiO,, ZrO,, WO,, and MoO,
can also hold potential for achieving this goal due to their
ability to activate the C-C/C-O bond and high oxophilicity.
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Zeolites, characterized by their crystalline nanoporous struc-
ture, possess significant specific surface areas, well-defined
porous channels, and adjustable acid sites.”>*'*''* pd, Ppt,
Ru, Ni, and Co supported on high surface area zeolites with
abundant acid sites (e.g., ZSM-5, H-Beta, H-Y) can facilitate
hydrogenolysis, deoxygenation, isomerization, and cracking of
hydrocarbon chains in single-step processes."*? Zeolites exhibit
strong Brensted acid sites, facilitate the activation of C-OH
bonds in cyclic alcohols, and enhance selectivity towards
cycloalkanes.>'"? Adjusting parameters such as acidity and por-
osity in zeolites can significantly enhance catalytic activity and
product selectivity under relatively mild conditions. Introducing
hierarchical porosity into zeolites, either by incorporating mono-
quaternary or multi-quaternary structure-directing agents (SDAs)
or using growth inhibitors like silanes, can induce mesoporosity
within the zeolite framework. This modification increases the
material’s surface area, improves mass transfer capabilities, and
facilitates the transformation of bulky molecules. Acid treatments,
such as dealumination, and base treatment, such as desilication,
modify the zeolite structure and its physicochemical properties,
reducing extra framework aluminum species and the formation of
larger pores, collectively enhancing the zeolite’s stability and
product selectivity."**'*°

Hydroprocessing of polyolefins (POs) via hydrogenolysis and
hydrocracking produces liquid fuels, gases, and lubricants/
waxes, differing in experimental conditions and active sites
for C-C bond cleavage. Hydrogenolysis occurs at lower tem-
peratures with metallic active sites, cleaving H-H bonds in H,
and C-C bonds in POs to form C-H terminal bonds.”">*
Hydrocracking requires bifunctional catalysts: metal sites dehy-
drogenate POs to olefins, which are then protonated on
Bronsted acid sites to form carbocations.’®®® These carboca-
tions undergo C-C bond cracking and hydrogenation on metal
sites (e.g., Ru, Pt, Rh, Ni, Co), yielding shorter hydrocarbons.
Hydrogenolysis generally produces hydrocarbons with a broad
chain length distribution (C;,-C,,), typical of diesel fuel. Con-
versely, hydrocracking typically yields hydrocarbons with nar-
rower chain lengths (Cs-Cy,), typical of gasoline. Reducing
methane (CH,) formation and improving selective C-C bond
cleavage efficiency remain as challenges. Studies show that the
chemical states of metals and metal-support interactions (MSI)
correlate with selective internal and terminal C-C bond clea-
vage. Positively charged metal species (M°") with strong MSI
preferentially activate internal C-C bonds, reducing methane
production. Ruthenium (Ru) is particularly effective for C-C
bond activation in POs and is more cost-effective than platinum
(Pt), presenting industrial opportunities.>>7>9679%101102 The
amphoteric nature of oxide supports (e.g., Al,O3, CeO,, MgO,
TiO,, ZrO,, ZnO, Fe;0,) can modulate the chemical state of
metal sites through strong MSI, enhancing internal C-C bond
cleavage and inhibiting methane production.

4.3. Experimental condition and analytical techniques for
catalyst’s activity

The experimental setup depends on the process type: hydro-
genolysis and hydrocracking typically occur in batch reactors at
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high temperatures and H, pressures. Key factors influencing
catalytic activity include the choice of catalyst calcination
temperature and catalyst reduction temperature. Catalyst calci-
nation temperature affects metal particle size and dispersion,
while catalyst reduction temperature impacts the M°/M°" ratio
(Fig. 11(a)).”® Positively charged metal species (M°") coupled
with M° favor internal C-C bond cleavage, reducing methane
production. Optimal reaction conditions, such as temperature,
time, H, pressure, and solvent, are essential for selectivity.’*
For example, polyaromatic hydrogenolysis is effective between
220 and 280 °C, while lower H, pressures (0.2-0.5 MPa) yield
selective aromatics and higher pressures (2-5 MPa) produce
hydrocarbons.**** Polyolefin (PO) C-C cleavage during hydro-
genolysis occurs at 200-350 °C. Lower temperatures yield liquid
fuels, whereas longer reaction times result in lower alkanes and
gases. Plastic polymer properties like molecular weight, crystal-
linity, and impurity levels affect catalytic efficiency, complicat-
ing catalyst comparisons based on conversion and selectivity.
Several research groups have employed turnover frequency
(TOF) values by normalizing the amount of plastic polymer
converted to the number of catalyst’s active sites per unit of
time. However, this value again does not consider the molecu-
lar weight variations in polymers obtained from different
sources, even if we ignore factors such as crystallinity and
impurity level. For example, the weight percentage conversion
of the same polymer with different molecular weights will be
different over the same catalyst. Vlachos and coworkers
proposed solving this problem by calculating the number of
C-C and C-O bond cleavage in different polymers by employing
a suitable analytical probe and normalizing it to the number of
catalyst’s active sites.”’ In the case of aromatic polymers,
including PET, PC, PS, etc., the final product is usually the
monomeric building blocks. Therefore, the exact determination
of the number of C-C and C-O bonds cleaved can easily
facilitate the comparison between the catalyst’s activities. How-
ever, it is not so simple in the case of PO’s hydrogenolysis and
hydrocracking, where the formation of solid, liquid, and gas-
eous products depends upon the point of C-C cleavage. For
instance, the terminal C-C bond cleavage in POs results in
gases and waxes, whereas the internal C-C bond cleavage forms
liquid products.

The analysis must include the chromatographic techniques
to determine the number average and weight average molecular
weights of the polymers, the analytical probes to determine the
number of C-C bonds present in the substrate, and the
products necessary to calculate the number of broken C-C
bonds according to eqn (1), and suitable characterization
techniques to quantify the amount of solid (C;5-Cs3), liquid
(C5-C47), and gaseous products (C;-Cs) formed, especially in
the case of POs.

> Nece— Y. Ncc
reactant product

) mol of C—C bond

I

TON = (

1)

My [site density] mole of active sites

The exact determination of the catalyst’s active sites from
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surface chemisorption studies will be required to calculate
the TOF values. Further, the TOF values calculated during
initial periods will be more reliable for comparison to avoid
the time-dependent changes in the catalyst structure.

4.4. Environmental impact and techno-economic assessment
of plastic upcycling

While various thermo-chemical upcycling processes exist, com-
prehensive assessments of sustainability factors and techno-
economic assessment (TEA) guidelines for selecting the most
appropriate technology are still lacking. Incorporating sustain-
ability metrics such as global warming potential (GWP), acid-
ification potential, ecotoxicity, and E-factor can facilitate the
comparison between different plastic upcycling processes and
guide the selection of the most suitable options for industrial
implementation.’*”"**° Therefore, comprehensive evaluations
of the environmental impacts of these processes, based on
sustainability metrics, are essential. Furthermore, TEA is essen-
tial for evaluating the economic feasibility of these technolo-
gies, comparing their viability, and guiding the selection of the
most suitable options for industrial implementation.'?*"??
Therefore, evaluating the following parameters is crucial for
selecting the optimal recycling process for plastic waste.

4.4.1. Greenhouse gas emissions. Assessing the GWP helps
in quantifying the CO, emissions associated with the process.
Processes like pyrolysis, gasification, and hydrothermal lique-
faction (HTL) have varied impacts on greenhouse gas (GHG)
emissions, influencing their sustainability. For example, pyr-
olysis shows lower GWP than gasification and HTL but higher
GWP than hydrogenolysis and hydrocracking, highlighting the
importance of low-energy requirements and high product value
obtained in hydrogenolysis and hydrocracking processes.

4.4.2. Acidification and ecotoxicity. Acidification potential
and ecotoxicity assessments are essential for understanding the
release of acidic components and toxic pollutants into the
environment. This analysis ensures that upcycling processes
do not adversely affect ecosystems and human health. Pro-
cesses with lower emissions of acidic and toxic substances are
deemed more sustainable and environmentally friendly.

4.4.3. Economic assessment. Techno-economic analysis
(TEA) is crucial for assessing the economic viability of plastic
upcycling technologies. Given the global challenge of low
plastic waste recycling rates, largely due to insufficient eco-
nomic incentives, developing economically favorable technolo-
gies for upgrading plastic waste is of paramount importance.'*
TEA identifies key areas for optimization and scalability, pro-
viding insights into improving efficiency and reducing costs by
pinpointing the most cost-intensive components and pro-
cesses. TEA assesses the cost-effectiveness of processes by
evaluating parameters such as minimum selling price (MSP),
capital expenditure (CAPEX), operational expenditure (OPEX),
net present value (NPV), return on investment (ROI), and
internal rate of return (IRR). The MSP is calculated as the price
that yields a zero NPV when considering total capital invest-
ment (TCI), variable cost of production (VCOP), and fixed cost
of production (FCOP) over the entire plant construction and
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operational lifetime. The total cost is composed of two main
components: TCI and total operating cost (TOC). The TCI
includes fixed capital investment (FCI) and working capital
investment (WCI), with the FCI further comprising total direct
cost (TDC) and total indirect cost (TIDC)."**™**” To calculate the
TDC, the total installation cost (TIC) is determined using the
equipment cost according to the following equations:
e Equipment cost scaling:

I=1,(Q|Qv)" (2)

where I is the equipment cost at production capacity (Q) in the
present work, I, is the equipment cost at production capacity
(Qp) in the base year, Q is the production capacity of the
equipment in the present work and m stands for scaling
exponents.

e Total installation cost (TIC):

Total installation cost (TIC) = installation factor x total equip-
ment cost

e Total direct cost (TDC):

TDC = TIC + warehouse cost + site development cost + other
cost

Analyzing these parameters provides critical insights into
selecting the most effective catalytic approaches and develop-
ing economically viable technologies for plastic waste upcy-
cling. For instance, TEA has revealed that processes like
pyrolysis and hydrogenolysis are economically viable, offering
positive ROIs and high profitability. Conversely, gasification
and hydrocracking tend to incur higher costs than the profits
they generate. Specifically, TEA indicates that enhancing
catalyst stability and product selectivity in hydrogenolysis can
significantly reduce separation costs, which is a major compo-
nent of CAPEX. This comprehensive analysis offers valuable
guidance for advancing plastic waste upcycling technologies
toward commercial viability.

Comparing the sustainability and techno-economic analysis
of hydroprocessing and other plastic waste recycling processes
will provide guidelines on selecting the most appropriate
plastic waste recycling processes and render large-scale plastic
waste recycling economical with the least environmental
impact.

Finally, significant research has been dedicated to develop-
ing sustainable catalysts and catalytic processes for recycling
model plastic polymers. Although heterogeneous catalysis has
led to substantial advances in plastic upcycling, several challen-
ging issues remain. The specific functions of various plastics
arise from their unique chemical structures, resulting in dif-
ferent tolerances to depolymerization environments, thereby
making the depolymerization of plastic waste technically chal-
lenging. Consequently, more versatile catalysts are needed to be
designed to upgrade plastic mixtures. This is further compli-
cated by the additives (such as food residues, dyes, and
plasticizers) and the complexity of mixed-waste streams. In
addition to the limited activity of catalysts in mixed plastic
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waste, another challenge is the ineffective interaction between
the solid-state catalyst and solid plastic under ambient condi-
tions. Addressing this may involve developing new catalysts
capable of selective C-C/C-O bond activation or using appro-
priate solvents. The design of advanced catalytic routes and
catalysts for plastic waste upcycling could also apply to biomass
valorization. Biomass, composed of cellulose, hemicellulose,
and lignin interconnected by C-C and C-O bonds, presents
challenges similar to plastic waste. The study discussed here
offers an innovative approach to reducing and removing oxygen
functional groups in biomass-derived molecules by cleaving C-
O and C-C bonds and production of value-added chemicals and
fuels. Thus, catalytic systems, methodologies, and strategies
that have proven effective for plastic transformation could be
adapted for biomass conversion. Additionally, using a mixture
of plastic waste and oxygen-rich biomass as co-feedstock in
catalytic systems may provide further opportunities for plastic
upcycling, addressing significant socio-environmental issues of
the 21st century.
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